System Control

Reduction of multiple subsystems
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Block diagrams
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Block diagrams: cascade & parallel

Xs(s) = X,(s5) = Cls) =
R(s) G(s)R(s5) GH(5)G1(S)R(s) G3(5)Ga(s)G(5)R(s)
—= G| > Gas) = Gals) =
(@)
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Xi(s) = R(s)Gy(s)

= G(s)
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Block diagrams: feedback form

E(s) = R(s) F C(s)H(s)

C(s) = E(s)G(s)
Input Plant and
transducer Controller Plant controller
R(s) + E(s) C(s) R(s) + E C(s)
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Input Actuating Output Actuating Output
signal signal
(error) (error)
Hys) | Hys) = H(s) |=
Feedback Output Feedback
transducer (b)
(a)
R(s) G(s) Cl(s)
- —
Input | 1% G(s)H(s) | Output
(c)

ro

Arjekn
ATLI
UNICON LAB, Unmanned & Intelligent systems Control Laboratory l N U e e o



Analysis & design of feedback systems

R(s) + . K C(s) -
_ s(s +a) K a V4K —a?
T(s) = - Sl =—5Ej——F—
st +as + K 2 2
Finding Transient Response

_ AE T, =— %  —0.726second

R{i‘] + o 25 C(‘s)-__ Wy — 25 — 5 P Wn ;71 — {2
- Sts+5) 2w, =35 9408 = e/VI-F % 100 = 16.303

¢ = 0.5 T, = 4 = 1.6 seconds
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Signal-flow graphs

- Cascade
R(s)O
Xo(s) = X(5)= Cis) =
R(s) G1(5)R(s) GH(5)G(S)R(s) G3(5)G2(5)G1(5)R(s)
= Gi(s) = Gafs) = Gals) -
- Parallel
- G,(s) X\(s) = R(5)Gy(s)
R(s)O
R(s) | G, (s) Xa(s) = R(5)G(s) ii® C(5) = [1G(5) £ G4(5) £ G5(5)]R(s) -
+
X;i(s) = R(s)G
oo | E0= ROG0)
- Plant and
F ee d b a'C k controller
R(s) + E(s) C(.s')__
Input oo Output R(s) O
Hi(s)
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Mason’s rule

k = number of forward paths
Ty = the kth forward-path gain
A =1 — X loop gains + X nontouching-loop gains taken two at a time — X,
nontouching-loop gains taken three at a time + % nontouching-loop gains
taken four at a time — . ..
Ar = A — X loop gain terms in A that touch the kth forward path. In other words, Ay
is formed by eliminating from A those loop gains that touch the kth forward

path.
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Signal-flow graphs of state equations (1)

Form Transfer function Signal-flow diagram State equations
Phase 1 (5 +3) . | 0 | 0
variable (s + 105 + 24) =410 )"
yv=[3 1]x
4 0 -3
Parallel -1z | 572 x—{_ }x+ 20y
(s+4) s+6 0 -6 %
y=[1 1]x
Cascade L # (s+3)

(s+4) (s+6)
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Signal-flow graphs of state equations (2)

Signal-flow diagram State equations

Transfer function

Form
. =10 =24 1
Controller =[ }""’ [ ]-‘"
canonical 5 : * (s +3) bo 0
(5= + 105 + 24) yv=[1 3]x
I, 3 . [-10 1 1
Observer § 5 *Fl2a 0 X+ 3|7
ical 10 24
canonica 1+ + 57 v=[1 0]x
il
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Similarity transformations

x = Ax + Bu

y=Cx+Du

UNICON LAB, Unmanned & Intelligent systems Control Laboratory

=

z=P 'APz+ P 'Bu

y = CPz + Du

where,
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Similarity transformations

Example
0 1 0 0
X = 0 0 1Ix+ 10 |u
-2 =5 -7 1
y=[1 0 0
N 2 0 0][ 0 1 01[ 05 0 0
Lo 2 00 . PAP={3 2 0[] 0 0 1[[-075 05 0
22 =30 + 20 » z=13 2 0|x=P'x 14 5|2 -5 7] 05 —04 02
3= X1+ 40+ 50 b4 15 10
—|-125 07 04
25 04 62
| | 2 0 0] [0 0
—1.5 1 0 0 P'B=1{3 2 0| [0 =10
z—=|—-125 0.7 04 | z+ |0 |u L4 5] |1 S
—-255 04 -62 5 0.5 0 0
CP=[1 0 0] [-075 05 0 | =[05 0 0
y=1[05 0 0]z 0.5 —04 02
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Similarity transformations

Example: Diagonalization

(3 1) [
K—- 1 3 2“

y=1[2 3]x

det(2xl — A) = [(}; ﬂ — [_? _;H

_ r+3 _1‘ C C
-1 A+3 XZH X:[—c]
— 12+ 61 +38
X = lﬂ and xzzl l]
A= —2,and —4. I —1
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Similarity transformations

Example: Diagonalization

[ b g

— 321641+ 8 A= —2,and —4.

o H
|

Ax; = AX;
7 S]]
L IO i e

y=1[5 —1]z
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System Control

Stability
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Stable & Unstable
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Routh-Hurwitz criterion

How many system poles are in the left half-plane, in the right half-plane,
and on the imaginary axis?

Ri(s) N(s) C(s)
—_— -
{14.5'4 + ﬂ3.?3 + ﬂ'z.ﬂ'z + a8+ dapy
st fay a» ap
5 s o 0
ay > as dag as 0
2 Nay ay lay 0 asz 0
S —T = b] ‘1—3- = bg a3 =0
as az 0 as 0
| b1 b3 by 0 by O
1 1 D2 1 1
s = =0 =0
: by “ by by
by by by 0 by 0
0 e 0 e O ey 0
s &) = d, &) =0 3] =10

# of sign changes in the first column = # of roots in RHP
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Routh-Hurwitz criterion: special cases (1)

Zero Only in the First Column

T(s) 10

TS+ 25+ 33+ 652+ 55+ 3

Stability via Epsilon Method

Label First column e=+ €= —

§ 1 +

S4 2 +

5 4 € + -

6e —7
s € — +
€

! 42¢ — 49 — 6¢€° N N

‘ 12¢ — 14

s 3 + +

Stability via Reverse Coefficients

: 1\ " _ .
& fa _15”_1 e tags4a— 0 If sisreplaced by 1/d, (E) [1 —|—ﬂn_1d T... _l_ald{n 1) + Hﬂd ] -0
n e
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Routh-Hurwitz criterion: special cases (2)

Entire Row is Zero

When an entire row of the R-H array is zero, this indicates that there are complex
conjugate pairs of roots that are mirror image of each other with respect to the

real axis.
a(s)=s"+5s* +115° +23s* + 285 +12 No change in sign = all roots except two are in LHP.
5’ 1 11 28 ai(s)=3(s+4)=0
.5'4 5 23 12 9 s =ij2
s 6.4 256
5? 3 12 _ _
! 0 0 —a(s)=3s+12 What if we replace 0 with &.
New ——————————___ If £> 0, then no sign changes.
p 6 0 - dﬂL}(S) —6s If £< 0, then two sign changes.
5 12 g = If £=0, there are two poles on the imaginary axis.
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Stability design via Routh-Hurwitz (1)

+ e s+1
s(s—1)(s+6)

s+1 |
C.E. S(S B l)(s N 6) =0 I For the system to remain stable, it is necessary that
: =300 and k>0
or s +55°+(K-6)s+K=0 |
I or K>75 and K>0
|
R-H array s’ 1 K-6 |
s 5 K :
! —
s | (4K=30)/5 : Closed-loop system O 5 ZK(H )
§0 K R(s) s +5s"+(K-6)s+K
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Stability design via Routh-Hurwitz (2)

+ K| 1
R K+5 G De+2) or
1+(K+E£ : =0, $P+32+Q+K)s+K;=0
g (E+1)(.F+2} " 5 + ¥ +( + ]5+ I = U

The corresponding Routh array is

53 1 2+K
s2: 3 K;
5 6+3K - K;)/3

59 K;

For asymptotic stability we must have

Kf}ﬂ and K}%K;—z.
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