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dax(t
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Zoig4: y(r) = Cx(¢) + Du(z) + Hw(r)
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1. ¢(0)=I (the identity matrix)
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Property of the state-transition matrix.

‘

Z
- 0a
-}

b (1) — 1)

b (1, - 1)




MEHAE Ol E A
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&F AHH 2H(Similarity Transformation)

. SISO AIAEIO S X EHA

/] O O ™M

dx(t)
dt
y(t) = Cx(t) + Du(z)

= Ax(¢) + Bu(r)

x(f)e nx1 ZelHE o)1 u(n e y()= 4 22HUFI 25
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S s o] B T e

= P'APX(f) + P 'Bu(r)

dx(t)
dt
y(t) = Cx(¢) + Du(f)

= AX(t) + Bu(?)
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=D

O

C=CP



155
&

oY

1o

Het= A AN SAEEA DRYEH, DX, A2l
MEStQ 22 80| 25 HE QoA BIE
2O I A ZI| [H=20f & AHHA S (similarity transformation)

A AH 9] EAJHEY AL [sT— Al=0
sI — A| = |sT — P"'AP| = |sP"'P — P"'AP|
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CHstA O] 25l
8-11 MEet+2| =0
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o II X-I OH . Vo . Choose State Variables State
Differential » Frishons
o] X = = Equations 4
— CCFZ 2| & & =of 5 -
- Laplace Algebra Construct SFG Write state
—_— OCFE O Xl @ E'_ 6H transform plus with
) — plus inverse integrators
algebra Laplace
Y —Jé:— = transform s~! branches
= C(sl-A)y'+D
h 4 A 4
< - 5
Transfor Apply Nllason's formula D.btate
S s~ branches lagram
suncrcn (Graphical Tool)
Decompose transfer
liveise function
Ll Laplace
mils‘form ranstor
\ 4
Impulse
Response
mn
S 3 @
Kyung Hee University

and output equations
using Mason's gain
formula after removing




AEH=Zol - CCF=2| &&=l

Y(s)  by_18" '+ byps" T+ o + bys + by
U(s) "+ a, "+ +as + g

= 2Xte== S AR =2 0 8tAbe= Ol AU JHE

ADYSE 59 8¢ BF4e FAIT o) ATeSe] Bus) Bx

| Aol SAPAS X()E BT © F g A

Y(S) _ bn_ls—l + bn_2S-2 + e+ bls_'”l + b{)s_n X(S) (5-191)

U(s) l4+a, s '+ +as " +as™  X(s)
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Y(s) = (b1~ + by_ps 2 + <o+ bys" ! 4 s X(s)  (5-192)
Us)=(1+a,_s7 + -+ as™"" + a ") X(5) (5-193)

2 (5-192)9} 4 (5-193)° Sle F WH A= oldstd AL EES
Aok WA HEg d-A3 #AE o]Felof @ 4 (5-192)=
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(1) = Ax(t) + Bu(t)
dt

y(f) = Cx(1) + Du(r)




(1 +a, 57"+ + a1 + ays ™) ¥s)

Y(s) = —(@p-187" + - + a5 + ags™Y(s)
+(bn_.,ls_] + bn_zs_2 + -+ bls_n+l + b{]S—n)U(S) (5'200)

%éi
ol
Jot
o
12
E



_bn~1_

—Qy_q |

dom B

U_.

ol -

»
ne



Ol Xl 8-11-1
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Uls) 5+ 652+ 115 + 4
o] Al~€le] CCF AHHEe=

Y(s) = (257} + s7% + 35 °)X(s)

X(s) = U(s) — (657! + 11577 + 457°)X(s)
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a | . o
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M OHAIAE L] DA O & (controllability)

e JIHINHA: UEXE & = o\
oSl =THO &=tAH
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r u X . X
X = Ax + Bu » X x=Ax+Bu —» C
+
T K ¢— K <§— OBSERVER
(a) (b)

Figure 8-16 (a) Control system with state feedback.
(b) Control system with observer and state feedback.
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dx(1)
dt
y(¢) = Cx(¢) + Du(s)

= Ax(1) + Bu(y)
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Theorem8-1. Al (8-261) ME|EIAHAloE FJ|= A|AE0] $HAT AE]71A 07}
57) o5t WREEXHL c}29| nXar 7N BE 0| nol A42 2t= Ziolc}
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Ao AE LBt
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Theorem 8-8.  AlA[E{Slo|| nist EHAR|: A (8-261) and (8 262) SMulMAloz

L 1
BHEIE AR MZISIAL P70l AR x()=PX() = SHUHAIS

% — AX(1) + Bu() (5-248)
¥(#) = Cx(r) + Du(s) (5-249)

2 HEAZICE 07| A
A=P AP B=P'B (3-250)
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Theorem 8-9. JELEMZS Zh= HFIA|AR O] 7EHoj Mol 2tst Ha|: pral 7|2
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ax(r)

b _ 5-251
~ = Ax(t) + Bu(7) (5-251)

O] 24 ZHM[O|AlA 0| H, 4telw] =HHoj| o|5}0]

a(?) = r(?) — Kx(¢) | (5-252)

dx(t
%({)" = (A — BK)x(f) + Br(z) (5-253)
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Case Study: Magnetic-Ball Suspension System
ALY

[
AN T —e—O
G TR
Electromagnet ©
. Mdzx(t) : Mg — ki*(r)
ki~ dr’ x(7)
5
w(t) = Ri(t) + L—— i)
- Steel ball dt
V()= AHAUWV) x(H)=7-¢] $1Z|(m)
Mg i()=BXAFA) k=n]&)"dr=1.0
R=\AXAE=1Q L=340Ye~=0.01 H

G FUMHD o) Pk=10kg g= %8| 7HE =322 m/sec’



x,(t) = x(1) dxy(t)

dx(1 P x(2)
X)) = — = dolt) kx50
dt M x(1)
x3(t) = i(z)
dxs(1) R v(2)
a - 0T

x(OH=x(1)=05m & A B2l X Adgs}
Ax(t) = A*Ax(r) + B*Av(z)

-0 1 0 0
A* =644 0 —16 B*=| 0
0 0 —100 | 100 |




S84

s -1 0
IsI — A¥| =[—-64.4 s 16 | =5 + 100s* — 64.45 — 6440 = 0
0 0 s+ 100

THA: Are] mHA B AP 2L

s = —100 s = —8.025 s = 8.025

Aol AA: A+ o] ArjHolBB L

o) = LTI — A% =LY | —-644 s 16
0 0 s+ 100




1 1
. ((s + 100)(s + 8.025)(s — 8.025)

64.4(s + 100) s(s + 100)  —16s
0 0 # — 644

-
o
~
s’
i

[ s(s +100) s+ 100 - 16 )

RERSANE S AeEelaua s Aomn Feol Y e

0 0 -—-00016 05 —0.062 0.0108
p)=10 0 016 | +]-4012 05  —0.087 e
._0 0 1 _ i 0 0 0 |

- 05 0.062 —0.0092
+ 14012 05 —0.074 [&9%
0 0 0

(5-273)€) TpAT e ofe] ASE 7b7] WR, p(1)e] LTHE A7} TR
Zrlahm A 2de Bebgaalth Aol7h gl7] R ojAe d2d Aow
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(t) 23 y(1), 28]3 YFS v E Felekrl 1

¥(s)
— 2 = C*s] — A" !'B* =1 0 0](I — A*) B*
_ — 1600
(s + 100)(s + 8.025)(s — 8.025) (3-274)
AN Aoy BEe
0 0 ~1,600 |
S =[B* A*B* A*zB*] =1 0 — 1,600 160,000
100 —10,000 1,000,000 |
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18] 2802 MEE o= AHI} BT RS 0 2 Herle 2A

1. y(O=727 A =x(): C*=[100]

7HEEAS AR
¢+ ] [1 0 o0°
V = | C*A*
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l
-
—
<

(5-276)
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2. yO=T EE=dx(®)/dr. C'={010]
7tHSA] PES

C* 0 1 0 |
V=| C*A* | =644 O —16 (5-277)
L C*A*¥: | | 0 644 1600_

2 AF7F 30|tk 2HBR o] Aagle S FMESAI Lol
3. yO=BXAF=ir): C=[001]
S s

Cc+ 1 [o o 1]
V={C*¥A* | =0 0 —100 (5-278)
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State-Feedback Control

e« Z|20|= ForwardL} feedback0l] D& = 22X HIHI|IE At=36HD]
HBl= A4 A4 gan2 0| 26l Al & EfH %= E feedbackdl= state-
feedback control J| 8= 0| AIE &,

r " T '
B — C )
+ + x X
+ A

Figure 8-22 Block diagram of a control system with state feedback.
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State-Feedback Control

State feedback=S A= A|AEIQ BIAE Ol ME

JES LE AlA

0

Y(s) '

n

Tachometer feedback:

PD control:

Y(s) W’

"

R(s) s*+(2€o,+K,0})s+o]

Y(s) @3 (K,+K,s)

A
T

R(s) s*+(28w+K,0’)s+0K,

i
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State-Feedback Control

y ,*
O > Q > O > O > O
¢ i:\\ X Xy \
~———
—2;(‘)”
(a)
| | § g 0,
@] > O > Q > O > O > O
r \ X \\ (i / X \
o /4 /
N N 2w, - v
S~ — = - //
\ 4 _
S
- \-\& Y /_/'
v PR
ky
(b)

Figure8-23 Control of a second-order system by state feedback.

The systems with zero reference input, r(t) = 0, are commonly known as

regulators. When r(t) = 0, then a second-order system with PD control is
the same as state-feedback control.
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Pole-Placement through State-Feedback Control

o

o

3XtE= 1 0lde s&0lA= PD, PI 15 Aa L= XA HHII2=
2t MO0 = 2l Ab= Liet0l e 2 %UI =0 =sg82=

ANABL EE === MOHE += 8l

nXt AIAE0 J_OA 22 SUHXIE ?loll ERet &= L Ao
Flof Ct2 B HEACZ Jl=S= 8= Aol X

Ix(t
all) _ axttyBuld
dt
A7 A x(0)=n X 1 A E 0|31 w(r)= 2722} AlojgFo|tt. e v =) A|oj=
u(t) = —Kx(r) 4 r(t)

121 ™, Closed-loop system=

ax(t) _ A —BK)x(t)+Br(t)

dt
S HYUHAS OS] 200, e 2ES 299 A =S 4
otk )



Pole-Placement through State-Feedback Control

. DHORO| 2T BH ILHIOIAIABI0I2HS JHRIOI M EES(CCR2 R &t
EEE 4 UCE A2 0182 4 U0,

0 I (0 0 7 O]
0 0 I 0 0
A=| ¢ & 3 o b | B=|
0 0 0 I 0

|l —-ay —ay —a3 -+ —Qu_1J 8.

The feedback gain matrix K is expressed as

[0 l 0 0 |
0 0 1 0
A-BK= : : . . :
0 0 " — |
—a,—-k —-a,—-k -a;—-k - —-a. .-k

IsSI-(A-BK)| =s"+(a, ,+k,)s"" +(a, ,+k,  )s"" ++(a,+k )=

P gkt ALE=z JRXE 2=z €48 = US.



Example 8-18-1

C —AAAA DL R
R ;
'\5\3 f
T Electromagnet
v ki*
l |
Steel ball
5“].’

Fgure 821 Ball-suspension system.

o Equilibrium point »,(t)=x,=05m &  x,()
the linearized equations are written

Ax(t)=A* Ax(t)+B*Av(t) A*=

x,(t)=x(t)
_dx(t)
A=
x,(t)=i(t)
d’*y(t) ki(t)
M = Mg—
dt’ £ x(t) %wcz(t)
v(:).=Ri(:)+LM dxz(t)zg_ixf(t)
dt d M x,(t)
4(0)_ R, (1, 20
dt L L
= dxy (1) =0 and ———dzy".(l) =0
dt*
0 | 0 0
644 0 -16 | B*=[ 0
. 0 0 -100 | | 100




o CFt=2l & H A2H(design specification)= 1) 24 GHAL.
1. AJARYZ OHYsHOoF Bict.
. 20| BIAXI0f EXHE i o™ 2eto] etE|Cels, 20| B BHYEILXNE H= BIHXIZ FFE0
Of Bic}.
3. ARFSEE 05X Ofuioll =7|2i8te] 5% o|u2 FE|0{of SiCh
4. ChS2| Hejni=tloy 2laf MOIE ABiaHof Bict.
Av(r) = -KAx(1) = —|ky k2 k3 |Ax(r)

| 3]

o
>

ol

ﬂllﬂl

e Open- Ioop system1t state-feedback closed-loop system2| AHEH & &
12| ™,

100 ‘ 16 g ¢! |

W) O——Q—> O Q—> O—> O—p—O W)
i1 Xy 2 1y L3
100

(a)




wr)

(b)

Figure 8-24 (a) State diagram of magnetic-ball-suspension system. (b) State diagram of magnetic-
ball-suspension system with state feedback.
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o =2 g2 I x(0)Jt Ottt 2= el 20t

o .
I
x(0)= 10
0
1.5
.\'nux v l03
1 T = 0.06 sec
Voax = .02
T s = 0.76 sec
S 0 - —
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0 0.4 0.8 1.2 1.6 2.0

Time (sec)

Figure 8-25 Output response of magnetic-ball-suspension system with state feedback, subject to
initial condition y(0) = x (0) = 1.
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Example 8-18-2

e 6&2 UMl 6-5-1= CtAl & IHEH(K=1Z JI8),
dx(t)

= Ax(1)+B6.(1) 6,(t)=Cx(t)

A B= C=[1 0]

{b)

m

Eun -1 S " > 5 - " &
@ ?Ln-;!! BEHLJ:-S'_:-! Figure8-26 (a) State diagram of second-order sun-seeker system. (b) State diagram of second-order
o  sun-secker system with state feedback.
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State Feedback with Integral Control
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Example 8-19-1

Ex. 8-18-20{| Al 2f==0
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[A. B] 40| 28X 71HI01Q! 48 ZHE 4 AUk W2t (s1 - A — BK)2| 1RXI2 o2 HXIAIY £ U
Ch Aef ¥ HEO|SUHS ZH= HRDAAHS] EAUHAIN A, B X K& CHYUSHH
y —1 0
sI-A+BK|=| K s+25+ky ki
(10-355)
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Example 8-19-2

- DCR2EH AIAE= 4HEAL

dat) (t)+=Li (t)==T,
dt
d) =Ko R 1
r = Y (1) i (t)+—e,/t)

I. lim i,(r) =0, lim
2. tl_i.m\ w(t) = AU H1) = ulr)

3. MEHI|SEE D MEHE 2= HFEIAAHL DRX|= s = =300, =10 + j10 & —10 — j100|C}

AEfHAPES 1 (1) = o) H (1) = i (N2 He|5tXAL
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dx(t)

7 = Ax(t)+Bu(t)+En(t) where n(t) = T u (1).
= S gl
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