.Indu_strial Control - Examples

Industyial contwol SHSi:e.m.s ove used to re.aula.te. and maintain the desired
evformance of machines, pyocesses and plants.

%. Te,mPeraf:ure. Control e o _Temp. Variable controlled:
Used in qu.'rna.c.es, ovens, = e n Sensor —> °
boileys, chemical veactors. L0000 Te.mpe vabanest &0

2. Speed Control of DC Motor Tnput _ Speed e
Used in conveyor belts, vobotics, = (Vof’fﬁgt’-)—’ @ > Sensor  —>  Speed (RPM)

machine tools, fans, pumps.

3. Level Control in Stovage Tank
Used in water tanks, oil tanks,
chemical stomge tanks.

e e e e e S o — e e — e e e — — —

4. Pressure Contvol in Pipes  Pressure |
Used in gas pipelines, steam systems, o Sensor —>  Pressure (bar)
hydraulic systems. ——1

FlOW COH'L"I’O[ | s el AN i___Flow

Used in water sup,olg, chemical dosing, — T [ Sensor — Flow Rate CL/mt'n)
il _c:_qg_l_ina s_usi‘ems.

6. Position Control in Robotics
Used in vobotic arms, CNC machines, e
camera Posi*f:ionin& 535f¢ms.

el i T e Tl T ——

— — — — — — — — — — — S S e e T e e m— S— S—

Pg:ﬁ::: 3 Position / Anﬂle
(degvees)

% Common components: Sensors —> Contvollex —> Actuator —> Process (Plant) —> Output
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Motor Staxt / Stop Contvol

Industyial Contyol Exa.mp les

PB START M PB STOP
I

d'b | Ao ®_

NO (NO) NC

a2 o (Moter
M Con‘l:a.d:o':)
||
(NO)

LSH
LSH
(Hiﬁk Level) (NC) i ";
AR LSL
B~ o LSL 4 | (Pum
== 1 F B
(Low Level) (NO) Contactor)

Ccmve.t/.;o'r Motor with Overload Pxotection

Press START (NO) = M coil enexgizes.

M (NO) contact closes and seals in (holds)
the civeuit.

Press STOP (NC) = M coil de-energizes
and motor stops.

USe.d to S'f:o:rf ond sfop a motor ae'rcm
Pushwa:ons.

When Llevel falls to low level, LSL (NO) closes.
When Llevel xises to l"u'.gh level, LSH (NC) opens.

Pump suns when level is low and s{:ops
when level s hish.

Maintains LicLu.id level between low and
hia.h. Limits.

Pvess START = M coil ene.‘rgizes and

NC = No'rmug Closed Contact

-
1l

Pu.mP Contacter Coil

PB ISTART M oL — conveyor motor staxts.
= Lok ofo w e OL (Overload Ref.wa:) NC contact opens
(NO) (NO) (NC) : ;
(Mo{:o'r on overload =& M coil cle.—e.ne'rnges.
1 Contacter) e Pyotects motor aerom d.a.ma.ge due to
(NO) overload .
Note: NO = No'mml[g Open Contact M = Motor Contacter Coil LSH = Level Switch High

LSL = Level Switch Low
OL = Ovexload Relaud




Mathematical Medeling og Physical Systems @
1. Mass - Spri.ng - :Da,mper Sgste,m

fl-x(f) m : mass Ckg)

/|

; k : b : damping coefficient (N-s/m)
; /W\/\— m ——>‘3£ff) KA sP-rin.g constant (N/m)

; $(t) : external force (N)

2 | b x(t) . dLSPLa.ce.me.nt (m)

L2 ELHT LT AL LETAL LR ALTLL 7L
APPLgi.ng Newton’s Second Law,
Sum af fo-rce.s = mass x acceleration
m x(t) = —bx(t) - kx(t) + f(¢)

mx(t) + bx(t) + kx(t) = De(t) —> Diﬁe're.nﬁal E?uai:wn

ﬂan_';fer Function : X (s) 4

e
—

Y
GRS e A e




Mathematical Modeung af;’ Phgsical. Sgsfems @
2. Electrical RLC Circwit

R L

V(L) « anu,t vol.{:age. (V)
L(t) : current (A)

By Kf.'rchhoﬁ s Vouhge Low (KVL),

vty = Vg(t) + v, (t) + Vc(t)
v(t) = Ri(t) + L %9 + % fi(t) dt

Diﬁe.mnﬁaﬂng w.r. t. time,

d*i(t) di(t) P, _dv(t) ; . ;
e T2 + R o + -E_:— olt) = o —> Dufferenﬂaf. E?m{:wn
unction : 54 1
ﬂwfer Func G(S) i (s) = - 1
V(s) k55 RS b =




Mathematical Modef.in/ar aj{— Phgsioal Sgst':ems @
3. Tank Level Sgsfem

q,,;Ct)
11 e R A : cross-sectional area (m?)
e T R(t) : Liguid Llevel (m)
':;;_:j___ijf__'__;:_:_: hit) q,t-(f:): inlet flow rate (m3/s)
z_;:}:—:_:j;_ e E q,o(t): outlet flow rate (m?/s)
P compeme et (5
Ass umin.g outlet 'l:hrw.gh an orifice,
go(t) = 5 h(t)  (R: flow resistance)
Mass balance :
dh(t
A S 2 gi() - qo(®) = () - £ R(t) | > Differential Eguation
Transfer Function :
s gy e AR .
Q. (s) ARs + 1




Mathematical Modeung oﬁ Phﬁ(sical .qufems

4. Twe- Mass - SPTI..?‘LIQI ~ Da,mper Sﬁsﬁem

Applgllng Newton’s Second Law,

my #g(t) = — by % (£) — kyx () — by [ %, (8) = %, (8)] — kp [, (8) — 2,(8)] — (1)

my %5(t) = —by[ %ty — %o (£)] — kyfoca(t) — x, ()] + $(¢)

In Matrix Form,

— (2)

my O { x, (t)
0 m, xq(t)

}+ [b1+bz —bz} {:&,(t)} 5 [k,+i<.,1 —kz} {xift)} 5 { 0
—b, b, x, (¢) -k, k, x, (t) £(¢)

}

_ﬁ'a.n.saeer Function : ( Force Je('f:) a,cﬂn.g on m,, m.l.f)ouf x,{t))

G(s) =

Xa(s) b,s + k,
F(s) [mys® + (b + by)s + (kg + k)] (mys® + bys + ky) — (bys + ky)°

@

/ x, (t) x, (t) my,m, : mases (kg)
Y > >
//’ ¥ — k, i e s sPring constants (N/m)
T—\VWWN— —/\VMVN— . ,,
2 = i ——> L) by, b, : damping coefficients (N-s/m)
et £ xy(£), %a(t) : displacements (m)
1 2
T e e e i i £(t) : external force on m, (N)

—> Diﬁerenﬂai
Ec}uaﬂ.on



CoNTROL HARDWARES AND THEIR MoDELS

In contrel 53sfem$ , Vvartous Phgsiml hardware components are represented bff mathematical models
te a.ml,gze. and design the controller.

S. Ne. Hardware Physical Represen\‘:aﬁm Mathematical Model ( Difnferenﬁal Ec;mﬁlm) Transfer Function
Ko La Electrical :
1 DC Motor di :
. Jips T S R —
T Qe o b & O(s) _ Kt
e e, = do Vo (s) (Las+Ra)(Ts*+bs)+KK
Controlled ) b = o a Sl 2o t %0
Mechanical
d?6 do ;
Jne St s Wt LT
R L By KVL
2 R =il YCivcwt ANMA——TTT i ’ .
+ wit)e= R L d;(f) L(s) |
v(t) L(t) Tt t V(s) Ls+R
ha or, L et Ri@t) = v(t)
3. | Capaciter = 5 dv(t)
pact v(t) i@ L. i(t) = C o _'5((3 g
= o x(t) By Newton’s Second Law,
4, l';a.ss Sp;ngte K = 4 :2 (t: ; ’;t) e \
e stem x x = =
T Rt W sl e Qe O By S e
5. | First Ovrder dy(t)
L L "
Sgstem u(t) y(t) S dt i 3&) = Ku(t) Yis) s K
— Sﬂsfe;m —
( Generic) where, T = time constant , K = gain U(s) Ts+1

Note :

These models are Llinear time — invariant (LTI) models c.o-mmon]-g used (n contrel s(ufsf:e.m amlgsis
and controller d,e..sr.'gn.




TRANSFER FUNCTION oF LTI SYSTEMS

The transfer aeum:.ﬁwn. of a Linear Time-Invariant (LTI) system (s odefined as
the ratio of the Laplace ﬁra.nsform of the output to the Laplace ﬁra.nsfo-rm oﬂ‘-’

the input, with all initial conditions assumed to be zero.
where ,
Transfer Function
w(t) ETT Sg.sf:em 3&) f-e U(s) = Laplace {:ransform cf u(t)
(Input) (Ou,tpu.f;) o (5) - Y(S)
U(S) Y(s) = Laplace transform of y(f)
From Differential Eguation : .
Consider the dd:ffere.nf:ial. e-q,u.a.ﬁm of an LTI S'Ijsf:em M i
d™ y (£) t) dy (£) 1. First Order Sbfsi:em
LA L —51— + ce0 + ag T2+ a, y(t) Bl
dt dtn- = dt T _ﬂ__dt + y(t) = Ku(t)
d™ w(t) " S TH 5 du(t)
- e ——— . b 5
b i e by —pp— b, w(t) Gy = b K
Taking Laplace transform on both sides with zero initial conditions, Vi el
(8. 5™ + 8. ™ G oo ok Gy S ¥ G ) YIS) 2. Second Order qu{:e.m.
- (bm.sm b bm-i Sm_i + --- + bis + bo) U(s) H(t) + 2;&0 dﬂ(t) s L&J-:y(t) = Ku.(f)
Therefore, - mape dt? dt
ey = Yis) b 8™ # By 8™ #oso ¥ bys # by iy K
U(s) B 8™ & W ™™ ¥ v S B P U(s) S 4 2Tw, s+ wk
frepeniics ! B ——
\

@ G(s) is independent of initial conditions.
@ G(s) completely characterizes the output response for any input.
@ Poles = roots of denominater ; roots of numerator.

Z eros =

Tra.nsfer fun.c.tr.m Ls applcc.a.bﬂe. on{.y far I

linear time-invariant sbrste.ms

T e e e o e e e e e e S e e S S S S o s —



FEEDBACK CoNTROL : OPEN Loop AND CLOSED Loop SYSTEMS

In control 53sfe.ms, the re.La:thnsMP between t}tpu'f: and ouﬁpuf. can be established in two ways :

(i) OPe.n LooP control 335{:e.m

1. OPEN Loop CONTROL SYSTEM

Iu,Puf:
R(s)

Controller 3 Plant / Process
Ge(s) 1 Gy (s)
Overall Tra.n.sfe,r Function :
where ,

C(s)
R(s)

= Go(s) = G.(s) GPCS)

(ii) Closed Loop control 53sfe.m ( Feedback control saste,m)

| Characteristics :
Oubpul. |\ o The oubiuck tous. vk have angs efeck on
Cej | the input.
|+ No feedback path is present.
|

G.(s) = Controller {:'m.n.sfe.r fu..nctwn

GP(.S) = Plant trmsfe.r func,tl.m
Gouls) = OPe.n. loop tmnsfef fu.nt:&m

2. CLosep Loop (FEEDBACK) CONTROL SYSTEM

Input  *

R(s)

E(s)

Controller
G.(s)

Plant /[ Process
Gp(s)

H(s)

Feedback Element

Characteristics :
o The output is measured and compared
. it with the inpub.
Cie) The difference (error) is used to

adjust the input.

« A fezd.ba.c.k .pai:h is P're.se.ni:‘

A

Overall T:'u.n.sfer Function (with nzg,a.{:f.ve. ;Feed.ba.ck) :

C(s)
R(s)

Ge(s)

Ge(s) Gp(s)

1 + G (s) Gp(s) H(s)

where

Note :

*® If H(s) =1 — Unﬂﬁg Feedback Sﬂste.m
* I H(s) #1 — Non.-unity Feedback Sgs'ﬁe.m

H(s) = Feedback element transfer function
Ger(s) = Closed Lloop tran.sfe.r function

Ad.vmta_.ge..s :

Sl'.mpf.e. and inexpensive
Easg to alesf.ﬂn
Gmfaﬂ.g stable

Disa.d,van{:a_.ge..s b

Tnaccurate

Does not correct errors
Sensitive to disturbances
Calibration required

Reduces effect of disturbances
Less sensitive to Pa.m.qrm.h.r
variations

Se.Lf—cmténg (error correction)

Disadymtﬁes 2

f )
: |
: Closed i.oop sg.ste.ms are preferred in most Pra.cﬁrlml'. I
: applications due to hi.sher accuracy and robustness. I

More complex

Castif.e,r

May become unstable if
not _prope.fls d.asugn.e.d.

s

o o _———




BLock DIAGRAM ALGEBRA

Cmnple.x block dio.gm.ms can be reduced to simple equivalent block d.ia.gra.ms b3 using alge.bmf.c. rules.

1. SERIES (CASCADE) CONNECTION | 2. PARALLEL CONNECTION
R(s) —>» G,(s) > G,(s) —> C(s) > G (s) | )
R(.S) — C(.S)
Equivalent block : Overall transfer function: 51 Gals) *

Eguivaien{: block : Overall ﬁmnsfer fu,nc.f:im:

R(s) —>f Gu()Gy(s) —>C(s) | Gegls) = G, (s) Gy(s)

3. FEEDBACK Loor

4. MoviNG SUMMING POINT

|
|

|

|

:

|

|

|

|

. R —> G,(s) + Gy(s) |—> C(s) Geg(s) = G,(s) + G (s)
|

|

|

|

|

|

|

|

+ E(s) o s (b) Summi oint
s} —| 66 > C(s) E begforlg ol after 8
Ru(s) 3 6 >0 > RO 6w |- c(s)
H(s) < + +
Eiuivalen{: block : Overall f‘mnsfzr funcf:icm.: i Rals) Ray(s) G(s)
|
G(s) ! When moving summing point across a block G(s):
R(s) —> ITRTAY A e A Gis) ‘ || o From left to right : Multiply the other input by G(s)
1+ G(s)H(s) ! o From right to left : Divide the other input by G(s)
I
|

5. MoVING TAKE-OFF POINT 6. ELIMINATION OF FEEDBACK LooP

(a) Take-off point (b) Take-off Foinﬁ o Ec;m'.vaien{::
before G(s) after G(s)
Cals) C,(s) Notes :

1. All blocks are assumed to be Llinear time-invariant (LTI).
2. These rules are ‘{und.a.menﬁal ‘-fo'r .sim.pufying block dmagmms and afuw'ang

overall ﬁm.n.s_fer fun.cfwn.s easily.

When moving take-off point across a block G(s):
o From left to right Mu!,ﬂpla the taken-off signa.f, b‘z! G(s)
o From right to left : Divide the taken-off signal by G(s)

|

|

l 5

| R(s) G(s) C(s) G(s)
R(SJ—I—+ G(s) —> Ci(s) & R()—> G(s) Cils) E ‘i | =" 1+G(s)H(s) 6

: H(s)

|

[

|

|

|

|




