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Control system

Control plant
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System
System output
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Closed-Loop Control
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1.4
1.4.1

1 yl(t):3q(0)+5£ x(r)dz t>0
2y, (t)=39(0)+5x*(t) t>0

3 y,(t)=3G%(0)+5x(t) t>0
4 y,()=39(0)+1gx(t) t>0
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[ 1 1 u, (t) u, ()

E (1)

i(t)

17




— Ty
t, e |y,
2
d :
3 L—1+R1+uC =u,
dt
du
4 i(t) u(t 1i=C—
() u.() ”
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M, TaTmd—g"+de—a’+a)=iua
dt dt k,
224
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2.3
2.3.1

A(Xy,Y9) A X

(X0,¥0) A Ay A (X0,Y0) (Ax,Ay)
(X0,¥0) A Ay
¥
My

ylil _______ -Ai &3{

0 5!‘?-: *x
2.3.2
1 y =f(x) (X,¥0) Ay =f'(x,)Ax = KAx

K=f'(X0) (X9,¥0) K=f’(XO)=tga y =1(x)
Ay =f'(x,)Ax = KAx
y =siné 6,=0 6,=rx
y =sinf 0,=0 6,=rx
1 6,=0  yo=sin€|, ;=0 (6,,y,)=(0,0)
Ay =y'(0,)A0 =cosb|,_, A0 =A0O
Ay 'y A6 06 0y (6,,¥,) =(0,0)

AG Ay y=6
Oy=r :O (007y0)=(7z.>0)
Ay =y'(0,)A0 =cosb |, _, A0 =—-A0

2 O,=m y,=sing,




y=-6

2 y=f(Xl,X2,"',Xn)
X15Xg, Xy, n Y =1(X0,X 59,5 X )
Ay = K AX, + K,AX, +-+- 4+ K AX,
of of of
Ky =— 2 = K,=— n=2
OX | 0%, | X ly
of of
Ay =K,Ax, +K,Ax, K, =— K, =
OX, [xi=x O0X, |x1=xy
X2=X2g X=X
1
2
3
4 (AX:AY)
Ax, Ay Xy
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24.1
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—_— >
C A
Laplace Laplace
\ 4
R s
— S » S Cc S
C s
Laplace s
Laplace C(s) c(t)
2.4.2 Transfer Function
1
Laplace C(s) Laplace
R(s)
d'c _d"c _ d"%c dc d"r  d™r _d™r dr
Qy—+a —=+a,——++a,, —+a,C=0)—+b —+b, ——+--+b  —+D0r
dt dt dt dt dt dt dt dt
Laplace c(t) Laplace C(s)
r(t) Laplace R(s) Laplace

(a,s" +a,s"" +---+a, s+a, )C(s)=(b,s" +bs™ +---+b_,s+b_IR(s)

C(s) bys™+bs™ +--+b, s+b

G(S): - n n-1
R(s) a,s"+a;s" +---+a, s+a,

RLC
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u, T =l
2
LCd li° +RCduc +u, =u,
dt dt
Laplace LCs*U (s)+RCsU,(s)+ U,(s) = U,(s)

U.(s) 1

LCs* +RCs+ 1)U _(s)=U (s) = G(s) = =
( JU.5)=U.6) ©) U,(s) LCs>+RCs+1

my” +(f, +f,)y +ky =F(t)
Laplace

(ms” + (f, +f,)s +k)Y(s) = F(s) = G(s) = Y(s) 1

F(s) ms®+(f, +1f,)s+k

2

6 P =d/dt

P=d/dt —>s c(t) > C(s),r(t) = R(s) G(s)
7 G(s) g(t) G(s) & g(t)
g(t)
G(s) =L[g(t)]
8
m n m<n

c(t)=1-e* +e

1
C(s) Ld-e™*+e") ¢

R(s) L[1(1)]

1 1
s+2+s+1 _ s’ +4s+2
1
s

Gs) = T (st D)(s+2)

g(t)=L'[G(s)]=S(t)+2e ™ —e™

de(t)

=5(t)+2e ! —e
i (t)
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o 2 1 s* +4s+2
G(s) =Lig(®] = LIoM®) +2¢ ~ —e ]_1+s+2 s+1  (s+1)(s+2)
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1
G(s) = C(s) bys™ +bs™ +--+b_s+b,  M(s)
R(s) a,s"+as" +---+a,_s+a, N(s)
M(s)=0 m 2,2y, Ly N(s)=0 n
Pis Pysees Py
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Gs) = bys™ +bs™ +--+b, s+b. _ (s—z)((8-2,)(s—2,)
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Kg :bO/aO
G“)_b§m+bﬁmhk~+bms+hn_K(qs+D&§2+2Qg§+D~-
a,s"+as" +-+a_s+a, (T;s +1)(T;s” + 2T, &5 +1) -+
bim/a’n
Co)Caay_ LI
— 1 2 m/ __ i=l
s RO B S S
! ? ! H(_l) pj
j=1
3
S ‘607’ “X”

G(s) = (s +2)/(s +3)(s* + 25 +2)
G(s)=(s+2)/(s+3)(s+1+j)(s+1-))
4
1

G(s)
P, Py, Pa

eplt epzt eee epnt
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e%‘cosmt e”'sinwt

m Pi
ePt tePt ... "M
m pi=0,tjo,
e'cosmt te”‘cosmt -+ t™ecosmt
e“'sinot te”'sinwt -+ t™'e'sinmt
S
t
S
S
o(t) = Kr(t) G(s) = K
b (1) 4o
K
— K >
1
79O L ety =ry G(s) = =2
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r(t) = ul(t)
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RC

¥
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o, =1/T

dc(t)

1 ¢t
. — I’(t) C(t) = ?J.O I’(t)dt
G(s)=1/s
r(t) 0 ¢®)
dro
ct)=T qt
G(s)=Ts G(s)=Ts+1
B ddtt:(t) g7 8® dc(t) ro(t)=r(t)
G(s) = 1 - - i -
TPs?+28Ts+1 s*+2&/T+1T? s*+280,5+@;
0<é<l
ct)=r(t-7)

G(s)=e™
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Q) VK,
U,(s) T,T.s>+T,s+1
IRONPS
E(s)
E(s)=U,(s)-U(s)

U, (s)

G;(s) = Q(s) =K

G1(S) =

Gz(s) =

T

Q)

£(s) Lals)
U, (=) = K, - VE,

Ko

— 7T +T,5+1
IUJ' (=)

2 Laplace

R
R e

lul(fj /’;91 [

:luz (£
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Laplace

U, i5) SUas

i

I Eﬂ (s}

UR(t) =
i(t) =us ()/R

u,(t) :éji(t)dt

U, (1) —u,(®)
1(s)=Ux(s)/R

Ur(s)=U,(s)-U,(s)
=
U,(s)=1(s)/sc

ONE RO

I/R

G(s)=U,(5)/U, (s) = I/(RCs +1)

2 RC
R R
— C
l”l(-ﬁ' it Cl::l u () i (¢ ngzluz(f:'
Laplace
Ug, (1) =, (D) —u, () Ug (s)=U,(s)-U(s)
i (1) = uRl(t)/Rl l,(s)=U Rl(s)/Rl
(= [, -1, ®1dt = U, (5) <
_ Ly _1L©
0,0 = [i, @t U:0)="c.
e U@ ngg.@ U
1 vz, | CLL.S __'®:' yz, | L, é g(s)=
g =) T
G(s)=U,(s)/U,(s) = 1/[R1(:1chzls'2 +(RC, +R,C, +R,C,)s +1]
Ris (s
Lﬁ- (=) » (5] ———-- E— ) —(1
G(s) = C(s)/R(s) = G, ()G, (5) -G, (s) = HGi (s)
parallel
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G ()

h 4

R(5)

-

Gy (s)

Y

G (5)

Cls)

f

G(S) = C(S)/R(8) = G, (8) + G, (8) + -+ G, (5) = 3G, (5)

3 Feedback
o
Rgsgl? (S:If ) R 04 -
H
) BE [
@, (s) = C(s)  G(s) O_(s)= E(s) _ 1

R(s) 1£G(s)H(s)

R(s) 1+G(s)H(s)

C(s)
G(s)=——=
G, (s) R(s)
R(s) — C(s)
G(5) ?_ G (o) G, (5)
H(s)
1) E—
ML 6w @@%%j%ﬁw@@)cw
HE)G.)
G, ()
Rl e @@>é$§%%a@@>_%ﬂ
H($)G, (s)
R(s) G (s) C(s)
GOGO-CO || a0 e G
6(5) - BONCSC.()+5,(9)
' 1+G,(8)G,(S)H(s)
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B W N =

Mia)
E(5) Eis) Cis)
— > 3,05 G5
Bis)

' H(s)

C(5)/E(5) =G, (5)G,(9)
B(s)/C(s)=H(s)
Gy (s) = B(5)/E(5) =G, (5)G, (s)H(9)
D (5) =C(8)/R(s) = G,(5)G, (s/[1+G, ()G, ($)H(s)]

{(DE (8) = E(s)/R(s) = 1/[1+G, ()G, (s)H (5)]

r 3

D\ () = N(3)/R(8) = =G, (S)H (5)/[1+G,(3)G, (S)H ()]
1+G,(5)G, (s)H(s) =1+ G,(s) = 0

v
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G, (s)

G,(s) |
R(s) C(s)

5(5) mm CS) — G, () T+ R—T—>

e H(s)
3
1 n
P=—> PA,
AK=1
P 2 G(s)
Py K
A
A=1—( )+ _
+
=1-> L+ Ll — > LLL +
a b ¢ d e f
Ay K K
A Py
P A
4
i
i J ad

[ 1 A=1-(bi+dj+ fk+bcdefgm)+ (bidj + bifk + djfk) — (bidjfk)
P, =abcdefgh A, =1
X PA, abcdefgh

8 =
x, A 1—(bi+dj+ fk +bcdefgm) -+ (bidj + bifk + djfk) — (bidjfk)

R(5)

8

[ ]A:I—(G2H2+G3H3+GGH6+G7H7)+(GZH2G6H6+GQHZG7H7+G3H3GéH6+G3H3G7H7)
P =GG,GG, A =1- GH,+GH,
P, =G,G,G,G;, A,=1- G,H,+G,H,
65)= GG,G,G,[1- G.H,+G,H, ]+GGG,G,[1- G,H,+G,H,)]
1—(G,H, +GH, +GH, +G,H,) +(G,H,G,H, + G,H,G,H, + G,H,G,H, + G,H,G,H,)
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MATLAB
MATLAB Simulink
Simulink
MATLAB Simulink
Simulink
K
Step Gain

—>

Gaini

Step Gainz

UH—i>——=)

Scope Step Transfer FenZ

Scope
2
X 0.5s
Gain3 Transfer Fen2
Ts
Gain Transfer Fen Transfer Fen
— Transfer Fcn
Ts
Ts+1
Transfer Fen
Ts+1
1 s
i
o+ 0015+
Transfer Fend Transter Fond
E T o
25+ 0. 1z+1 =
Step Transter Fen2 Scope Step Transfer Fen2 Scope
1 L H
0.5=+1 0.05=+1
Transfer Fen3 Transfer Fen2
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Tx1

Transfer Fcn

Ks
Ts+1

Transfer Fcn

2
a)n

$* +2&m, 5+ )

& 0<

@,

E<l

25
L+EH2E

Transfer Fen

Ks
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2
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s*+2w. 5+ @

n

K
Transfer Fcn
0<é<l
1 ,
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Step
e—Z'S
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Step
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I
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Transfer Fenz

Transfer Fcn

Scope
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L

Ry

Transport .
Delawd L]
>
Scope
>
Tranzport
DalayZ

Transport Delay
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9 2
1 2
3.1
1
1 5(t)
0 t#0 0*
S(t) = { j S(tydt =1 Laplace L[o(t)] =1
o0 = 0
2 1(t)
0 t<O0
1t) = Laplace L[1t)]=1/s
(t) {1 50 p [w1=1
3
=10 <0 Lapl L[r, (t)] = 1/s?
= aplace =
Y t t>0 P Y
4
0 t<O
r(t) = Laplace L[r.(t)]1=1/s>
(O=11, o p r.®1=1/
2
5
r(t) 0 t<0 Lapl L[r(t)] = —2
= aplace =
sinwt t>0 P s’ +w?
ry=10 1< Lapl L[r(t)] = —
= aplace =
cosawt t>0 P s’ +w?
2
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t
3
c(t),
C(tp) --------- . 5% x ¢(0)
C(o)y /A
I L T 2%xc(w)
— C(o) A & =
20
Ottt t ot
1 t, 10%
90%
2 t, 50%
3 t,
4 t, c(0) x A%
5 M, %: c(t,) c(e) c(0)
c(t, )—c(oo
Mp%=wx100% A=$2% A=+5%
C(e0)
6 N 0<t<t c(w) 2
1
7 € t— o0
e = %im e(t) = %im[r(t) —c(t)]
t oty t, ot t,
t t M, %
eSS
3.2 R(s) ) C(s)
1 — T_ >
— S
w+c(t)=r(t) t>0
dt
1
G(s) = T
© Ts+1
RC
2

rit) =1(t) < R(s)=1/s
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ct) = L'[C(s)] = L [D($)R(S)] = L' [——x1]=1-e T t20
Ts+1 s
{3T A =+5%
1 t, =0.69T 2 t =220T 3 t, =
4T A=42%
4 5 eSS = 0
T T t=0
3
rt)=38(t) < R(s) =1
c(t) = L"[C(s)] = L [®(s)R(s)] = L[ ! x1] = LeT t>0
Ts+1 T
1 t=0
T T
4
r(t)=tel(t) & R(s) =1/s?
-1 -l 1 -1 1 L — -1 L_I T
c(t) =L [C(s)]=L [®(s)R(s)] =L [—Tsﬂxszl L [82 S +—S+1/T]
—t-T(1-eT) t=0
e(t)y=rt)—ct)=T(1-e T)
e, =1
1
T T
2 c't)=1-eT t=0 t t — o0
1

1
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3
32 33

33 R(s) : C(s)
1 On >

G.(s) = w; T s(s+2éw,s) -

T s(s+2fm,)
] 1
D(s) =— 2 T T2.2 7
S"+2w,s+w; T7s"+2&Ts+1
o, rad/s T =1/,
4
RLC LC d?u,(t)/dt* + RC du, /dt +u, (t) = u, (t)
G(s) = Yo _ | __ 1/LC
U,(s) Les®+Res+1 s +(R/C)s+1/LC
o} =1/LC = w, =1/4/LC 2§a)n:R/C:>§:§%
2
s’ +2¢w, s+ =0
31,2 :_ga)n ia)n \/g2 -1

4

3
1 &<l

Sl,zz_ga)nija)n V1_§2 :_éa)nija)d Wy =, 1—9‘52
1__ g2
= arcty % = arccos & = arcsin /1 — &7

h B S

),
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Ampitude

Ampitude

st

S a4 oa
= kB oD oB N

gt
ct)=1- sin(a,t+ B) (t>0)

J1-&

—Swpt
e - .
¢ (t) = ﬁsm(%t +/5) Cis () =1
4
2 £=0
s, =tjo, ct)y=1-cosao,t (t=0)
wn

cty=1-e ' 1+mt) (t>0)

4 E>1

t t
T e 2_e " (t=0)

T
S, =—¢w, To,\E -1 C(t)=1+_|_ T +_I_ T
1 2

2 1

T, :l/a)n(f_\lfz -D=-1/s, T, :l/a)n(§+\/§2 _1):_1/32

s,
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2 p__x-B
r @ 4 w, A\J1- &7
2 t,
_ T _ T
t,=—= 2
Oq @, J1-&
3 M, %
c(t,) —c(o) ;
m%:MXmO%:e‘fﬂﬁxloo%
c(0)
M. % £
£ M, % £ M, %
4 t,
0.1<£<09 J1-&% =1
t, = > A=S5
C o, B
t, = A A=2
S gwn -
tS éa)n
t, M, % M, %
a)n tS a)n
M, % t,
M, % £ £ t,
£=4/2/2=0.707 < e
1 r(t) =1(t)
1 K=200
2 K=1500 K=13.5
R(S) _ 5 C(s) .
_’?__’ K s(s+34.5) >
1 K=200 |

G, (s) =5K/s(s +34.5)
d(s) = 5K/(s* +34.5s + 5K)
@, =~+5K =+/1000 =31.6 rad /s

£=345/20, =0.545

t)=7/o, =7o1-E =025 M, % =e " x100% =13%
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t, :3/550n =0.17s t, :4/§a)n =0.23s
2 K=1500 K=13.5
K =1500 K =135

£=0.2,0, =86.2(rad/s) &=2.1,w, =8.22(rad/s)
t, =0.0375,M, =52.7%,t, =0.17s T, =0.5s,T, =0.05s,T, >> T, t, =3T, = 1.46s
KT»édo->M T KiséeToMm |

—>t,t, ¥ —>t,t, T
2
|
eeeeee 3
1 3
3 2
D(s) = — s 2
s+ 2w s+ o
ér
c(t )—c(o0 — T2
M %= S =D g0~ 43 100% = 33% = T x100%
c(0) 3
t,=0.1(s) = 7/ w, 1 - &
3306 .72
=033 @ =332(rad/s D (s) =
g " (rad/s) (8)= 50 11102 4
3: 15% 0.8s
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- o, =4.588
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so
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s}

£=\2/2
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K K/ T

4
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K
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