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I@TeeUKO“‘ Control systems basics

« What is Control Engineering?

— Control is concerned with the area of designing and making systems
behave in some defined/ specified manner

 Control systems have inputs which “drive” outputs

— Simple systems Input u(t) Output y(t)
« Single input — single output, Linear _Pl System

— Complex systems:
e Multivariable I/Ps — O/Ps
* Non-linear, stochastic, etc

u(t) —p EE t
e Input-output related by TF A —— System 0

Inputs Outputs

- y(t)=Gu(t)
Cf? control
. System driven by U(t) & v(t) Pt
u(t), v(t) = y(s) for s>t 4 Input u(t) Output y(t)
causal system Can't control?

Can’'t measure?




I@TchKO"" Problems in control
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I@TecllK.”" Control system formats

Input

Open loop system (eg robot joint)

Output

Joint /—

Closed loop system

Input desired Error

output Control
_ device

Measured output

Actual
tem output
Actuator —> Syste >
G(s)
Sensor |[€
Feedback




I@TecllK."" Open loop — closed loop

Open LoopYCorltroI System Input, U [system Qutput
(s)=G(s)U(s) 1 G(s) SR,

Simple but variable response

Simple gain system example
Closed loop control S Ut & — System OUtDUt=Y
Y(3)=G(s)/(1+G(s)) S Comparisen | G(S)

Measurement

Good behaviour but complex and leads to instability.

Why is behaviour good?

Why does instability arise?




I®TchK0”‘ Videos of control examples

« Examples include
— Herald of Free Enterprise, Estonia sinking (6 March 1987)
— Tacoma Fall bridge collapsing (7 November 1940)
— Hot metal rolling processes
— Ocean Swell Powered Renewable Energy (OSPREY 1), 1995
— Inverted pendulum control
— Magnetic suspension

 Important issues for good control are:
— Need for good modelling
— Over-engineering needed In practice
— Feedback is good?
— How to get good control performance Movie




I@TeeUK.” Approaches in control systems

« Main analysis and design methods include:
— Open-loop versus closed loop
— Time Domain and Frequency Domain methods

— Traditional analysis/design methods: Bode, Nyquist,
Routh, Root locus, PID

— Modern methods: State space, adaptive control,
multivariable control, model-based control

— Heuristic methods: Fuzzy logic, neural networks

e Continuous and Digital Control systems:
Laplace versus z-transfer function




TecUK® [ aplace- and z-Transforms

 The solutions of linear homogeneous ODEs is complicated and
Involve handling exponentials

 Continuous systems:

The Laplace transform operation reduces exponentials to simple
algebraic expressions

The Laplace transform can be used to convert a differential equation into
an algebraic equation

The solution of the algebraic equation can then be written as the sum of
terms, each of which is the Laplace transform of an exponential

Inverse Laplace transformation needed to convert back to original
domain

e Discrete systems:

The z-transform reduces difference equations into algebraic equations
and also easy solution via following similar process with Laplace
transforms for differential equations




|®Tee0|(o’“ Laplace example

 Find the Laplace transform of
f(t)=5Ugep (t)+3e ™

e Solution is

{5uStep (t)} { step (1 )}
{ Zt} BL{ } s+2

3 8s+10
F(s)=
(S) s+s+2 s(s+2)

cnlU‘l




|@Tec0|(o’“ Matrix algebra

e To be used when scalar variables become
vector variables

e Column and row vectors 1

2

=1 2 3 4] and a, = ;

row

4
e Matrices are collection of row/column vectors

 Dimensions of vectors/ matrices must be equal
for matrix operations (eg. multiplication) to be
valid (AB # BA).

e Square and non-square matrices

11




I@TeeUKO"“ Matrix definitions

A diagonal matrix is a square matrix whose element
are all zero except those on the main diagonal

 Transposing a matrix converts the rows into columns
and vice versa. The transpose of a matrix=(A)"=AT

« A symmetric matrix has its elements that are mirror
Image along the diagonal. The transpose of a
symmetric matrix is the same, i.e., AT=A

o |f the determinant of a square matrix is zero, the

matrix is called singular. If the determinant is nonzero,
the matrix is called non-singular

12




|@1'ch|(0’“ Matrix operations

 Matrices can be added, multiplied, etc and have
various mathematical operations carried out

 Determinant of a matrix can be calculated using
c; are the elements of the conjugate matrix

 The inverse of a matrix A is denoted A1 and has
the property A*A-1=I (ldentity)
 Eigenvalues and eigenvectors, etc

n
Al=D ;C;
=1

Al — Al =0 give eigenvalues and Am; = 4;m; give eigenvectors

13




I@TchKO” Digital control systems

e Digital controllers! What is digital control?
— Digital control is concerned with the area of control systems which are
Implemented using digital techniques/ computers

e What is needed?

— Hardware —to transform from the real (“analogue”) world to the computer
(“digital”) world and vice versa

— Hardware —to do the thinking in the digital world. This is the processing
hardware.

— Software — The instructions to be carried out. These are the algorithms
run on the computing hardware.
* In digital control systems we need to consider sampled and
guantised signals as well as having to use z transforms to make
the mathematics easier, etc.

14




I@TGGUK."‘

Numerical example

 Determine the output response of the second
order system shown below when a unit step Is

applied U(s)

8
© | L Y6s)
(s +6S + 8)
8 8 1 s Unit step resp
Y(S)= Ul(s)= — | A I S S R R
(S) s2 4 Bs +8 (5) (S—|—4)(S+ 2) .
1 1 2 0.5
=—+4 — o
S S+4 s+42
Two 1st order subsystems = via “Cover up” rule -0.5
) N %E’E‘jf’m
= y(t)=1+e* —2e™ o)




I@TeellK."‘ Standard second order systems

« Most systems can be studied as a set of first
order sub-systems or a standard second order

system (dominant behaviour)

e Transfer function of a standard second order
system Is

2
Y(s) _ S— _  (Transfer function)
U(S) S°+2w,S+ W
y(t)=1—e ' cos(wyt+¢) (Step response)
@, 1S undamped natural frequency

¢ Is damping ratio




I@TchKO”‘ Time domain analysis

Study system responses to

Step Resp
16 . T T T
v zeta=0.2 ; :
') I Y A SRS SRR SRV U ]
04 e e
12 =~~~ =====°711~-°=~ ------': - --------T-----------:r----------'i ---------- 1
07 /\
L e I e :
g 1.7 : :
o .
[=3 1
£ 15" '
i it T e —
ol A :
1IN /S S SO SNSRI NS B _
. I I I I Lt
u] 2 4 5] g 10 12
Titme [zec)
2
Y(S) @y,

= Transfer function
U(s) s%+2¢w,s+w? ( )

y(t)=1-e " cos(wyt +¢) (Step response)

standard inputs, eg. step,
Impulse, ramp, etc.

Behaviour is characterised
by overshoot, damping
ratio, settling time, rise
time, etc

Responses based on 1St
order system response or,

Based on 2"9 order system
responses, dominant
roots, etc
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Stability Iin the s-Plane

TecUK®

Unstable

05

200

| I T T P

————p g -

T
1
1
1
A P
1
I
SN ey |

05

SR P

5
il
5

Fe——— e

A

Stable

1
1
1
1
I
1
I
1
1
1
b B S |
1
1
1
I
1
1
1
1
1
!

F-—-—~-"°7===°r

4=————

18




I@TchKO‘” Frequency domain analysis

=
=

=

=
=

)
=

Magnitude (dE)
(=]
(]

S
[=]

i
=

=

Phasze (deq)

Freguency (radfsec)

2

Bode plot of Y(s) =— : > for £ =0.2-15
U(s) s*+2lw,s+ )

Study system’s steady
state responses to
sinusoidal inputs

Behaviour is characterised
by gain margin, phase
margin, bandwidth, type
number, etc

Use Laplace transfer
function and replace s by
Jw.

Bode, Nyquist, Polar

19




I@TchKO“‘ Root locus analysis

U(s) +

D(s)

Y(s)
KG(s) >

Plant

CE :

1+ KD(s)G(s)=0

1 infinite zero

2 infinite zeros

/

o

3 infinite zeros

e Study variations of pole

locations of characteristic
equation as K: 0 — «

Simple rules for drawing
root locus in s-plane

— Locus starts at open loop (OL)
poles

— End at OL zeros (finite and
infinite)
— Standard patterns for no of
Infinite zeros
Same rules for drawing root
locus in z-plane but pole
locations have different
meaning

20




I@TecllK."" Transfer functions OL & CL

Open Loop Transfer function

Y (S) = G(Sl} (s) s b X S)S;[Se)m Output, Y

Closed Loop Transfer function: Unity feedback
Y(s)=G(s)E(s)and
Error E

E(s)=U(s)-Y(s) Ut _| System
= Y(s)=G(s)U(s)-Y(s)} ﬁi G(s)
— (1 + G(s))Y (s) — G(sl} (s) Measurement

Output Y




I@TchK.” Controller design general aims

o Stability

 Low steady state errors

 Good transient response in time domain
— Fast behaviour

— Fast settling time
— Low overshoot — damping ratio, { ~ 0.5-0.7

e Design in frequency domain
— Phase margin~50°
— Gain margin~9dB

 Noise ignored

22




I®TchK0"‘ Controller design methods

 Root locus — pole and zeros in s-plane adjusted
for desired steady state error and transient
response

 Frequency domain — Bode, Nyquist — phase
margin related to overshoot, bandwidth to
damping ratio and settling or peak time

 Pole placement via State feedback
 PID (P,I,D, PI,PD) controllers

 Lead, lag and lead-lag controllers

23




I@TchKO“‘ System considered

 Open-loop Continuous TF:
1 0.1 0.1

G — —
oL (8) s(10s+1) s(s+0.1) s2+0.1s
 Closed-loop Continuous TF

uis) + 0.1 Y(s)
® - s(s+0.1) '

~ 0.1
s°+0.1s+0.1

o =0.1= , =0.32rad /sec = 0.0509Hz (slow)
20, =0.1= ¢ =0.16 (low)

Ge, (s)

24




I@TecllK."‘ Uncompensated system response

Open-loop Closed-loop

2

1.8

J ~ T
"ENTER, I

1.8

1.6

1.4

1.2

1

mplitud
Do

I
d
AN

0.8

0.6

0.4

0.2

1]

Time (seconds)

o System speed is low (settling time >60sec)
« Damping is low (large overshoot =60%)

 Will illustrate various controller design approaches
using continuous and discrete control systems

25




l@TchKO’“ 1. Simple design

Cancel slow pole in OLTF and add a faster pole.
Can use file GSVDesignl.m to help with design.

Go. (s)D(s) = n 01 10(s+01) 1 Continuous Controller

1 s+0.1) (s+1)  s(s+1) D(S):10(3+O.1)

CLTF =— (s+1)
S“+s+1

‘ w: =1= o, =1rad /sec=0.159Hz (3x faster)
20, =1= ¢ =05 (Increased)




TecUK® 1. Simple design’s performance

Discrete step response

Amplitude

1.5

1.8

1.6

Continuous
Digital
' ]u H_,J— =T

0.5

140~

12

1H-

Amplitude

0.8

0.6

0.4 -

0.2

0 5 10 15 20 25
Time (seconds)

Discretisation (with T=1sec) introduces de-stabilising effect that
needs to be allowed for in continuous design

Need for appropriate safety margin in the continuous design

27




|®TeeUKO”‘ 2. Design via Root Locus

e Design continuous controller C(s) via Root Locus
1

G S — Root Locus

OL( ) S(].OS +1) 5026 'o."i‘9~.\‘ ofi‘s\\‘ 'o.‘beq\ o.b@\ o.&{g )

* Original root locus z
— RL starts at OL p0|eS ié 1%5,“ _________

— RL ends at OL zeros 3o

— System has Zs;gg::x=..‘::::::-_;;-_-_;;;:-.:::::::'_'_'_'_i'.'.'.'ff_.:-:.:.:_:_:_f_:_._-_-_-_-_-;:::::::'_'_‘_'_"'"; 1111

« 2 slow poles a | z

e 2 infinite zeros o e .

. 026 , c_).g,gf""" 0as” ] o.pg"' o.pé 063

Real Axis (seconds™)

_Sylg,te_r:] 3 Folgt locus Add a faster zero to “attract” the RL to the left to
'S fimited to fie near make it faster, plus a faster pole “out of the way”

imaginary axis to make the controller proper
28




I@TeeUKO”‘ 2. Design via RL (2)

 Use Matlab file GSVDesign2.m to assist design
 Try zero at -4 and a pole at -20

Ss+4
Cl(s)=
(S) s+ 20

e Gives Root Locus

 Find gain at
“best location”
on RL =1830

=

Imaginary Axis (second

096, ] .

_____________

......

_________
.....................

.............

29




l@TchKO”‘ 2. Design via RL (3)

 Enter gain=1830 into DesignGSV2.m file & RUN
 Note: System has been speeded up
T needs reducing

— 1=0.05sec
e Controller is

1830(s + 4
Cls)= s+(20 )

Time response of
designed controller

-

Amplitude

0.5

Step Response

A

2 0.4

0.6 0.8 1 12 1.4 1

Time (seconds)

30




I@TeeUK.” 3. PID controller design

 PID controllers are the most widely used control strategy In
Industry. It consists of three different elements:

— Proportional control: pure gain adjustment on the error signal to provide
the driving input to the system, it is used to adjust the speed of the
system; improves transient response, reduces steady-state error, may
reduce stability

— Integral control: implemented by including an integrator to provide the
required accuracy for the control system; increases system type by 1,
infinity steady-state gain which eliminates steady-state error for a unit
step input. Need to avoid integral windup by switching integrator off
when control has saturated

— Derivative control: here derivative action is used to increase the damping
in the system. The derivative term also amplifies the existing noise which
can cause problems including instability

e Can be used as P, PI, PD and PID forms

31




I@TecllK."‘ 3. PID controller design (2)

 PID block diagram:

U E K,
— X
- S

System
G(s)

—»1SKp

S
K

P

L1
K PID = Kpql+—+Tps
PID = Kp +—L-+ 5K, » st

. 2
J,TDS +T,s+1)

Ty is the derivative time constant

where /: TS
Kp Is the proportional gain |
T, Is the integral time constant Ko, T,, T, need to be tuned for

tuning the PID controller

32




[ TecUK® 3. PID controller design (3)

o Ziegler Nichols closed-loop tuning method:
— Select proportional control only

— Increase the value of K, until point of instability is reached (sustained
oscillations), the critical value of gain K, Is reached

— Measure the period of oscillation to obtain the critical time constant TC

 Once K and T obtained, the PID parameters can be calculated
from the following table:

P only 0.5K¢

P 0.45K 0.833T,

PID tight control 0.6K¢ 0.5T; 0.125T.
PID some overshoot 0.33K 0.5T; 0.33T.
PID no overshoot 0.2K¢ 0.3T¢ 0.5T.

These values are not optimal and some additional tuning may be needed.

33




I@TchK.” 3. PID controller design (4)

Closed-loop method cannot be applied in some cases.
Can also use Ziegler-Nichols reaction curve method.:

 With system in open loop, take it manually to the
normal operating point and let the output settle at
y(t)=y, for a constant input u(t)=u,

o Atinitial time t,, apply a step change to the input from
U, to u; (= 10-20% of full scale)

 Record the system output until it settles to the new
operating point. Assume you obtain the curve shown
on the next slide. This curve Is the process reaction
curve

34




I@TeeUK.” 3. PID controller design (5)

Process reaction curve

:"‘
/f' ~T,8
K - G(S)Z Ke
T+1
Slope R =K/t
Use values from reaction | ——
curve to tune PID Time delay
controller parameters L=1
Other tuning
P only 1/RL
methods also
Pl 0.9/RL 0.27/RL?2

available
PID 1.2/RL 0.6/RL?2 0.6/R




I@TchKO“‘ System identification

Typical setup

Input
u(t)

Disturbances v(t)

l

>

System

Assume SISO for

convenience, similarly for
MIMO

Output y(t)

System is driven by input u(t) and disturbances v(t)

Can control

AN

Can’t control (?)
Can’t measure (?)

u(t), v(t) — effects y(s) for s>t; causal system




I@TeeUKO” ldentification procedure

1.
2.

Design experiment

Perform design
experiment to collect
data

. Choose/ determine

model structure

. Determine model

parameters (batch form
and on-line)

. Validate model
. Good?

— Yes — Stop
— No — Repeat

Ut

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Computer

iut

Plant

Yi
I

Many types of models
exist: we will focus on
discrete time invariant

linear systems




I@TchKO‘” Direct calculation: Example 1

» Step response data t Jol1] 2] 3 | 4 | 5

u, |0 1] 1 1 1 1
y, |0|[0] 06| 102 | 1.22 | 1.35

 The plant model is assumed to be of the form

. = b,z |
" l+azt

 This gives a difference equation

Ye = Y Tt blut—l




I@TGGUK.W Direct calculation: Example 1 (Cont)

t)1]o0|12| 2| 3 | 4 | 5

At t=1, apply unit step; Yy, =0

u |01 1 1 1 1
y 0] 0106|102 | 122 | 1.35
At t=2, y, =—a,y, +bu, (1)
At t=3, Y; =—a,Y, +bu, (2)
From (1): 0.6=-a,x0+bx1 = b =0.6
From (2): 1.02 = —a, x0.6+b, x1
1.02=-a,x0.6+06 = a = —042_ 47

Plant model is: 0672




I®TchKO”‘ Direct calculation: General

o Substituting input (u) and output values for n+m
different values of t gives n+m equations. Hence can
solve for the n+tm unknowns

Yi =—a1Yi_1 —QsYi_p = —anYi_n +bUj_y +boU;_5 +---+ b Ui,

Yiie =—a1Yi —aYiq1 = —apYisn + U +bou g +--- b Ui

Yieo =—a1Yiza — QY — - —anYio_n +bUj g +0oU; +---+ b Ui
Yisd—1 = —1Yird—2 — A2 Yisd—3 = " = Yisd—1-n + DUj g2 +DoUj g 3+~ + D Ui g 1 m

e where d=n+m




I@TGGUK.W Direct calculation: General (Cont 1)

Write In matrix form
where

Yi I Yia Yio
yi+1 Yi Yia

Y=\ Yieo Y= VY Yi
 Vieda | Yiia—2  Yiid-s

Hence we have:

yi+1—n
yi+2—n

" Yiidan

ul—l ui—1 ul—m

U; Uiy Uitim

ui+1 l“Ii ui+2—m 0=
Uiigo Uigs - ui+d—1—m_

0=¥"y ‘ Parameters




I@TeeUK."" Direct calculation: Drawbacks

e Data is normally corrupted by noise (sensor,
system, measurement, etc). Hence plant
parameters are not accurate

 Method relies on input being "persistently
exciting"” to ensure data contains the full
dynamics of the system. When plant input Is
constant (eg step input), data is not usually
good enough for system identification

 Need for much greater set of data so that

— Effects of noise can be averaged (properties of
noise Is also important)

— There Is enough system dynamics information to
capture all that is needed for the required accuracy

— Parameter estimation via Least squares




I®TchK0”‘ Least squares estimation

e Consider

are known for the output

Y1 Yo Y Yo, Yona WY
Y, _ Y1 Yo Ya Yo U
Yn] [ YN Yn2 Ynes Ynon, Un

(1+ az +a,z°+---+a, z " )yt = (bo +bz"+b,z " +---+b, 7™ )ut +e

= Y = _(alyt—l T Y+t 8, yt—na) + bout + b1ut—1 i b2ut—2 Tt bnbut_nb +&

« Assume input is zero for t<0 and start up values

—a

Jd-a, | - -

: €

' e

_ ana 4+ .2

b, '
Ao | €N

u b“b _ e




I@TecllK."‘ Least squares (Cont)

* Hence we have system is governed by

y=A0+e and if N>n,+n,+1 problem is solvable

« Assume we have a model y=ae+e where @ is
the vector of system parameters and ¢ Is the

modelling error
« What should & beto minimise e ?

:>g=y—Ag?




I@TecllK.”‘ Least Squares (Cont 2)

« The least squares estimate chooses the set of parameters
which minimises a cost function

N /\T N N T N
J =Ze2 =€en en =(y—A0) (y—AHJ
1

T T

—yTy—yTAG-60 ATy+6 ATAH

e Hence fora minimum J wrt @

0J T T T A 2
A=O=—y A-A y+2A A6 2 . .
N 0 lJ _oATA » + ve definite
A A 1 602 — min

= 2ATy=2ATA0 =0=|ATA['ATy

= =

Excitation condition
ATA#0

e Basic equation upon which (BATCH form of) least squares

algorithms are based b [AT AP ATy




I@TecllK."‘ Motion control of a single joint

In many industrial
manipulators, each joint
IS driven using a
separate, iIndependent
control system. For
example, consider joint 1
of a Puma 560
manipulator, which is
driven by a DC
servomotor through a
gear train

Mo,
] :
i 1 "
: .’rf} I T
“xh::‘ ! :..-":I""M |“‘“-—-.-..1'_.-.-.u--"’j
1|
e
b b
. S I'W i .. H“'\n ”'ﬁ,d
N 0,
e D

- """I -

Puma 560 Joint
1 drive system

46



|®TGGU K@® Motion control: Analysis of drive system

The joint torque T will accelerate the joint and the manipulatqr
above it; these have inertia J (second order system): 7=J68 (1)

Torque delivered by the motor 7, Is used to provide the joint
torque, to overcome any unmeasured disturbance torque z4 (which
could include friction) and to accelerate the motor itself:

rm:é+rd+Jm(Gé?') (2)

where G Is the gear ratio (motor speed over joint speed) substituting
equation (1) into equation (2):

. J .o .o _ J+JmG2 .o
m —69+Td +JmG(9 —T‘Q"‘Td

r =X0+7, oOr éz%(rm—rd) (3)
Motor torque is proportional to current. If a current amplifier is used,
then the current is in turn proportional to the current signal u. Thus If K_

IS a constant: r =K U (4)

T

47




I@TGGUK.W Proportional control of a single joint

T4

Demand Actual
position Coimrol position
9 signal u S
d G 1| 6
— j—p —p-
2
A J E S

Controller Plant/ System

48



TecUK® PD control of a single joint

. Ty
Demand ! Actual
position Error 9 position
1 | Tn + % G 1 9 1 8
: K, — ] — ->
Km ‘]E S S
Velocity
feedback
Feedforwaroi Position
Filter § feedback
Controller Plant/ System

49



|@Tec0|(o‘“ Summary

 Overview of modelling and control in general systems
engineering applications

* Introduction to controller design via several methods
« Examples described

Thanks are expressed to all the colleagues (too many to mention
individually) across the world who have helped with the
formulation of this lecture on Modelling and Control from material
placed on the www
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