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e Block diagrams

- rules

e Signal flow graphs
- Mason's rule
e Sensitivity
- sensitivity
- complementary sensitivity

- steady state errors
- system type (versus system order)
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Block diagrams; (basies)) D

U(s) / y (j) Y(s)=H(s)U(s)
() Y = HU
e Linear systems /| lower case|

e Signals:

y(t) versus Y(s)

- Laplace transformations /
e Contents of blocks: ‘capi’ral thT‘

- transfer functions
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O o) H{ H Y =HAY

| H(s)

U(s) +Y () Y=HU+HU

+ Z(IL/I-I-Hz)U

signs always
at the left
of arrows

—| H 5(5)
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Z ) | Ho 22 v =(Hmp)U

K
le 1 HIHZ _ KI KZ
57 +1 sty +1sr, +1
Hy - K2 kK
5T2 +1

(571 +1) (572 +1)
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U(s) 14 .y (s) Y = HU + HoU
ﬁ_> = (AP + M)V

o A 2(S)
/L'/1: /(1 /L/1-|-H2= /(1 + KZ
57y +1 s+l s, +1
Hy = K K (s +1)+ K5 (57 +1)
5'2'2-|—1 —

(5‘71 + 1) (5‘72 + 1)
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K (572 +1)+ Ky (57 +1)
(52‘1 + 1)(5‘1’2 + 1)

i+ Hb =

(571 +1) (572 +1) B (571 +1) (572 +1)

(Kﬂz +K2f1j+1

S
_ Ki+ Kz ﬁ
- (ki) (571 +1) (572 +1) zero
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Yy, H
1-|—/L‘/1H2

U

y - forward path

= U
1-loop transfer
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L’.Q_, H y » y =HU
B K
52’1+1
KL K
st1+1s7, +1

K 1+

/L{l_

- 5'2'1 +1
H2: KZ B /(1(52'2 -I-].)
575 +1 (s +1)(s1p +1) + KK
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Example (feedback)
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pole of A, is
zero of H

/

/(1(5'2'2 —I—l)

(57 +1) (575 +1) + KK

poles of A not equal
to poles of H; and H,

unless K; = 0
and/or K, = 0

Lecture 3 Block diagrams / Sensitivity (10)

Control Engineering 2004/2005 © Job van Amerongen



. Control Engineering
Dem O 20'8 | m University of Twente

_ s+1
il _1+ k@
H, = ki 20-sim s+1s5+2
s+1 demo

H, 1 2 Kk1(0.55 +1)

- 055+1 s5+2 (s+1)(0.55 +1)+ K
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H, |- I H, |-
+

L

Exercise: Do it yourself
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Hy |* H; |
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/L-/6< H7<_

He/H,
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Hs/H,

Lecture 3 Block diagrams / Sensitivity (15) Control Engineering 2004/2005 © Job van Amerongen



Control Engineering

EX am p I e (CO fif p I =,¢ SyS [err]) University of Twente

H,/H,

A, H,

Hy/H,
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e To compute transfer functions of
complex diagrams

e Mostly uses signal flow graphs

e With care it can be used with block
diagrams as well
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Y (s) Y(s)=H(s)U(s)
Y =HU

U (s)

H (s)

- Linear systems
U 1 H(s) 1 Y(s) ~Nodes
° 2 - >0 e signals

- Branches:
e transfer functions
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Example (complex system)

Hy |t I H |t
+¥ + ¥ y
U‘g‘h’l;(‘}‘f"‘z %TH‘; -
/—1%:

Exercise: Do it yourself
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e Path:

- a succession of branches in the direction of
the arrows that do not pass any node more
than once

There is 1 path from
UtoY

/LI,I HZ H3 H4 = pClTh gain
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e Loop:
- a closed succession of branches in the

direction of the arrows that do not pass
any node more than once

There are three loops

-Hy H, H, = loop gain
RN LRI A SN SN E Y

U— 'H3 H4 H7 = IOOP gain

-HZ H3 H5 - IOOP gﬂin
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e Touching:

e Loops with one or more nodes in common are called
touching. A loop and a path are touching when they
have a common node.

Touching loops:
-H, -H, "IL'/l HZ Hé Wl'l'h -HZ H3 H5
sl Nl Ny -Hy Hy Hy with -Hy Hy Hy
U— Non-touching loops:
-H, H, H, and -H; H, H,
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e Determinant:

- The determinant A of a signal flow graph
1S:

A =1 -(sum of al loop gains)

+ (sum of products of gains of all possible
combinations of 2 non-touching loops)

- (sum of products of gains of all possible
combinations of 3 non-touching loops)

+ LN
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e Cofactor:

- The cofactor of the ~th path, denoted

by A, is the determinant of the signal
flow graph formed by deleting all loops
touching path .
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PIAI + /%AZ + ...
A

H(s) =
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b4 = -HHHG, b = -H3HaH7

A =1
(cofactor = 1) A=1+AFoHy + F3H4H7 + FoH3Hs
+Fh o HeH3HaHy
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A = FiHH3H,

Ay =1
A =1+ HHoHg + FsH H7 + Hh H3H5
+HhHoHe H3HaH7

FhHoH3H,

H

1+ HiHoHy + HyHaHy + HoHsHs + HiHaHyHHatH;
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c E ¢ C
R R
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Feedback systems

c  HH
R 1+HHH

Desired: ¢ =1
R

It is important that  — H Hj, > o
H,, is constant and c A H 1

in this configuration
H. shouldbel R HHH ~ Hi
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Feedback systems

E 11
R ™ 1+HHyHy 1+H,

Desired: é -0
R

ineering -3-  Block diagrams / Sensitiviy Control Laboratory .
4

u
" ".

— H = HH/—/ —> 0

.ll“
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Feedback systems

c__ M
Dl 1+ HchHm

Desired: <=0
ZSII"C 01

—»HH—)oo

c /—/p 1

— = = -0
D HCHpHm H-H,,
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Feedback systems

C _ 1 _ 1
DZ 1+ HCHpHm 1+ HL

Desired: —— =0
esired. DZ

A 1

~ > 0
Dy~ HHpHp,
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Conclusion

All goals can be
achieved when

H,. — ©

AN~ TR

stability

Lecture 3  Block diagrams / Sensitivity (34) Control Engineering 2004/2005 © Job van Amerongen



Control Engineering

HS@@S@W’ — 1 University of Twente

Feedback systems lf HCHP —> o0

H. =1 is desired
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1 . HH, ,
1+ H,H, 1+ HH, |~
Sensitivity ||Complementary
Sensitivity
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lD
R + E ¢ 1 1 + +_C;

— STH G(s) = first order
A 1 pure integrators = 0
D ., K 1+k5(s) (type 0)

st+1 ( \
£: st+1 :( 1 ) st+1

O sr+l+K \1+K)| o T 4

. 1+K )
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Example (type 0)

st+1

(e
D \1+K s +1

wente  Control Engineering -3-  Block diagrams / Sensitiviy ~ Control Laboratory \ 1 | K )
e
-—

lim ¢(#) = lim

f—o0

s—0
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+1

.
1+ K

J
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ﬁ_( 1 j st+1
D \1+K P

lim ¢(#) = lim
+—0 s—Hw| S

! . 1+K ] 1+ K

S
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4 3\
E_( 1 j st+1
D \1+K T
s +1
. 1+K
1 for w— (t - 0)

steady state
error: no effect of

1 feedback

gSS:].-I—K ..............
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E_( 1 j st+1
D \1+K P

+1
. 1+K )

steady state 1
error: 20-sim demo for

Egg = : various values of K
1+ K 1

20-sIm 1+ K
demO >
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lD
R + A
—?_E‘ K — % —"O‘_’G(s)zfir‘s’r order
# of pure
C: 1 _ 1 intfegrators = 1
D 1.K 1+Kk5(s) (type 1)
S 4 A
¢ s 1 s
D_5+K_K 51+1
. K )
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Ri ~E

K 1 + +_C: C 1 S
S

if OD=1/s _ \-

. . s 1 S
lim ¢c(#) = lim -0
f—o0 () s50| s K l

~
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RenEl ¢ LI T IS ¢ 1| s
—f s D k|1
s—+1
K

if OD=1/s

. . 1 S 11
fE)nOC( ) Sinoo sK SL—I-]. K l 1
i . K /) K
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C':1 s
D K5'1+1

. K

steady state
error:

£ss =0
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foro— o (t—-0)

no effect of
feedback
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type 2

step: ()= C

1+ K

0

ramp: /() = ¢
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Ramp (type 0)

lim ¢(#) = lim
s—0

f—o0

%
1+ K s

st+1

Control Engineering
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\

st+1

.
1+K
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\

S

+1

.
1+ K

J

+1

= |lim — > o

s—>0S8
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type O

type 1
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type 2

step: ()= C

1+ K

0

ramp: /() = ¢
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Ri ~E

1T |+ C c 1 s
— s—+1
. K )

if D=1/ s2 _ p \-

lim ¢(#) = lim =
f—)oo() 5—)05K51+1 K
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type O | type 1| type 2

1
1+ K

0 0

step: ()= C

ramp: ()= 1| o L 0

f(f')zfz Q0 Q0 S
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e Determine the steady state errors of
the last row of the previous slide

e Simulate type zero and type one
systems with step inputs and ramp
inputs
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