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(4-15)

A7 g FHOE QIR 2419 AUt 7SR tH =T
ANA ¢=32.174 ft/sec? o] 11, ST A A g=9.8066 m/sec” <] T}).
718 G=9 o ST Al A FAE) & =3 2T

Units Mass M Acceleration Force

SI kilogram (kg) m/sec? Newton (N)
British  slug ft/sec’ pound (Ib force)
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fin 2
| (1) F,~F, =Ma(t)=m <X
(a) Y “ dzy(t) dy(t)
—> M B Ky(t)=f(t
N | a2 dt HRy() =10
i | 7 . B.. . K K
B t)+—vVy(t)+—Vy(t)=—Tr (1
(b) S y( )+|\/|y( )+|\/|y() |\/|r(.)
Ce ()2 y(t) ey (t) = ofr (1)

- j | where w,, and { are the natural
igure 2-2 Force applied to a cantilever beam, _ ]
modeled as a spring-mass-damper system. frequency(_/ == 1/<) and the damping

ratio( 24/ 4)/) of the system, respectively.
The above equation is also known as the prototype
second order system(EZES 2XF A|AH).

o assicerm We define y(t) as the output and r(t) asthe input

=2 of the system.
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Figure 2-5 A two degree of freedom

mechanical system with spring and damper
elements.

Mlyl(t) + B( yl(t) — yz (t)) + Kyl(t) =0
szz(t) + B(Yl(t) - yz(t)) = f (t)
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Units Inertia Torque  Angular Displacement

SI kg-m? N-m radian
dyne-cm radian 180
British  slug-ft? Ib-fit lrad = —— = 57.3 deg
lb-f't-sec2 S radian
0z-in.-sec
qA5E ==}
2 1 g-cm = 0.0139 oz-in.

1 rpm = — = 0.1047 rad/sec
PE=e 1 Ib-ft = 192 oz-in.

1 rpm = 6 deg/sec 1 oz-in. = 0.00521 Ib-ft

r
o,
:

1 g-cm = 1.417 X 107° oz-in.-sec’
1 Ib-ft-sec®> = 192 oz-in.-sec’> = 32.2 Ib-ft*
1 0z-in.-sec’ = 386 oz-in.”
1 g-cm-sec’ = 980 g-cm’
-
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Figure 2-9 Torque torsional spring system.

) d;‘igt) + Bdi’f) FKO(t)=T(t)
é(t)+§e‘(t)+§e(t):§r(t)

O (t)+24w,0(t)+a’o(t) = lr (t)

where w,, and { are the natural

frequency(_/ 77 = £} =~) and the damping

ratio( 2’4/ 4)/) of the system, respectively. The
above equation is also known as the prototype
second order syssem(EEE 2Xt Al A E!). We
define At) asthe output and r(t) asthe input of
the system. Notice that this system is analogous to
the trandational system in Fig. 2-2.
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Figure 2-10 (a) Motor—oad system. (b) Free-body diagram.
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Figure 2-11 Rotary-to-linear motion control system (lead screw).

> (1)

W

Rack

Pinion a(1)

Drive

motor 1(1)

Figure 2-12 Rotary-to-linear motion control system (rack and pinion).
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Figure 2-13 Rotary-to-linear motion-control system (belt and pulley).
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e Quarter-car model

m,
m,
k, % * C,
.. m, _T_"." " _tx

(a) (b) (c)

Figure 214  Quarter-car model realization. (a) Quarter car. (b) Two degrees of freedom model.
(¢) One degree of freedom model.

mi(t)=c(y(t)—x(t))+k(y(t)—x(t))
mx(t)+cx(t)+kx(t)=cy(t)+ky(t)
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Figure 2-15  Active control of the 1-DOF quarter-car model via a dc motor and rack. (a) Schematics
(b) Free-body diagram,

R TERE



o & (Gear)

.02

2ol JIHEXIZ 8, E3, £, B2} HHE
X

101 B0 = RAl

o
I
El




B4 T3 T, 289 6,3} 6,, 281 X AFe] X]9] 4= N, 3} N, Ao} A
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L. X|REH ?{oll U= ®2| == 2 z[Ate| BHXIE 1y 2t rp Off HIERICE 5
"N, = N, (4-32)
2. Z} x|xte| =20l 2t ofSet HeEl= 2ok 5
0,7y = 01 (4-33)
3. £4of gictal 7hdstH gt X[Xi7t Aot L2 CrE X[X[7t et a2,

1,60, = T,0, (4-34)
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5 S (backlash)1t =2 H(dead zone) (BHI& & £4)

—— (1)
} Input —» (1)
2 L
Output Figure 2-18  Physical model of backlash between two
mechanical elements,

vir) A

Figure 2-19  Input-output characteristic of backlash.
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Resistors. Ohm’s law states that the voltage drop, ¢, (t), across a resistor R is propor-

tional to the current i(t) going through the resistor. Or
R
——ANVN—P
e, (t)=i(t)R i(1)

+ (’R(’)

Inductors. The voltage drop, ¢, (t), across an inductor L is proportional to the time rate

of change of current i(t) going through the inductor. Thus, .
LA >

e (1)= Ldl(i) i1
L dt + eyl -

Capacitor. The voltage drop, e..(t), across a capacitor C is proportional to the integral
current i(f) going through the capacitor with respect to time. Therefore,
Jf

e.(t)= j'(” (
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c(t)=+e‘(t)+Ri(l)+LdI(:)
(
e, pc®eM L, (1y=et)
dt” dt '
R 1 1
é (t)+—e (t)+ e (t)=—=el(t)
‘ L j 5 &3 1) LG

e (+2lw.é (H)+wie (t)=w.e(t)
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where w.and ¢ are the natural
frequency and the damping ratio of
the system, respectively. Eq. (2-72) is
known as the prototype second-
order system. We define e(t) as the
output and e(t) as the input of the
system. Notice that this system is also
analogous to the translational
Mechanical system
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di (t) dt dt
L +Rl (t) €, (t) 2. ]
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0 A
” \'\R = lcosOi - t'sin(')j dl R dz ( fcos 9; 4 fsin 9})
~— x T g\ a= - -
! T dt.' dl-
| s L A s I "
; - =(—/@sinO— (60" cosB)i +((Ocos@— 0" sin0)]
Fy
O
mg an o
(a) (b) a =(=(@sinB— 10" cosh)
Figure 2-38 (a) A simple pendulum. (b) Free-body diagram . .
of mass m. a, =(fBcosO@— (0 sinB)
o MmO Jloi &l 2/F &2 SE(mg)2t 2 H(F)e

ZF'. =—F, cos@+mg

ZF), =—F, sin@
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O ¥
) A\ . " 24 o ™ - f
coreCorsons \R = lcosbi - tsinf] d'R d*(/cosBi+/sin6j)
S x T gy g = —= .
! T dt~ dt-
¢ | = T .2 A 0 . .2 . .
- =(—/@sin@—10" cosB)i +(Bcos@— /0" sinB) ]
&
m
mg os
(a) (b) a, =(—(0sinf— 10" cosO)
Figure 2-38 (a) A simple pendulum. (b) Free-body diagram » .
of mass m. ay =(f'9C089— f92 sin9)

~FE, cos® +mg=m(—(6sind— (6" cosH)

~F, sin@=m(/6cos@— (6" sinh)
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Premultiplying Eq. (2-164) by (-sin8) and Eq. (2-165) by (cos@) and adding the two, we get

~mg sinf=m( 6
9+—fjsin9=0
« SMNHOZN HEEY AXIC =02 AI20IH HYH S0 A sinf =
£ 9o|0| & A
— slnr—r—§+?ﬁ—ﬁ+
0"'79:0 ~ ( l)n
f = < 2n+4-1
g(zn“)"r
i g2 g4
COST = —§+E—§+

e
[

‘/% rad/s is the natural frequency
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Figure 2-40  Analogy of a spring-mass-damper system to a series RLC network. (a) A spring-mass-
damper system. (b) A series RLC equivalent.

Md:y(‘t) dy(t)
dr’

d:(t)

+Ky(t)= f(t)

+Ri(t)+— Ix(t)dt=e(t)
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TABLE2-6 Mechanical, Thermal, and Fluid Systems and Their Electrical Equivalents

Parameter Relation to

System Electrical R, L, C Variable Analogy
Mechanical (translation) Ri(t)= Bv(t) e(t) analogous f(t)
Md;(:)+8v(t)+ Kjv(t)dt:f(t) R=B i(t) analogous v(t)
analogous to 1 I i(t)dt =K Iv(l )dt whire
di(t) 1 C e(t) = voltage
L——+Ri(t)+— | i(t)dt =e(t
dt i) CJ-'( ; e(t) C:-Ilz i(t) = current
L0 _ o) )=
dt dt v(t) = linear velocity
L=M
Mechanical (rotation) R=B e(t) analogous T'(¢)
ld—‘:‘('—)+ Ba(t)+ ij(t)d: =T(t) o i(t) analogous (1)
K where
analogous to
di(t) : L=] e(t) = voltage
L= S+ Ri()+ - fide=e(t) i(t) = current

T(t)=torque
@(t) =angular velocity
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