TR
Chapter 4
HmERE S ZM - iR RARVEEE




~ Chapter-4 ENRRR4RIE

R ER R EISE

1. ERGRR B LR A RREREEEE -

2. L BEBURORE - DAGHIFESIE-RNL - AERSEZKBRER
B -

3. ETRE RAVIAE- R R LL B SRR By I ERS 3 - SRR B
SSB PANER o EANITREE) - ENFHS - TIRRISEES) - ST - LUK T A

T ER - b st
X B A R wm@
| EREREA LR WEMRE - TREEERRE - Y
2. FE MBI 4 HONIE B BB R R AR IELE - N
3. 401 4-64 Fi7R » (TR ¢ WRBERT — B P ome

R A 0 BB -
4. B ¢~ TR i, B L HNIE > RO B A !

T, = K,bi, (4-200) R

Bl 4-64 ERBETIEENES

NTU-BIME-B#Z:#E & Automatic Control Systems

_Joe-Air Jiang 2 _F. Golnaraghi & B. C. Kuo



Chapter-4 EifE & GHOIEE

NTL Lan
P o I e
5. K EEIS MRS 7 eV A BERE - [LERREEE RS BIELE - SFRHIEER
e, = K dw, (4-201) e TR EEES (back emf) o

Hep o e, (RRREBEIS ((REF) © 0, REEABIELE (rad/sec) -
K KRB ENELR D

1. BB RS T R BB A A R 4 -

2. KBRS TR R BRI AR T A -

HEEREEERRERAERES  MELEREZEABTFHEER @ A
EER ERIE R EZ (brushless dc motor) -

RIBBERESHE » A EREET S A=EEERETE 8 (iron-core) ~ 3¢
E&E4H (surface-wound) K EjRET, (moving-coil) &EiE -

X BUCUKE E RS =

1. #Cok B S EZ R B e 4518 UE 4-65 Ak

NTU-BIME-B#Z:#E & Automatic Control Systems
_Joe-Air Jiang 3 _F. Golnaraghi & B. C. Kuo



Chapter 4 ENRE %
—— [

2. LR EEEE (R AEEsmna
&7 BERE) - SER - KA
= HY AT SEME

X P HEHERER

1. [F] 4-66 AR R FESGE KA E RS
EHE TG

2. @ EICENEER - P AERE LR T eRe
(cogging effect) | JE -

3. BRER

K HERE R [ 4-65 A /ARISRAE T E S AR E

1. BEASERG T ER R NMEE MBRENERER - 7SR EREREZTERN
[E5] X Bk AR R AR Mk A HESREE TS Z IV SRBR » A0fE 4-67 o e

2. HEayiesimE R B2 E 4-68 For
3. BRERME > BH /N 100 4H -

4. A IELEN TS HEIE S 2 EBETERE - FilEER/ -
NTU-BIME-B#Z:#E & Automatic Control Systems
_Joe-Air Jiang 4 _F. Golnaraghi & B. C. Kuo




C

hapter 4

Hig
(B e A L)

[rEBE R B FE 1

4-66 EESAH K AR ER 4-67 EHRE=k A Mk B
B ENEE E] HENEE E
NTU-BIME-B#Z:#E & Automatic Control Systems

_Joe-Air Jiang S _F. Golnaraghi & B. C. Kuo



yg
I
‘qu"-‘
rmp
-
S
4

e
\
EfE
(thZE Rk A1)

4-68 BB LS EURENEE RO

s fERIELREE

1. RERAEF G - SRS R TN RS RE A E T (TTIeR) &
ez -

2. e FIHAEHE ¢ RN T R - (EE TS, SR . HRRGEER
PRI A AN - 411E] 4-69 FT -

3. R E S T P PMEH S B » AR S L M SRR B ) -

NTU-BIME-B#Z:#E & Automatic Control Systems
_Joe-Air Jiang 6 _F. Golnaraghi & B. C. Kuo

#Hots



4-70 R ERREERY

TR R U
4-69 kg SRR ERS 2V EkH E

X EUSERVEEREE

1. KR ER S R S BRG] ¢ [F 4-70 -

2. WA A — B R, H—EE L, SEHER - R o, (RIS T el B E
PEENEE (REHH) -

NTU-BIME-B#Z:#E & Automatic Control Systems
_Joe-Air Jiang 7 _F. Golnaraghi & B. C. Kuo



Chapter-4 EifE % G a0 RS

—
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ex(f) = BB E Ky = REFEFE
Ti(f) = B#EEEE ¢ = SRR
T = BEiE e (1) = T AR
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do,(1)

T.(0) R ABREE
BT - AR

ey(t) = Kb# = Kw,(t)  (4-206)
P00 _ Ly~ L - B0 a007)
dt J, J,, I

6. ZAHGRBBRTERR 1,(1) ~ 0,(f) & 6,,(1) -
7. Eum%}%%«ﬁﬁﬂ’]ﬁk%ﬁk‘ﬁ

T, (f) AT RiRRETS
TR B A

dl() R, K,
—= = 9 1 L
dt L, L, i (1) T 0
dw;(t) | B B [a)m(t)] |0 Jef) + | = |10 (4-208)
a0 | o 1 of®® |0 o
Ca || | R
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> P=T,)0,l) = Kw,() ra (4-212)
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3. BEfE RS HAVEERE y(f) » A T,PMEA e R B E T E E?EMEE::“ - on
b(H)=y(t — T,) (4-219)
> B(s)=e "“Y(s) (4-220)

. b(t) R y(t) R B FE1H 4-73(b) VLB RALIBIRAIT Y
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3¢ DA B PR AT (DA B ] e 2 R L

RS o PR — AR
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X FERME LR GRIGR AL NTU LAD

AT EREERARENIFGERE - BNELEE - BBKS - H&EMEEEAR
FE—R/NEVERIEER AR - HEEAFRRKHERERIZ GE(EER - FEENE
EIERMEAGERERGIE(ER - HEEEATREEIRETH -

s Fl|FHTaylor Seriesiy&# (L : Classical Representation

® In general, Taylor series may be used to expand a nonlinear function f(x(t)) about
a reference or operating value x,(t).

® An operating value could be the equilibrium position in a spring-mass-damper, a
fixed voltage in an electrical system, steady state pressure in a fluid system, and
SO on.

® A function f(x(t)) can therefore be represented in a form

fx0) =Y ¢ (x(0)-x,(5)  (4-225)
i=1
where the constant c; represents the derivatives of f(x(t)) with respect to x(t) and

evaluated at the operating point xy(f). That is
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_1d'f(x) (4-226)

l' dx’
Or
FO®)=f @)+ L “(x(t) 0~ j;f’%)( (0) =%, (D))} +
(4-227)
édgf‘))(xa)—xo(t))% ;!d M%) (6 - %, 0)),

® If A(x) = x(f) —x,(t) is small, the series eq. (4-227) converges, and a linearization

scheme may be used by replacing f(x(t)) with first two terms in Eq. (4-227). That
IS,

S (x(2) = f(x,(2)) +

= ¢, +cAx

f( X,)

(x(t)_xo(t)) (4-228)
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% Linearization Using th
Approach
1. RRIEGE A E-FERGRE G ER

d’;(t’) — f[x(1), r()]  (4-229)

x(f) L& n x 1;REHEE > () KR px 1 BARE - 0 fx(f) > r(] KR nx1
REERE - B - f RiREEENEA R ERYRR -

2. JEGRMEIRE G R AIBT

WO ) + k) @230
dx,(t
x;f o+ (a231)

3. GMALHVARRE BRI ER IR TR A B IEAR SR E R BN F R B A B Fr - il —
P& DA_ERYZRENR BRI AR - FER B IRRETIE ARV PSSR B LN IERF -
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4. DL xo(t) FUREFERIEARBA ro(f) K —LbE ERIREIRIRRHY IEAR BRIERNEN
(4-229) FHYFERMHIRRETTIZZEAE X(8) = xo(1) MY T /RFE RBEEHE - WA
ER P A SFETE » A —li=1-2...n

x(t) = fi(Xo.xo) (r; = rop) (4-232)

Xo,ro

TU LAD

afi(x,r)

(j 0])+2

& Ax; = x; — xo;  (4-233)

j=1 X0,

Pk Arp,=r,—ry  (4-234)
=2 AN =& — iy (4-235)
Xoi = fi(Xo:To) (4-236)

4-232) > Ak = STOL ﬁ)af"(xfr) Ar, (4237

J=1 axj X,

(4-237) o] Bk =) & -FEFHEAIS -
Ax = A*Ax + B*Ar  (4-238)
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S /I o o %
0x; 0x, 0x, ar,  0r, ar, NTU LAD
owhoah o oo
Ak = dx; 0x, ox,, (4-239) B — ar,  0r, ar, (4-240)
W I Iy W o Iy
0x; 0x, dx,, ar;  0r, ar,
> fCHIRE (58 /\hR)
4-S1 B—EAtMNIER ARG T IRE - AGRRREHER K
x)(1) = filt) = x,(1) (4-S1)
Xo(1) = folt) = ult) (4-S2)
H e RFER MRV A R A TR R
ut) = (1 — e ¥ONSGN x,(r)  (4-S3)
_J+1l () >0
SGN x,(1) = {_1 (1) < 0 (4-S4)
SR &R M ERVARE T RER -
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<Sol.>

¥ (4-S3) FALA (4-52) —
SALFIF (4-237) 2 0 7
B LR R
2 = M= an) (4-85) 4-S-1 LRI AL

D) Xy, 103 X, (1) YIESRME

e (00 = Ke A (4-86)
=] E4EFE

e P e

< a = Ke Kl = %80 (4-S8)
K MG (LRI IEREE
3 Xoy BIEEIBANIFGIEI AR » X, =0 Hl a= K ; (4-S6) X85k
Ailt) = KAv()  (4-89) —| HLARMERIBIRR SR — B H M K ATSIEHORES
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Chapter-4 EifE % G a0 RS

K2+ 3 Xo Re—EAKIBET - EAREBI RIS MR - 7 S
a =0 o EREELE X,() DN Axy (0] PHIFER AR REIE ERELE A ()
i -

* BE  IEREAGNF I LEREREE R GRS LAY Y
. : : 7
» (IRE 4-9-1 Find the equation of motion of a %/ *‘\
pendulum with a mass m and a \
massless rod of a length /, as |
<Sol.> shown in Fig. 4.74. ¢ YoR Fr
® Assume the mass is moving in the positive v x| ~
direction as defined by angle 6. Note that @is |
measured from the x axis in counter-clockwise @
direction.
® The first step is to draw the free-body diagram mg
of the components of the system, i.e., mass and
rod, as shown in Fig. 4-74(b). For the mass m, (a) (b)
the equations of motion are Figure 4-74 (a) A spring-supported pendulum.
(b) Free-body diagram of mass m.
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where F, and F are the external iy A
ZFx =ma, (4-241) forces applied to mass m, and a, and
a, are the components of acceleration
ZFy =ma, (4-242) of mass min x and y, respectively.

® Acceleration of mass m is a vector with tangential and centripetal components.
Using the rectangular coordinate frame (x, y), acceleration vector is

a=(—¢0sinf—6%sin@)i+(—rhcosO—r6*sin@)i (4-243)

where i and j are unit vectors along x and y directions, respectively.
As a result,

a, =—/{ Osin@ — (6*sin O (4-244)
a,=—/ OcosO—10*sinfd  (4-245)
® Considering the external forces applied to mass, we have
Y F.=—F,cos0+mg  (4246) Y F =-F,sinf  (4-247)
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IR——
® Eqs.(4-241) and (4-242) may therefore be rewritten as
—F cos@+mg=m(—¢Fsind—(§*sing) (4-248)

~Fsinf@ =m(—¢dcosd—16*sinH) (4-249)
® Premultiplying Eq. (4-248) by (—sinéd) and Eq. (4-249) by (coséd) and adding the
two, we get

. / . 2 2 9 _
—mgsind=mlO  (4-250) sin” ¢ +cos” 0 =1

After rearranging, Eq. (2-250) is rewritten as
mlO +mgsin@d =0 (4-251)
—> O+ %sin@ =0  (4-252)
® In brief, using static equilibrium position &= 0 as the operating point, for small

motions the linearization of the system implies A¢ = ¢~ siné. Hence, the linear
representation of the system is

6+50=0
/!
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® Alternatively in the state space form, we define x, =6 and x, = 6’
as state variables, and as a result the state space representation NTU LAD
of Eq. (4-252) becomes

X, =X,
. g (4-253)
X, =—=sinx,

Substituting Eq. (4-253) into (4-237) with r(f) = 0, since there is no input (or
external excitations) in this case, we get

Ax,(t) = a];lx(t) Ax, (1) = Ax, (1) (4-254)

N A0 g
Ax, (1) = 2. (1) Ax, (1) = ; Ax ()  (4-255)

where Ax,(t) and Ax,(f) denote nominal values of x,(f) and x,(t), respectively.

® Notice that the last two equations are linear and are valid only for small signals.
In vector-matrix form, these linearized state equations are written as
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Ax,(#) | |0 1] Ax(2)
Lfcz(r)Ha Osz(rJ (4:259)

where

a= —% = constant  (4-257)

® |t is of interest to check the significance of the linearization. If x,, is chosen to be
at the origin of the nonlinearity, x,, =0, then a = K; Eq. (4-255) becomes

A%, ()= KAx,(f)  (4-258)
Switching back to classical representation, we get

6+KO=0 (4-259)

» (ll7E 4-9-2 For the pendulum shown in Fig. 4-74, re-derive the differential equation

<Sol.> using the moment equation.
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® The free-body diagram for the moment equation is shown in Fig. 4-
74. Applying the moment equation about the fixed point O,

2. M, =mla (4-260) This is the same result
) obtained previously.

—(sin@-mg =ml*0

® Rearranging the equation in the standard input-output differential equation form,

mi®0 +mglsin@=0  (4-261) > G+ %sin@ =0  (4-262)
® For small motion, as Example 4-9-1,

sinf = 0 (4-263)

The linearized differential equation is

0+w’sind=0 (4-264)

where
W = \/% (4-265)
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)

AN
Bt

> BlRE 4-9-3 FRETIIHVIEGRMERG

xi(t) =

X(t) = u(t)x(1)

x(1)

(4-266)

(4-267)

e A ARAIETY

SR AT [Xor(0), Xop(0)] MR - T E T B e TR SRR R
X,(0) = x,(0) = 1 FIBLA u(t) = 0 FFEIARE -

<Sol.>

1. 1’ (4-267) B E t (ER D @ T ERIRGF I IS E]
x,(t) = x,(0) = 1 (4-268)
(4-266) =, > x(f)=—-r+1
(4-266) = 5 (4-267) &R M LPTZERVEhBI e FH R AR
Xu() = =t +1  (4-270)

Xoo(t) = 1

NTU-BIME-B#ZiER&
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e
2. 5151 (4-237) REVTHH

of@ af) 2 ah) of(t)
@ o) 20 @ M gy — 00 (4-272)
M) = A (4:273)
(4-237) , w—> "
Axy(1) = ug()Ax((1) + xo,(1)Au(t)  (4-274)
3. FM LR R TR | (4-270) R (4-271) AN
Ax ()] To 2] Ax(r) 0 (4-273) K (4-274) =
{Axg(r)} B {o OMsz(t)} " L _JAu@ (4-275)
I R—4H B ARSARINGHERETTEK -
> BiRE4-9-4
4-75 B—HOFIRAZE - WARSGHHEERTFI WA ER e(f) 2RFBERLE Y
B ARSI E - 280 HERR ¢
B R _ Hep o) = ATERR W)= B 1
o TN Ty (4270) i(1) — ST R - HEEE
i L = EE R M=k E&E
e(t) = Ri(r) + LdT(;) (4-277) ¢ - ;E e R HE
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» \
SHEPEATEE y,o(6) = X, AT o
= B SR AGR ., [ 7
AL - )

<Sol.>

1. ERARREEE L x,(1)
= y(t) ~ x,(t) = dy(t)/dt 2
» [ X,(t) = i)

2. ZRGINE TR

dx,(t)
et () (4-278)

dx,(1) i@ 4-279 - 4
i 8 M (A279) Mg B 4-75 BEIERAL

dx;(1) _ —£x3(f) + %e(t) (4-280)

>
i)
&
s

<
<

—— SHER

dt L
3. SRS yo(l) = Xy = BEL - BAFKEZ L
Xoolt) = dxj;t(’) —0  (4-281) dz;fft) _0  (4-282)
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1
4. i(t) BVRESE A e

io(t) = xo3(t) = VMgxy,
5. G EREVRE I REN TR IZAE-FEMHEAS © Ax = A*Ax + B*Ar

(4-284)

HBUEH A* K B* &
0 1 0 | [o 1 0 ]
2 _ 1/2
X03 2x03 8 ( 8 )
A¥ = — 0 -2
Mo, Mo, Xo1 Mo, (4-285)
R R
0 0o — 0O O -
| L] L L
o
B*=1]0
| (4-286)
L]
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o ANALOGIES

® \With the analogy, mass M and inertia J are analogous to inductance L, the
spring constant K is analogous to the inverse of capacitance 1/C, and the
viscous-friction coefficient B is analogous to resistance R.

> (ilEE4-10-1
It is a logical, in Example 4-1-1, to assign v(t), the velocity, and f(t), the force
acting on the spring, as state variables, since the former is analogous to current in
L and the latter is analogous to the voltage across C. Writing the force on M and
the velocity of the spring as functions of the state variables and the input force (),

NTU LAD

we have
® Force on mass:
dv(t)
M b f.()—Bv(t)+ f(t)  (4-287)

® Velocity of spring:

14 (@)
ko dt
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PMr#y(t 7=~ » BHZ A
d’y B dy(t) K :& 4.289
dt2+M dt +My(t) M ( )

® K PIRE4-2-119(4-67)(EH 1% > O[5
L d?? =—e (1)— Ri(t)+e(?) (4-290)
F1F(4-66)=\HVEB R A © T1=

de, (1)

C

=i(t)  (4-291)

® The comparison of Eq. (4-287) with Eq. (4-290) and Eq. (4-288) with Eq. (4-291)
clearly shows the analogies among the mechanical and electrical components.
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> $liE4-10-2

As another example of writing the dynamic
equations of a mechanical system with
translational motion, consider the system
shown in Fig.4-9 (a). Because the spring is e(?) C < e L
deformed when it is subject to a force f(f), -
two displacements, y, and y,, must be

assigned to the end points of the spring. The O *
free body diagram of the system is shown in - B
Fig 4-9(b). 4-76 JHECLINE 4-10 R ASHIE
A

o e s

f@O)=Ky@®)-»0] (4-292)

d’y,(t dy, (t
Ky ()= a1 = 220 g 020 (4 593,
dt dt

ERrRE S
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> 12(0) > 1)

A v
K

B
(a)
P
1420
dt EE) > 1)
«— > —— T —
s | T 70
dt K(y2=y1)
(b)
B 4-9 PIRE 4-1-2 FHVIRIR AL - (a) EE-EHZF-FEEARS ; (b) BH
YIRSl
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0
Fs) | 1 Y,(s) 1 1 1 Yy(s)
— Q K= )- i M >
Figure 4-10
Mass-spring-friction 5 le
system of Eq. (4-25) using
Eq. (4-22). (a) The signal-

flow graph representation. K |
(b) Block diagram
representation.

(b)
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() = 3,(t)+ %f(t) (4-294)

m:_ B dyZ(t) K _ 4_29
dr’ M di +M[J/1(t) Y, (0] ( 9)

® [HFISFG[E|(Refer to Fig. 4-10(a)) B EFHARREE ]
Xy (t) = (t)

dy,(?)
dt
The state equations are written directly from the state diagram:

dx,(t) _ ]
Lo =R (4-29)

dx,(t) B

dt M

X, (1) =

(1) + ﬁ f(t) (4-297)
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[
* P TERE G
W M ETIRTE V() et R—(ERAEE, - TIAIRERAN f(0) &(E nwu-Lao

Fr—{EARREEER -

NEER Foi 5 W {EARREEEEL v(8) R fi(1) -

avit) __B {EHAISA—EHRREGER (4-298)7?
dt M

L@O=f()  (4-299) ST

® One may wonder why there is only one state equation in Eq. (4-287), where there
are two state variables in v(t) and £(t).

® The two state equations of Egs. (4-296) and (4-297) clearly show that the system
is of the second order.

® The situation is better explained by referring to the analogous electric network of
the system shown in Fig 4-76. Although the network has two energy-storage
elements in L and C, and thus there should be two state variables, the voltage
across the capacitance in this case is redundant, since it is equal to the applied
voltage e(f).

® Eqgs. (4-298) and (4-297) can provide only the solutions to the velocity of M, v(t),
which is the same as dy,(t)/dt, once f(t) is specified.
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® Then y,(t) is determined by integrating v(t) with respect to t.
® The displacement y1(t) is then found using Eq. (4-292). On the other

hand, Eqgs. (4-296) and (4-297) give the solutions to y,(f) and dy,(f)/dt
directly, and y,(t) is obtained from Eq. (4-292).

FIFH L AR &RRVREE R AERR ([ 4-76)

BERaE  ZiR) T AR e () F
RIMIEEE e(t) -

g (t) REAEF

— B VOIRED dy,(f)/dt]

By (6)= [v(t)dt

ﬂ) n(@)=y,()+ f()/ K
* RGHVEIS R

Yy(s) 1

Yi(s)  Ms*+ Bs + K

B FEE 4-10(a) AUAREE
{5 A 2 A E K

Fo) s + ) (4-300) F(s)
NTU-BIME-E %55
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» EXAMPLE 4-10-3 A Pneumatic System

Dry air passes through a valve into a rigid 1
m3 container, as shown in Fig. 4-77, at a

constant temperature T = 25 °C (= 298 K). gn R gm

The pressure at the left-hand side of the Pi,pi —» X P,V,p
valve is p;, which is higher than the pressure

in the tank p. Assuming a laminar flow, the Figure 4-10

valve resistance becomes linear, R = 200
sec/m?. Find the time constant of the system.
<Sol.>

® Assuming air as an ideal gas, isothermal process, and low pressures, from

Example 4-5-5, the equation of the system is

A pneumatic system with a valve and
a spherical rigid tank.

L ptp=p  (4-302)
R, T :
where air at standard pressure and temperature is represented as an ideal gas,
pv=L=R,T p=;p (4-303)
p - RairT
NTU-BIME-B#Z:#E & Automatic Control Systems
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® The time constant is
o RV _ (200)(1)
R.T 88.63(29%8)
where, from reference [1] at the end of this chapter,

2 o) 2
ftlb, 0.3048m 4.45N kgm/sec” b _ R g 3 M

=7.5(10")sec  (4-304)

R =53.35 —00. 2
Ib_°R ft Ib, N 0.4536kg °K(9/5) sec”°K
» EXAMPLE 4-10-4 q;
A One-Tank Liquid-Level System

For the liquid-level system shown in Fig.
4-45, C = A/g is the capacitance and p =
R is the resistance. As a result, system

time constant is = RC. Comparing the h

A

thermal, fluid, and electrical system, AP
similar analogies may be obtained, as R do
shown in Table 4-8. v X

Figure 4-45 A single-tank liquid-level system.
NTU-BIME-B#Z:#E & Automatic Control Systems
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TABLE 4-8 Mechanical, Thermal, and Fluid Systems and Their Electrical Equivalents

System R C L Analogy
'Mechanical (translation) F Bv(t) e= >F
i(t) = >v(t)
oK f where
e = voltage
1 i(t) = current
K F' = force
u(t) = / Fdi v(t) = linear velocity
M
L=M
Mechanical (rotation) T = Bo(t) e=>T
R=2EB i(t) = > w(t)
where
r= K[ w(t)dt e = voltage
1 i(t) = current
C=—
K T = torque
w = %T dt w(t) = angular velocity
L=J

Fluid (incompressible)

NTL . - .
_Joe-Air Jiang

AP = Rq(t) (laminar flow)
R depends on flow regime

g(t) = CP

C depends on flow regime

14
= % (flow in a pipe)

41

e=>AP
i(t) = >q(t)
where

e = voltage
i(t) = current

KCOH fmued) ystems
F Golnaraghl&B C. Kuo
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NTU LAD
TABLE 4-8 (Continued)
System R C L Analogy
where P = pressure
A = area of cross section q(t) = volume flow rate
[ = length
©o = fluid density
Thermal B A_T e=>T
g i(t) = >q(t)
1 where
T= E/th e = voltage

i(t) = current
T’ = temperature
q(t) = heat flow

NTU-BIME-B#Z:#E & Automatic Control Systems
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Chapter 4

sxx CASE STUDIES
» EXAMPLE 4-11-1

Consider the system in Fig. 4-78. The purpose of the system considered here is
control the positions of the fins of a modern airship. Due to the requirements of
improved response and reliability, the surfaces of modern aircraft are controlled by
electric actuators with electronic controls. Gone are the days when the ailerons,
rudder, and elevators of the aircraft were all linked to the cockpit through mechanical
linkages. The so-called fly-by-wire control system used in modern aircraft implies that
the attitude of aircraft is no longer controlled entirely be mechanical linkages. Fig. 4-
78 illustrates the controlled surfaces and the block diagram of one axis of such a
position-control system. Fig. 4-79 shows the analytical block diagram of the system
using the dc-motor model given in Fig 4-72. The system is simplified to the extent
that saturation of the amplifier gain and motor torque, gear backlash, and shaft
compliances have all been neglected. (When you get into the real world, some of
these nonlinear effects should be incorporated into the mathematical model to come
up with a better controller design that works in reality. The reader should refer to
Chapter 6, where these topics are discussed in more detail.)
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1. (L EZER S GHIZEH I T oAE ¢ & 4-78 - [B 4-79 RURFIABCRES
[EREZD B 4-72 FR) o T 5k - N
SR ERSEARIOR S UG ARV EEA - B e IR - Sy R R E] -

JEHl &
0, fi amrme | mn | s bl oam L
= 1= I AT [=]=] v ,m\\ g > = »
A IVA

LE P

4-78 FRELEFHEIER] RS TTHRIE
ARG B 25 0, (t) EREERA 0, (t) B4k -

BRGESEHVELT ¢
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DR U et 4
FEVLEIFIE T
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PSRRI H R
EEEEE
aHlEE
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[=EIEARGHIR PR i

HEME R ey EbE
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K,=1 V/rad NTU LAB
K= HAJE#EEH

Ki=10V/V

K>=05V/A

K,=0 V/rad/sec

R,=50Q

L,=0.003H

K;=9.0 oz-in./A

K, =0.0636 V/rad/sec
J.»=0.0001 0z-in.-sec”
Jr =001 0z-in.-sec”
B,, = 0.005 0oz-1n.-sec
B; =1.0 0z-1n.-sec
N=06,/0,=1/10
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Ky
Gear
Sensor Preamp ratio
Bi" 91." E P ECI' 1 Iﬁ' Tm 1 wﬂ! 1 em 9\‘
—{ ) K K K » K |—» g —»{ N —p
+ : +;-; + ! + R, +Lgs g Jis + B,

Power amplifier

o |

Current feedback

Kz -

Tachometer feedback

K, |4

4-79 [E 4-78 7 A4S R BT B E
2. BERAKH &R N (ViR y #F2EE - 0,= N6, -
3. B EMIB TN ERREIER R HFEE AR A R
J=J + NZJL =0.0001+0.001/100 = 0.0002 0z-in.-sec”
B =B, +N’B, =0.005+1/100=0.015 oz-in.-sec

4. B[Ol A VI A BRI IR e B AT R H SFG M 22 AF0KE
NTU-BIME-B#Z:#E & Automatic Control Systems
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T ee——— Ny &
o)~ OO | BB Gls) mmATER BULRGRZIERG -

0.0
_ KK, K;KN ' (4-306) -AB

B s[L,J,s* + (RJ, + L,B, + K,K,J,)s + R,B, + K,K,B, + K,K,, + KK,K,K;]

5. BEREB-HELFNEREEES \
L, 0.003 FE R EERYREERY » A
T KK 545~ V0003 (4:307) D1 R R R M
e " PR R B - R H]
B - R R DR EEER L. - bl
_ S _ 00002 _ EINLAELL -
=g T oors — 00133 (4-308)
6. JIE =] PR AR RS PRE Ry = -
P KRN =RAGEEDR
(s) = s[(R,J, + K,K,J)s + R,B, + K,K,B, + KK, + KK,KK,]
K.K,KKN
B RJ, + K,KyJ, (4-5-1)
( , RB.+ KK:B, + KK, + KKIK,-Kt>
“\° RJ. + K,KJ,
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4500K /—‘ S — [ 2k 7
(s + 361.2)
7. 1) BAAEHEAR®R -
K., K,K,KN
w, = +\/ 1 = * V4500K rad/sec (4-S-3)
RJ, + K,K.J,
2) fHIELE -
_ RB, + K\KB, + KK, + KK,KK,  2.692
VK K,KKN (R,J, + K,K,J) ve (454)

BRI EHAR o, BRI =E-F AR K BIERE » THEEE &8 K B EL -

8. LA [ A R TR, ¢
s + 361.2s + 4500K = 0 (4-S-5)
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1. BBEAMHEHEAYE T3 B AR A 2 A A » DU E A AL «
2. 2R ¢ [H 4-80 -

S48 R SR - T B S — B T AR R B Rt

O BBt T2 I S 45 e AT » (S AR A e ERS IR T ot I -

* BEARG 1T > 4-81

1. RS EERR A& LA it e
2. 2F R EMGENEEIME - HAraaVieEEABIREB I - X5 (Stthite
IREI PRV EGR)HSSH—AE 6(0) - B 6,() RoriaiRihE S-S vz -
3. IZEHI HSHYETRAERE 6/ A 6,(f) ZRHVERE a (f) BTRNE
a(t) = 0,(1) = 0,(1) (4-309)
K ERZE G AS
1. EMIEERHERGN - af) =0 Hi()=i(t)=1 Bi(f)=i(t)=0
2. KEGCELEIREMAI L ARE (R
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oa = %/ + Ltana(r) (4-310)

7

ob = %V ~ Luna() (4-311)

3. S —BEHHY off) - oa X
RRECRHNEEMN AW
HE - [ ob HIZE M B
FHERE - HRNER i(f)

o A
4 oa FRIELE - H i(f) & ﬁ%@%iﬁ 7 S
ob FRIEL: » BT LSS I

4-81 SR ML 2 AR PR FE 24
i(t) = 1+ %tana(z‘) (4-312) A AP BHE R GHIEE TR &R

| L e 0 <tanea(f) < W/2L
i(t) =1 — Wtana(t) (4-313)
4.8 WI2L < tana(f) < (C-WI2)IL & » X[t EREBAM A - B i (f) =21 i f)
=0 - % (C-WI2)IL < tana ()< (C + WI2)ILE5 » i,() BllE 21 BB MEHIRD -
E tana(f) 2 (C+ WI2)ILEF » i () =i (f)=0 -
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5. }/%%B'J%E_JEEI 4-82 HIEGRMERMERR - EPHRN/NEE a(f)

tana (t) Dla (f) 27817 - A,y NTU LAD
21k
< w  _Cc.w W \
L 2L L 2L 2L a
\ 0 w c w 18 +K>
2L L 2L L 2L
21 4-82 REENISHIIERMERE
N EEEE tana ° E a {R/NF » tana
* HEHIEAE (Op-Amp) B a )

1. op-amp EijtH BRI i,(f) B ip(f) ZEIHIER (%
eo () =—Rplia(1) =ip ()]  (4-314)

* {EIARBCRES

1. EARBUREHVE R R —K - 2751 4-83 » RIIRBORSSHVEH IR B
ea(t) = —K[eo(t) + e ()] = —Kes(r)  (4-315)
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K B
1. ST R - e, SRR HB K, A1 AV A A - NTUDBETYILAD

e(t) = Kw,(t)  (4-316)
2. myH ey At - SHEEtE - 1/n > BEEZEMHEER - Hit:
6, %9,% (4-317)
* BB L il
1. EREESEA > TR

e (1) = Ryi(t) + er) (4'3"‘% J B B S m I B G R

ey(t) = Kyw,(1) (4-319) B 7 (4-318) K208 B AV ER -
T, (i) = K,la( 1) (4-320)
T, (t) = d’”(t) + Bw, (1) (4-321)

X R&UTHRIE ¢ [E 4-83
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» EXAMPLE 4-11-3

Classically, the quarter-car model is used in the study of vehicle suspension systems
and the resulting dynamic response due to various road inputs. Typically, the inertia,
stiffness, and damping characteristics of the system as illustrated in Fig. 4-84(a) are
modeled in a two degree of freedom (2-DOF) system, as shown in (b). Although a 2-
DOF system is a more accurate model, it is sufficient for the following analysis to
assume a 1-DOF model, as shown in (c).
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Figure 4-84 Quarter-car model realization. (a) Quarter car. (b) Two degrees of
freedom. (c) One degree of freedom.

€ Open-Loop Base Excitation
® Given the system illustrated in Fig. 4-84(c), where
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m Effective Y4 car mass
K Effective stiffness 2.7135 N/m NTUREIVIL-RA
C Effective damping 0.9135 N-m/s~"
x(1) Absolute displacement of the mass m m
y(7) Absolute displacement of the base m
z(1) Relative displacement (x(¢) —y(1)) m

® The equation of motion of the system is defined as follows:

mx(t)+cx(t)+ kx(t) = cy(t) + ky(t)

(4-322)

which can be simplified by substituting the relation z(t) = x(t) — y(t) and non-

dimensionalizing the coefficients to the form

() + 28wz (t) + w>z(t) = —(t) = —a(t)
® The Laplace transform of Eq. (4-323)

yields the input-output relationship /
Z(s) —1

As) S +2bwstar A

NTU-BIME-B#ZiER&
_Joe-Air Jiang
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(4-323)

where the base acceleration A(s) is
the Laplace transform of a(t) and is
the input, and relative displacement
Z(S) is the output.
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@ Closed-Loop Position Control

® Active control of the suspension system is to be
achieved using the same dc motor described in
Section 4-7 used in conjunction with a rack as m
shown in Fig. 4-85.

® In Fig.4-85, T({) is the torque produced by the I, 6r
motor with shaft rotation 6, and r is the radius of K § c H
the motor drive gear. Thus, Eq. (4-322) is
rewritten to include the active component, f(f),

mx+cx+hkx=cy+ky+ f(t) (4-325) | |

where Figure 4-85 Active control
mz+cz+kz=f(t)-my=f(t)—ma(t) (4-326) of the 1-DOF model via a dc

motor and rack.
1) = It)-(J, 6+B0) (4-327)

r
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® Because z = 6, we can substitute Eq. (4-327) into Eq.(4-326),
rearrange, and take the Laplace transform to get

r
(mr®+J )s>+(cr’ +B,)s +kr’
Noting that

Z(s)/r=0(s)

this is analogous to previous input-output relationships where
O(s) =G, (T(s) T (s))

hence, the term mrA(s) is interpreted as a disturbance torque.

® The block diagram in Fig. 4-86 can thus be compared to Fig. 4-85, where
J=mr’+J ,B=cr’+B  and [ =k’

Z(s)= [T(s)—mrA(s)]  (4-328)

® Using the principle of superposition, this system is rearranged to the following
form:
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mrA(s)="T,(s)

Va(s) E(s) K, |1I() * r Z(s)
—{ ) > >— >
+ L,s+R, Js“+Bs+K

V), (s)

AN

Figure 4-86 Block diagram of an armature-controlled dc motor.
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R

Z(s)= - Vo(s)

L 5 K K,

“Cs+1|(Js"+Bs+K)+—2—"Ls

Ra Ra

4-329
[L j ( )
“s+1|r
R
— = mrA(s)

£S+1 (JS2+BS+K)+%S
R R

a a

¥ MATLAB TOOLS

® Apart form the MATLAB toolboxes appearing with the chapter, this chapter does
not contain any software because of its focus on theoretical development.

® In Chapters 6 and 9, where we address more complex control-system modeling
and analysis, we will introduce the Automatic Control Systems MATLAB and
SIMULINK tools.
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® The Automatic Control Systems software (ACSYS) consists of a
number of m-files and GUIs (graphical user interface) for the analysis
of simple control engineering transfer functions.

® |t can be invoked from the MATLAB command line by simply typing
Acsys and then by clicking on the appropriate pushbutton. A specific
MATLAB tool has been developed for most chapters of this textbook.
Throughout this chapter, we have identified subjects that may be
solved using ACSYS, with a box in the left margin of the text titled
“MATLAB TOOL.”

® The most relevant components of ACSYS to the problems in this chapter are
Virtual Lab and SIMLab, which are discussed in detail in Chapter 6.

® These simulation tools provide the user with virtual experiments and design
projects using systems involving dc motors sensors, electronic components, and
mechanical components.
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Thank You !




