Introduction

Physical systems or mechanisms are required to be adjusted or controlled so that they perform their specific duties.
This is done either manually or automatically. Automatic control is desired in order to save the human operator from
drudgery. it is also more efficient.

Self-actuated or automatic control of mechanisms is not a new thing. A centrifugally actuated ball governor which
controls the throttle valve to maintain a constant speed of an engine is an example of an automatically controlled
mechanism. In process industries where production is the outcome of cantinuous flow through consecutive treatments,
automatic contrel ensures the uniformity and quality of products and reduces the time of machine watching, and thus
the wage bills. Examples are paper, chemical or foodstuff industries.

in control systems, the result of the act of adjustment, i.e., closing a valve, moving a lever, pressing a button, etc,, is
known as command and the subsequent result or behaviour of the system as respense. Automatic control of variables
such as length, temperature, radius etc., that occur in industrial flow production is known as process control.

- OPEN AND CLOSED-LOOP CONTROL
" (UNMONITORED AND MONITORED CONTROL)

Control in which the input command is not influenced by the behaviour of the system response (output) is
called an open-foop or unmonitored control. Examples are

(1) Traffic control on the roads by lights where the timing mechanism is preset irrespective of traffic

(ii} Switching off the street lights of a town at a predetermined time by a time-switch irrespective of the

fact that the sun rises at a different time cach day
(ili) Switchingoffan electric heaterby atime-switch irrespective of whether the dish has been prepared or not

A closed-loop contral system is one in which the actual value of a controlled quantity is measured and
compared continuously with the desired value. The quantity measured may be load or input. In the traffic
control system mentioned above, if the flow of traffic is measured either by direct human observation or
by counting impuises due fo the vehicles passing over a pressure pad, and then changing the time setting
accordingly, it becomes a closed-loop control.

Another example of closed-loop control can be that of a water heater. The desired temperature may be
maintained by an operator with the help of a thermometer and an electric rod fitted with an on/off switch, He
will observe the thermometer continuously and wili switch on the heater whenever the temperature of water
rises above the desired temperature and switch it off when it falis below the same. Instead of the operator, a
thermostat can also serve the purpose of switching on/off the heater thus making the system fully automatic.

A differential device used to measure the actual controlied quantity and to compare it continuously with
the desired value is known as an error detector of deviation sensor.

Measuring the output for comparison with the input is known as feedback.
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192 AMPLIFICATION

Usually, an error detector itself does not have sufficient power output to actuate the correcting mechanism
directly. The error signal has to be amptified by using a gear-box, lever system or a hydraulic/pneumatic relay.

193 ACTUATOR (SERVOMOTOR)

An actuator is an external source of power connected 10 the input of the controlied machine and serves to
reduce the error. Thus it is a device which produces a limited angular or linear motion and may be mechanical,
hydraulic or electric. A servomator is usually hydraulic or electric and has a continuous output.

‘TRANSDUCER

A transducer 1s a converting device that converts the measurement of the quantity to be controlled into
different units, e.g., angular velocity into potential difference, pressure change into angular rotation as in a
bourdon tube, temperature change into emf as in a thermocouple, linear strain into resistance change as in
strain gauge, and so on. It is also usual to conven the error signal into an electric quantity due to the relative
ease with which minute electric signals can be detected, ransmitted, amplified and manipulated by using
solid state electronic means. However, when reliability under adverse operating conditions (high temperature,
radiation, dusty atmosphere, corrosiveness, et¢.) is desired, pneumatic means should be preferred.

195 BLOCK DIAGRAMS R

A block diagram is a symbolic outline of a system in which various components or operations are represented
by rectangles in an ordered sequence. The rectangles are connected by arrows showing the flow of the working
medium or of information.

Figure 19.1 shows the block diagram of an ordinary carburettor, and Fig. 19.2 a rocket launching system
and its block diagram. Figure 19.3 shows the controlling system of a turbine and its block diagram.
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196 LAGIN RESPONSE

In any system, usually, there 1s a /lag or delav in response (output) due to some inherent cause and it becomes
difficult to measure the input and output simulianeously. In a shaft transnitting torque, there is an angular
lag of one end of the shaft behind the other. Inertia delays a motor attaining its required velocity after the
application of a torque. In a steam turbine, if the load is suddenly reduced, there will be some lag in the
closing of the steam valve by the hydraulic relay as the first movemeni of the piston valve will not be
sufficient to open the ports. This lag increases the probability of unstable operation.
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\7 DAMPING

When a torque is applied in a system in a direction opposite (o its motion, it is known as damping. In case of
coulomb damping, the opposition is constant and thus there will be a constant difference (error) between the
input and the output under steady conditions. In the viscous damping provided by a dashpot, the opposition is
proportional to the relative velocity. As the relative velocity is zero in the steady state, the damping is also zero.

198 FIRST-ORDER SYSTEM RESPONSE
The first-order system may be linear or torsional.

Linear System

Figure 19.4 shows a system consisting of a massless spring of stiffhess 5. A constant
input is represented by x whereas ) represents the output of the system. First, the input
signal x is compared with the output signal y. Then the difference & = x — y is passed on
to the motor which produces an output torque 7' proportional to e (or = se). The system
also has a viscous resistance with damping cocfficient ¢ indicating damping force per
unit velogity,

The equation of motion is

¥ =se=5(x -y) =sx--sy

. s
Spring y
Damper [

"Fig. 194
(19.1)

or cy + 5V = 8y
5 s
or PE—y=—x
< ¢
This is a first-order differential equation. lts solution is given by complimentary function and particular
integral.
Complimentary function is the solution of the equation
N
J+—y=0
c
_.ZE;
and the solution is ¥y=Ce"

where C| is a constant.
Particular integral can be found by using D operator, i.e.,
{(s/clx (s/ekx

P = _
D4isic)y 0+{s/0)

5
-~

Therefore, the complete solution is y=x+ C]e_ ¢
When =0, y=0
O=x+C, ot Ci=x

_ _y, _r
and thus y=x—xe " =x[l—e" J:x[l—e?']

(19.2)

(19.3)




where 7' = ¢/5 1s known as the time constant of the system.
Also,

r
} T

—=l-e
Ry
Figure 19.5 shows the graphical representation of wi vs. ¢T, As 1
increases v tends to reach x. When #T =1, v/ = 1 — (1368 = (.632.
¢ 7T is known as the dynamic error which reduces with increase in
¢ and vanishes when ¢ is infinity. However, for practical purposes, one
need not wait till 7 reaches infinity. Instead, an accepted value of error is
specified and the sertfing time is obtained when the steady state response
enters in a band around the final steady statc value. The usual value of

band is taken between 2 1o 5 per cent.

Torsional System

Figure 19.6 shows a system consisting of a massless

torsional spring of stiffness g. First the input signal d
8, is compared with the output signal 8,. Then the VWA

difference ¢ = 8, — 8, is passcd on to the motor Torsional spring
which preduces an output torque 7 proportional to ¢
{or = ge). The system has a viscous resistance with
damping coefficient c.
The equation of motion is

(.9-“ =qe= qe ¢ qeﬂ

or Cér: + qer‘) = qef
or 9{}_{_29!_:291;
¢ C
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{19.4)

VT

(19.5)

(19.6)

It is a first-order differential equation. lts solution is given by complimentary function and particular

integral.
The complimentary function is the solution of the equation
4
-t

6 +99 =0 andis 8, = Cje *
¢
Particular integral can be found using the D operator and is given as
Pi=8,

_4,

Therefore, the complete solution is 8, =8, + Cie ©

Whens=0, 6,=0

and

where T = c/q is the fime constant of the system.

(19.7)
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Example 19.1 The time constant of a Solution
thermometer is 8 5. Suddenly L 3
it is inserted in a bath of y=x [l—e T]=72[1“-’ 8}=M
temperature 72°C. Defermine
the temperature recorded by the thermometer
afier 5 s.

; 12_.;9\_ _ SECOND-ORDER SYSTEM RESPONSE

In the system considered in the previous section {Fig. 19.6). il N o Xc)
the mass of the spring is also taken into account, itbecomesa ——[ E F—{M—{ T —{ L
second-order system. Figure 19.7 shows the block diagram of o q T {n

such a system. First, the input signal 6, 1s compared with the °

output signal &,. Then the difference ¢ = 8, — 6 1s passed on to
the motor which produces an output torque T proportional to 5’ : a"?r detector
¢ {or = ge). The system has a viscous resistance with damping oul

. T — Transducer
cocfficient ¢,

. . . L -+ Load
Let the combined moment of inertia of the motor and load D — Damper

be L N .
Then, the equation of motion is _ 2 Fig. 19%
18, +c6, = ge
=¢0;- 46,
or 18, +c6, + g6, = 40, (19.8)

The equation is similar to Eq. (18.25) and can also be written as
i .54 .4 q
8,+-6,+-0,==-8

0 ] 0 ] 4] ] i

or éﬂ + 2;&)

where ¢ = 2{{a,. The response of the system will depend upon the type of the input, i.e., step displacement,
step velocity (ramp displacement) or harmonic. The detailed discussion is beyond the scope of this book.

A Ha

8, +0l0, = w6, (19.9)

49.10 ' TRANSFER FUNCTION

In control systems, the relationship between the input and the output {response) is given by a differential

equation of motion, [f the differential equation is expressed in symbolic form by substituting D for d/df or by

the Laplace transformation, the transfer function is the operational relationship of the output and the input.
Let a system be expressed by the differential equation in symbolic form as

{D2 + 2 gwﬂ D + ar'}ﬂ') 91‘} - {L,ZH 9,‘
Then the transfer function is defined as
b, w}

H

6, wl+2w D+DF




Example 19.2  Determine  the  transfer
Junction of a first-order
torsional system.

Solution The equation of motion is

or 6, +q6; =48 (Eq. 19.6)
or = 8, +6, =6,

q
Using [ operator which indicates the

differentiating with respect to time,

[EJ DO, +0, =6,
g

or the transfer function is
0y 1
8, 1+(c/q)D
_ 1
T1+TD
where T = ¢/g is the time period.

Example 19.3 A scale is fixed 1o the end of
a shaft of torsional stiffhess 2
N.m/rad. A viscous damping
torque of magnitude 1.6 N.m
resists the motion of the pointer on g scale at an
angular velocity of 2 rad/s. The shaft to which
the pointer is attached gets the motion from the
input shaft through a reduction gear hox which
has a gecar ratio of 6:1. If the inpur shaft is
suddenly rotated through one complete rotation,
determine the

Input ]
_E,_ —-
B ¢ = 0.8 Nm/rad
Gear ratio 6:1 I:':'E
8; 8
=L
_—— . )_ _________________
<" g=2Nmjrad

Scale -2 Viscous
E-Z-Z-j damper

$Fig. 19.87
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(i) time taken by the pointer to reach the position
within 1% of the final value
{ii) transfer function

Sofution The system is shown in Fig. 19.8.
{1) Response of the torsional system is given by

f

90 = 9{ - 6’_?

As the input shafl is rotated through one complete
revolution and the shaft with the pointer receives
motion through a gear box with ratio 6:1, the rotation
of the shaft with the pointer is 8, = 246 rad = /3 rad.

Also, ¢ = Damping torgue /unit velocity = 1.6/2
= 0.8 N.m/rad/s

g = Torsionat stiffness of the shaft =2 Num/rad

- 0.8
Time constant, T = ol 04s.
i

i
"8, =-’5[1—e 0-4J=£(1—
3 3

The curve for the response of the pointer is shown
in Fig. 19.9, It is an exponential time delay curve.
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-Fig. 19.97

When 8, = (1 - 0.01)8, = 0.99 x (a3)
Then, 1,99 x E — E (1- e—E_S.r)
303

or e =001

or ¢ =100
2.5¢=1In 100 = 4.605
t=1.842 g
(ii)  For torsional systems of the first order,
8, + g8, = ¢b,
Writing using D operator,
pg, +6, =0,

q



£ )
W84 Theory of Machines

Time constant, T= L. 9—8 =045
g 2
Therefore, 0.4D8,+8, =8,
or (04D +1)0, =06,
g, ]
or ==
g 1+04D

i

As the input to the shaft is through a gear box
with a reduction gear ratio of 6:1,
Theretore, overall transfer function is
g ! I

2=

X—.__.—
B, 6 (1+04D)

i

Example 194 Find the transfer function
of a Hartnell governor as
shown in Fig. 16.12. Assume
that the load on rthe sleeve,
the weight of the balls and the friction force are
negligible as compared to the inertia forces. The
viscous damping coefficient of the sleeve is c.

In the equilibrium position when the arms
holding the balls are vertical, the compression
of the spring of stiffness s is x,, the equilibrium
speed is @, and the radial distance of the ball
centre from the spindle axis is r,,.

Solution When the balls are in the vertical position,

-Fig. 19.16

Now, if due to a small change Awin speed, the change
in radial distance of the ball is A» and the change in
disptacement of the sleeve is x, then the forces acting
on the bell-crank lever will be (refer Fig. 19.10)

£, = Centrifugal force due to ball mass

=m (ru + Ar) (wo + Aﬂj)z
F,, = inertia force of the balls = mA¥ = % %

F ;= inertia force of the sleeve mass = M

F ;= Damping force = e

£, = spring force = s (x, + x)

Taking moments about the fulcrum A (taking
only one half of the governor into consideration).

= m(r, + Ar)(ew, + Aa))za
1

= .'n-(ii‘a+lﬂﬁb+—c.tb+ls{xﬂ +x)b
h 2 2 2

= m{r, + Ar)w] +20,Am + (Aw) ]a
¢ 1 1

= m-zia+l,-143c'b+—cj:b+—s(xn +x)b
b 2 2 2

Neglecting second order small terms,
A
= mE,anda + mArw&a + 2mr, @ A a

+

1 1
= mi;r'+—M§Eb+—(.uicb+ls(.r0 +x)b
b 2 2 2

But when the balls are in vertical position,

21
LA -
mr,@a = 5 sxyb

Also, 0= o ==
a b
ma®  Mb).
—t+— i+ —chx
b 2
! 2
+ —sb—ﬂ{-wa x=2mr, 0 Awa
2 b
Multiplying  throughout by 24 and using
eperator [,

(2ma’ + MP?) D x + ch*Dx + (587 - 2ma*wy?) x
=dmabr,o Aw

or
, bE ‘,b2 . 2 .2
[ — 2D+s 22ma o |y
2ma” + Mb 2ma” + Mb~
_ dmabr,0,A0
2ma® + Mb*

ar
dmabr,wyAw

(D* +280,D + 0’ )x = .
2ma® + Mb?
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where Transfer function,
52 )

2w, = —% {{ = damping factor) 8, Displacement of the sleeve(x)

2ma” + Mb - = -

. 6, Change in speed(Am)
and
?_ 77 ) 5

- §b6° ~ 2ma” i.e., the natural frequency _ Amabr, wy (2mu™ + Mb”)

2ma’ + M D + 20w, D+’

921 TRANSFER FUNCTION RELATIONSHIPS

A control system can have several loops and components, each having its characteristic transfer function.

(i) Open-loop Transfer Function

An open-loop or forward-foop control system has several components having individual transfer functions
such as | (D), £ (D), Fy (D), ekc., as shown in Fig. 19.11,

6, 6,606
TF == —————_— = = X -

8, 86,608 DEDOIEDFD=K6D)
IR R RN e RN oy KON ey

“Fig. 19.13

(i) Closed-loop Transfer Function
A closed-loop or feedback loop is shown in Fig. 19.12.

S e TR D[RO 2 [P D 2 [FD 2

&
Fig. 19012
; ti"-a -= KG(D)
or 8, = KG(D)6, - KG(D) 6,
or [1 + KG(D)] 8, = KG(D)#,

8,  KG(D) _ Openloop TF
g 1+KG(D) 1+ Openloop TF

i

TF =
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Summary

1. Physical systems or mechanisms are required 7.
to be adjusted or controlied either manually or
automatically so that they perform their specific
duties. Automatic contral is desired in order to
save the human operator from drudgery. It is also
more efficient. 8.

2. In control systems, the result of the act of
adjustment is known as command and the
subsequent result or behaviour of the system as 3.
response.

3. Control in which the input command is not
influenced by the behaviour of the system response
is called an open-foop or unmonitored control. 10.

4. A closed-loop control system is one in which the
actual value of a controlled quantity is measured
and compared continuously with the desired value,

5. A differential device used to measure the actual 11.
controlled quantity and to compare it continuously
with the desired value is known as an error detector 12

or deviation sensar.

6. An error detector itself has insufficient power
output to actuate the correcting mechanism
directly. The error signal has to be amplified by
using a gear-box, lever system or a hydraulic/
preumatic relay.

Exercises

1. Whatdoyoumean by automatic control of physical 5.
systems or mechanisms? What is its importance?

2. What are the open- and closed-loop control 6.

systems? Explain by giving examples.

3. Define the terms related to control systems:
command, response, actuator, transducer, lag in
response and damping. 7.

4. Whatis a block diagram in cantrol systems? How is
it hetpful in the analysis of a system?

An actuator is an external source of power
connected to the input of the controlled machine
and serves to reduce the error. A servomotor is
usually hydraulic or electric and has a continuous
output.

A transducer is a converting device that converts
the measurement of the quantity to be cantrolled
into different units

A block diagram is a symbolic outline of a system
in which various components or operations
are represented by rectangles in an ordered
sequence,

In any system, usually, there is a lag or defay in
response (output) due to some inherent cause
and it becomes difficult to measure the input and
output simultaneously.

When & torque is applied in a systern in a direction
opposite to its metion, it is known as damping.
Transfer function is the operational relationship of
the output and the input in control systems, when
the relationship between them is expressed in a
symboalic form by substituting D for d/dt or by the
Laplace transformation in the differential equation
of motion of the systemn.

Derive a relation for the response of a first-order
torsional system.

Whatis transfer function? Find the transfer function
of a Hartnell governor assuming the load on the
sieeve, the weight of the balls and the friction force
to be negligible as compared to the inertia forces.
Define the open-loop and the closed-loop transfer
function relationships.




OBJECTIVE-TYPE
QUESTIONS

Chapter1 Mechanisms and Machines

1.6

1.9

1.10

The lead screw of a Yathe with nut is a

{a) rolling pair {b) screw pair {c} turning pair (d) sliding pair
In a kinematic pair, when the elements have surface contact while in motion, it is a
(a) higher pair (by closed pair {¢) lower pair {(d} unclosed pair

In a kinematic chain. a temary joint is cquivalent to

(a) two binary joints (b) three binary joints (c) one binary joint

In a four-link mechanism, the sum of the shortest and the longest link is less than the sum of the
other two links. [t will act as a drag-crank mechanism if

{a} the longest link is fixed

(b} the shortest link is fixed

(c) any link adjacent to the shortest link is fixed

[n a four-link mechanism, the sum of the shortest and the longest link is less than the sum of the
other two links. [t will act as a crank-rocker mechanisn: it

(a} the link opposite to the shortest link ix fixed

(b} the shortest link is fixed

(c) any link adjacent to the shortesi link is fixed

In a four-link mechanism, the sum of the shortest and the longest link is less than the sum of the
other twe links. It will act as a rocker-rocker mechanism if

(a} the link opposite to the shortest link is fixed

{b) the shortest link is fixed

(c} any link adjacent to the shortest link is lixed.

The transmission angle is maximum when the crank angle with the fixed link is

(a) 0° (b) 90° (cy 180¢ (d) 270°
The transmission angle is minimum when the crank angle with the fixed link is

(a) 0° (by 90° {c) 180° (d) 270°
Which of the following is an inversion of single-slider-crank chain?

(a) Elliptical trammel (b} Hand pump

{c) Scotch yoke {d) Mdham’s coupling

Which of the following is an inversion of double-slider-crank chain?
(a) Whitworth quick return mechanism

(b} Reciprocating compressor

{c) Scotch voke

{d} Rotary engine
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1.11

Oldham’s coupling is used to connect two shafis which are
(a) intersecting (b) parallel
{c) perpendicular (d) co-axial

Chapter2 Velocity Analysis

2.1
2.2
23

2.4

2.5

26
27

28

29

210

The tinear velocity of a point B on a link rotating at an angular velocity @ relative to another point
A on the same link is

(a) «*- 4B (b} w-AB (c}) @ (ABY (d) w/AB
The linear velocity of a point on a link relative to another point on the same link1s. . tothe
line joining the points.
(a) perpendicular (b) parallel (c) at45°
The total number of instantaneous centres of a mechanism having » links is
nin—1 H- nin+1 n+l
@ = v © 2= @ = ﬁ

According to Kennedy’s theorem, the instantaneous centres of three bodies having relative motion
lieon a

{a) curved path (b} straight ling {c) pont

The instantancous centre of a slider moving in a linear guide lies

(a) at pin point (b) at their point of contact {c) atinfinity
The instantaneous centre of a slider moving in a curved surface lies

{a) at infinity " {(b) at their point of contact

{c) at the centre of curvature {d) at the pin point

The fixed instantaneous centre of a mechanism

(a) varies with the configuration

{b) remains at the same place for all configurations

The instantaneous centre of rotation of a circular disc rolling on a straight path is

(a) at the centre of the disc

(b) at their point of contact

(c) at the centre of gravity of the disc

(d} at infinity

The locus of instantaneous centre of a moving body relative to a fixed body is known as the

{a) space centrode (b) body centrode

{c) moving centrode {(d) none of the above
The space centrode of a circular disc rolling on a straight path is

(a) acircle (b} a parabola

{¢) a straight line (d) none of the above

Chapter 3 Acceleration Analysis

31

32

The component of the acceleration directed toward the centre of rotation of a revolving body 1s
knownas _ component.

(a) tangential {b) centripetal (c) Coriolis

At an instant, the link 48 of length r has an angular veloeity @ and an angular acceleration . What
is the total acceleration of 487

(@) [{(@ r¥+(a »]'" (b) [(@-r)*+ (o rP)'?

Je) [(@F ey~ (a1 () [(e r)*+(a? "2



33

34

35

36

37

Appendix | Gﬂf

At an instant, if thc angular velocity of a link is clockwise then the angular acceleration will be
(a} clockwisc

(b) counter-clockwise

(c) in any dircction (clockwise or counter-clockwise)

Angular acceleration of a link AB is given by

Centripetal acc. Tangential acc. Tatal acc.
(a) length 48 (b) length A8 (c) length A8
A slider moves with uniform velocity v en a revolving link of length » with angular velocity @. The

Coriolis acceleration component of a point on the slider relative to a coincident point on the link is
equal to

(a) 2r @parallel to the link (b) 2 @ v perpendicular to the link

(¢) 2r wperpendicular to the link ) {d) 2 @ v paralicl to the link

The Coriolis acceleration component is taken into accountfora__ mechanism.
{a) double-slider crank {h four-link mechanism

{c) Scotch yoke {d) quick-return mechanism

The Coriolis acceleration component
{a) lags the sliding velocity by 90°
{b) leads the sliding velocity by 907
{c) lags the sliding velocity by 180°
{d) leads the sliding velocity by 180°

Chapter4 Computer-aided Analysis of Mechanisms

4.1

4.2

4.3

44

Analytical methods to find velocity and acceleration are the most suitable for
(a) manual calculations

{b) desk-calculator

{c) digital computer

For analvtical solution of mechanisms, ____links are considered as vectors,

{a} moving links {b) fixed links

{c) all {d) input and output

Coupler curves are the lociofapointona___ link.

{a) coupler {b) output (c) input (dy any
The number of coupler curves which can be drawn in a mechanism can be

{a} infinite (b} one

{c} equal to number of links (dy depends upon the motion of links

Chapter 5 Graphical and Computer-aided Synthesis of Mechanisms

5.1

5.2

5.3

The relative pole of 2 moving hnk 15 its centre of rotation relative toa — link.

{a} fixed link (b} moving link (c} any link

Freudenstein’s equation is written in the (ollowing form:

{a) kicosp+ihycos B+ ky—-cos{B-9r=0

{(b) Kicosp+ihycosBthy teos(p—0)=1

{¢) kjecosp+h.cos8+ky—cosiB-@l=1

Function generation means designing a mechanism in which__ are related by a function.
{a) output and input links (by input and coupler links

{c} output and coupler links
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Chapter 6 Lower Pairs
6.1 A pantograph consists of

(a) 4 links (b) 6 links (c) &links (d) 10 links
6.2 A Hart mechanism uses

{a} 4 links (b) 6 links (c) R links (d) 10 links
6.3 A Paucellier mechanism has

(a} 4 links (b) 6 links ) 8 links (d) 10 links
6.4 Which of these mechanisms gives an approximately struight Hne?

(a) Hart by Watt {(c) Paucellier (d) Kempe
6.5  Which of these mechanisms has six links?

(a) Tchebicheft (b) Hart (c) Paucellier (d) Watt
6.6  Which of these mechanisms use two identical mechanisms?

(a) Hart (by Watt (¢) Paucellier (d) Kempe

6.7  The Davis steering gear is not used because
(a) it has turning pairs
(b) it is costly
- (¢) it has shiding pairs
(d) it does not fulfill the condition of correct gearing
6.8  The Davis steering gear fulfills the condition of correct gearing at

(a) two positions {b) three positions
() all positions {d) onc position
6.9  The Ackermann steering gear fulfills the condition of correct gearing at
(a) no position (b} one position
(c) three positions (d}) all positions
6.10 A Hooke’s joint is used to join two shalts which are
(a) aligned (b} intersecting (c} parallel
6.11 The maximum velocity of the driven shafi of a Hooke's joint is
{a) wycosa (b} @/cos (¢} o sin @ (d} o /sin
6.12  The maximum velocity of the driven shaft of a Hooke’s joint is at 8 equal to
{a) (°and 180° (b} 90° and 270°

{c) 90°and 180° {d) 180°and 270°

Chapter7 Cams

7.1 The cam follower used in automobile engines is
(a} roller (b) flat-faced
(c} spherical-faced (d) knife-edged
7.2 In a radiat cam, the follower moves in a direction
(a} parallel to the cam axis
(b} perpendicular to the cam axis
(c) along the cam axis
7.3 The cam fellower used in air-craftenginesisa __ __ follower.
{a) roller {b)} flat-faced
{(c) spherical-fuced  (d) knife-edged
7.4 The reference point on the follower to lay the cam profile is known as the
(a) "cam centre {by pitch point () trace point {d) prime point
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7.5  The circle drawn to the cam profile with the minimum radius is called the

(a) prime circle (b) cam circle {c) pitch circle (d) base circle
7.6  The size of the cam depends on

(a) pitch circle (b) prime circle (c)} base circle {d) pitch curve
7.7  The angle between the axis of the follower and the normal to the pitch curve is known as the

(a) base angle (b) pressure angle

(c) pitch angle (d) prime angle
7.8 The pressure angle of thecam ___ with increase in the base circle diameter.

(a) decreases (b) increases

{c) doesnotchange (d) may decrease or increase
7.9  The point on the cam with the maximum pressure angle is knawn as the

(a) camn centre (b} pitch point (¢) trace point (d} prime point
7.10 The path described by the trace point is known as the
{a) pitch curve {b) pitch circle (c) prime circle {d) prime curve

7.11 The most suitable follower motion programme for a high-speed engine is
(a) uniform acceleration and deceleration
{b) uniform velocity
(¢) simple harmonic motion
(d} cycloidal

Chapter 8 Friction

8.1 The efficiency of a screw jack depends on

(a) the pitch of the threads (b) the load
{c) both pitch and load (d) neither pitch nor load
8.2 The efficiency of a screw jack increases with a/an
(a) decrease in the load - (b} increase in the load
{c) decrease in the pitch {(d) increase in the pitch
8.3 The efficiency of a screw jack is
_ tana tan (@ + @)
@ 7= G (o ~ @) ® 1=
_ wna _tan{a - @)
© 1= @t e ) 7= e
8.4 The efficiency of a screw jack is maximum when
— o 2 —_— o _q_.’_
(a) a=45°- 4 (b) =45+ 5
P 9
= ¢ — — o_ T
(¢) @=45 4 ) =45 >
8.5 The maximum efficiency of a screw jack is given by
1+sin ¢ 1-sing
= —_—— b — ——
e n l-sing (®) 7 1+sin @
1-sin 1+sin
© 7=t @ n- ot

1+ cosg C1-cosg
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8.6  The efficiency of 2 wedge is

tan o tan (@ + 2¢}
@ 1= oo (@~ 20) by n=— 5
_ tan o _ tan (o - 2¢)

© n= tan (o + 2¢) () 7= tan o

8.7  For flat and conical pivots, the ratio of the friction torque with uniform wear to the friction torque
with uniform pressure is

(a) 273 by 372 (c) 473 (dy 3/4
88 The frictional torque for the same diameter in a conical bearing is _______ than in a flat
bearing.
{a) more (b) less
{c) equal (d) may be more or less

8.9  For a safe design, a friction clutch is designed assuming
(a) uniform pressure theory
(b} uniform wear theory
{c) any one of the two
8.10  No force 1s required for downward motion of a load on a screw jack if

(a) a<e (b) a>¢ (¢} a>2¢ (d) a<gp
8.11 Ina multiple-friction clutch, the number of active friction surfaces is
(a8) 2n (b} n (cy 2An-1 ) n-1

Chapter 9 Belts, Ropes and Chains

9.1 Which of the following is not a flexible type of connector?

fa} Belt (b) Rope {c} Chain (d) Gear
9.2 Inan open or crossed belt drive, the velocity ratio of the two pulleys is

{a) directly proportional to their diameters

(b) directly proportional to the square of their diameters

(c) inversely proportional to their diameters

(d) inversely proportional to the square of their diameters
9.3 Due to slip, the velocity ratio of a belt drive

(a) increases (b} decreases (¢) remains same
9.4 The included angle of a pulley for a V-belt is
{a) 50°-60° (by 30°-40° (c) 20°-30° (dy 40°-50°

9.5 The crowning of pulleys is done to

(a) increase the tightness of the belt on the puliey

(b) prevent belt running off the pulley

(c} increase the torque transmitted

(d) improve the shape and strength of the pulley
9.6 For maximum power transmission by a belt drive, the maximum tension must be

(a) 2T, (b} 37, (c) 4T, {(d) 5T
9.7 For maximum power transmission, the velocity of the belt is

T T

T T
(a) I (b) N {c) B (d) Tam
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9.9

9.10
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The belt drive is designed on the basis of the angle of contact on the
(a) larger pulley (b) smaller pulley {c) any pulley

The law of belting states that the centre linc of the belt when it a pulley must lie in the
mid-plane of that pulley.

(a) leaves (b) approaches (c) approaches as well as leaves

The ratio of tight and slack side tensions in a V-belt or rope is

(a) ep& Sin o (b) e,u&"cos 24 (C) (,_,pﬁ cos @ (d) eu&‘s.in "

An increasc in the initial tension in the belt _______ the power transmitted.

(a) increases (b) decreases {c} does noteffect

Chapter 10 Gears

10.1
10.2
]0.;’:
10.4

10.5

1.6

10.7

10.8

10.9

Two parallel shafts can be connected by __________ gears.

(a) straight spur {b) spiral

(c) cross-helical (d} straight bevel
Two intersecting shafts can be connected by _______ gears.

(a) straight spur . (b)y spiral

(¢) cross-helical (d) straight bevel
Two skew shafts can be connected by gears.

(a) straight spur (b) spiral bevel

(c) cross-helical {d) straight bevel
The size of gears is usually specified by

{a} circular pitch (b) outside diameter
(c) pitch circle diameter (d) inside diameter

The circular pitch of spur gears is the ratio of the

{a) oumber of teeth to the pitch diameter

{b) pitch diameter to the number of teeth

(c) circumference of the pitch circle to the number of teeth

(d) circumference of the pitch circle to the diameter of pitch circle
The module of spur gears is the ratio of the

(a} number of teeth to the pitch diameter

(b) pitch diameter to the number of teeth

(c} circumference of the pitch circle to the number of teeth

(d) circumfercnee of the pitch circle to the diameter of pitch circle
The pressure angle of spur gears is kept small

{a) to reduce axial thrust on the bearings

(b) 1o increasc the force for power transmission

(c) for both (a) and (b)

{(d) none of (a) and (b)

The contact ratio of gears is always

(a) more than one {b) one {c) less than one (d) zero
In case of involute gear teeth, the pressure angle is

(a) same at all points of contact

(b} maximum at the engagement of teeth

(¢} minimum at the engagement of teeth

(d) zero at the pitch point
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10.10  The ratio of circular pitch and the module is

(a) = (hy Un (c) n? ) vz
10.11  The path of contact in involute tooth profiles is a

{a) parabola (b)y circle (c) straight line (d} curve
10.12  Interference occurs in case of

{(a) cycleidal profile teeth (b} involute profile teeth

(c} in both of them
10.13  The minimum number of teeth in a rack and pinion for a 20° pair angle teeth is

{a) 20 ®) 18 (c) 22 (dy 24
10.14  The normal circular pitch in helical gears is given by
(a) psiny (b) pfsiny () pcosy (d) pfeos
10.15  The maximum efficiency of spiral gears is given by
cos (8- @)+ 1 b cos(B+¢@)—1
cos (B +¢)+1 ®) cos(B— @) +1
cos (8 + @)Y+ 1
(©) o8 &+ q).) +1 ) 4
cos (6 — @) -1 cos(@-¢)+1
10.16  The maximum efficiency of a worm and worm wheel is given by
(a) L=sing (b) 1+ sin ¢ c I‘Cf)S‘P @ I-sing
1+sin¢g 1 —sin g 1+ sin @ _ F+cos g

Chapter 11 Gear Trains

11.1 In a simple gear train, there is an odd number of idlers, The direction of rotation of the driver and
the driven gears will be
{a) opposite
(b) same
(c) depends upon number of teeth of the gears
11.2  In areverted gear train, the axes of the first and last gear are

(a) parailel (b} co-axial {c) neither parallel nor co-axial
1.3 If the axes of the first and last gear of a compound gear train are co-axial, the gear train i3 known
as
{a) simple (b} epicyclic (¢} reverted (d) compound
11.4  In a gear train, the train value is given by
ﬁi b Ny : N, dy N
@ &) 3 © NxN, @) N,~ ¥,

1L.5 The speed ratic of a gear train is
(a) equal to the train value
(b) reciprocal of the train value
11.6 A gear train in which axes of gears have motion are called gear trains.

{a) epicyclic (b) simple {c} compound (d) reverted
11.7  In a clock mechanism, the hour and minute hands are connected by geartrain.
(a) simple (b} epicyclic (c) compound {d) reverted

11.8 Adifferentialuses —__ gear train.
(a) simple (b) epicyclic (c) reverted (d) compound
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Chapter 12 Static Force Analysis

12.1

12.3

12.4

A pair of action and reaction forces acting on a body are known as

{a) applied forces {b) constraint forces

(c) accelerating forces (d) inertia forces

In static equilibrium the vector sum of all the forces acting on the body and all the moments about
point is zero.

(a} afixed (b) a particular (¢} any arbitrary {d) a permanent
If the lines of action of three or more forces intersect at a point, i is known as the
point.

(a) equilibrium (b) central (¢) zero (d) concurrency
A part isolated from the mechanism _ _— be in equilibrium.

(a) may (b) may or may not (¢} must

Chapter 13 Dynamic Force Analysis

131

13.2

133

13.4

13.5

13.6

Acceleration of the piston of a reciprocating cngine is.

. in 20 .
(a) m,Z[sm g+ smn ] (b} rw[cos g+ cos 29]
L)
20 .
() ,.mz(cos 6+ co: ) (d) re’ [cos g+ 2= 29]
A

Crank effort is the net force applied at the crankpin .
turning moment on the crankshaft.

to the crank which gives the required

(a) parallel (b) perpendicular (c) at45s° (dy 135°

In a dynamically equivalent system, a uniformly distributed mass is dividedmto point
masses.

(a) two (b) three (¢} four (d) five

Any distributed mass can be replaced by two point masses to have the same dynamical properties if

(a) the sum of the two masses is equal to the total mass

(b} the combined centre of mass coincides with that of the rod

{¢) the moment of inertia of two point masses about the perpendicular axis through their combined
centre of mass is equal to that of the rod

(d) all of the above

The maximum fluctuation of enexrgy is the

{(a} ratic of maximum and minimum energies

{b) sum of maximum and minimum energies

(¢) difference of maximum and minimum energies

(d) difference of maximum and minimum energies from mean energy

The maximum fluctuation of energy in a flywheel is equal to

(a) To(ow — wy) (o) J&’K {c) 2KE

(d) Al (e) none

Chapter 14 Balancing

14.1

Static balancing involves balancing of
(a} forces (b) couples
{c) forces as well as couples (d} masses
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14.2 In case of rotating masses, the magnitude of the balancingmassis ____ when the speed of the
shaft is doubled.
{a) doubled (b} halved (c) unaffected (d) quadrupled
14.3  For complete dynamic balance, atleast ___ mass/masses are necessary.
{a) two (b) three ¢y four (d) one
14.4  If a rotating system is dynamically balanced, it is statically
(a) balanced (b) unbalanced {c) panially balanced
14,5 The magnitude of the secondary force is — . the primary force.
(a8) more than (b) less than {c) equalto
14.6 In reciprocating engines, the primary unbalanced force
{a) cannot be balanced (b) canbe fully balanced

(c) can be partially balanced
147 The primary unbalanced force is maximum when the angle of crank with the tine of stroke is

{a) 45° ‘ (b} 90° {c}) 135° (d) 180°

Chapter 15 Brakes and Dynamometers

15,1 Which of the following brakes is commonly used in motor cars?

(a) Band brake {(b) Shoe brake

{c) Band and block brake (d) Internal expanding shoe brake
15.2 Brakes commonly used in trainsare _______ brukes,

(a) band (b) shoe

(c} band and block (d) internal expanding shoe
153 In a self-locking brake, the force required to apply the brake is

(a) minimum {(b) zero (¢) maximum
154  When the frictional force helps the applied force in applying the brake, the brake is
(a) self-locking (b) automatic {¢) sclf-energising
15,5 In an internal expanding shoe brake, more than 50% of the total braking torque is supplied by
(a) leading shoe (b) trailing shoe (c) any of the two
15.6 The ratio of tensions on the tight and slack sides in a band and block brake is given by
T, 1—tttan 8 T, i+utangy
(@ F={ —— o0 b ==
T, I+ utan 8 T, 1 - gtan @
Tin . ifn
I, (l+utan@ d I, (1l-pmané
(© T, ] -t tan 8 {d) T, 1—-ttan 8
157 The tractive resistance during the propulsion of a wheeled vehicle depends on
(a} road resistance (b) aerodynamic resistance
(c) gradient resistance (d) all the above,

Chapter 16 Governors

I6.1 A________ govemner s a spring-loaded governor.

(a) Wait (b} Harinell (c} Porter {d) Proell
16.2  The height of a Watt governor is

(a) g (b) wilg (c) ga? (d) gt



16.3

16.4

16.5
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16.7

16,8

16.9

16.10

16.11

16.12
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The ratio of the height of a Porter governor to that of a Watt govemor when the lengths of the links
and the arms are the same is

M+m M+m m
@ (b) © wom @ 37
A Hartnell governorisa/an . gOvemor.
(a) dead weight (b} pendulum type
{c} inertia (d) spring-loaded
The frictional resistance at the sleeve .. the sensittvity of the governor.
(a) does not affect (b) increases
(¢) decreases (d) may increase or decrease
The governor is said tobe ______ when the speed of the engine fluctuates continuously above
and below the mean speed.
(a) isochronous (b) hunting
{c) insensitive (d) stable
If the controlling force of a spring-controlled governor is expressed as a.r + b, where r is the radius
of rotation and @ and b are constants, it is a/an —— BOVETNOT.
(a) isochronous {b) centrifugal
{c) dead-weight (d) inertia

In a governor if the equilibrium speed is constant for all radii of retation of balls, the governor is said
to be

(a) stable (b} unstable {¢) inertia {d) isochronous
The force resisting the outward movement of balls isknownas . of the governor.
(a) effort (b) centripetal force

(¢) controlling force (d) inertia force

In a Wilson-Hartnell governor, the balls are connected by

(a) one spring (b) two springs in series

(¢) two parallel spnngs (d) four springs

The effort of a governor is the force exerted by the governor on the

(a) balls (b) sleeve (c) upper linh> (d) lower links
The condition of isochromism can be realisedina LOVETTIOL.

(a) Watt (b} Porter (c) Proell (d} Hamell

Chapter 17 Gyroscope

17.1

17.2

(7.3

The magnitude of the gyroscopic couple applied 10 a disc of moment of inertia 7, spinning with an
angular velocity @ and having an angular velocity of precession @, is

(a) Pow, (b I, (c} lwar, (d) /o,
The gyroscopic acceleration is given by
@. i1 5_6 r —282 d r @.

If the air screw of an aeroplane rotates clockwise when viewed from the rear and the acroplane takes
a right turn, the gyrosocopic effect will '

(a) tend to raise the tail and depress the nose

(b) tend to raise the nose and depress the 1ail

(c) tilt the aeroplane about spin axis

{d) none of above
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The axis of spin, the axis of precession and the axis of gyroscopic torque are in
(a) two parallel planes (b)Y two perpendicutiar planes
(c) three perpendicular planes {d) three paraltel planes

The effect of gyroscopic torque on the naval ship when it is rotling and the rotor is spinning about
the longitudinal axis is

(a) to raise thc bow and lower the stern

(b) to lower the bow and raise the stern

(c) to turn the ship to one side

{d) none of the above

Chapter 18 Vibrations

18.1

18.2

18.3

18.4

18.5

18.6

18.7

18.8

18.9

18.10

18.11

A reduction in amplitude of successive oscillations indicate _____ vibrations.

(a) free (b) force (c) damped (d) natural
The particles of abody move . its axis in longitudinal vibrations.

(a) 1in a circle about {b) parallel to

{c) perpendicular to (dy away from

The particles of abody move —____ its axis in torsional vibrations.

(a) in a circle about fb) parallel to

(c} perpendicular to {d) away from

In a spring-mass system, if the mass is halved and the spring stiffness is doubled, the natural
frequency is

{a) halved (b) doubled (¢} unchanged (d} quadrupled
In free vibrations, the velocity vector leads the displacement vector by

(a) = (by a2 (¢) a3 (d) 2a/3

In free vibrations, the acceleration vector leads the displacement vector by

(ay « (by @2 () #/3 (dy 2a/3

The amplitde ratio of two successive oscillations of a damped vibratory system is

(a) more than one . (b} less than one

(c) equal to one (d) wvariable

An over-damped system

(a) does not vibrate at all

(b) vibrates with frequency more than the natural frequency of system
(c} vibrates with frequency less than the natural frequency of system
(d) vibrates with frequency equal than the natural frequency of system

The ratio of the amplitude of the steady-state respense of forced vibrations to the static deflection
under the action of a static force is known as

{a) damping ratio (b) damping factor

(¢) transmissibility (d} magnification factor

The frequency of damped vibrations is always . the natural frequency.

{a) equal t& (b) more than (c) lessthan (d) double

If /@, is more than 2 in a vibration isolation system then for all values of the damping factor, the
transmissibility is

(a)} lessthan V2 (b} more than V2

(c) less than unity (d) more than unity
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Resonance is a phenomenon in which the frequency of the exciting force is . . to the
natural frequency of the system.

{(a} double (b) half {c) equal (d) thrice

At resonance, the amplitude of vibration is

(a) very large (b) small

(¢) zero (d) depends upen frequency

At a certain speed, revolving shafts tend to vibrate violently in transverse directions. The speed 1s

known as

(a} whirling speed  (b) «critical speed (c) whipping speed

{d) all of these (e} none of these

The critical speed of a rotating shaft with a mass at the centreis __________ the natural frequency of
transverse vibration of the system.

(a) equal (b) less than

(c} more than (dy dependent upon

A torsional vibratory system having two rotors connected by a shaft has

{a) one node (b) two nodes (c) three nodes (d) nonode

A torsional vibratory system having three rotors connected by a shaft has

{a) onenode (b} two nodes (c) three nodes (d) no node

Chapter 19 Automatic Control

19.1

19.2

19.3

A block diagram is a symbolic outline of a system in which various components or operations are

representedby — in an ordered sequence.
(a) circles (b} rectangles
{c) triangles (d) parallelograms
In a first-order system, the response is given by

( L ) :
(@ y=t¢ 1 (b) y=x-e’

N '

{c) y:x[l—e?'] ()] y=x[l—xe T)
The transfer function is the operational relationship of the output and the
(a) command (b} response (¢) input (d} error
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For degree of freedom of mechanisms,

* Kutzback’s criterion, F=3(N-1)-2P,-1P,

s  Gruebler's criterion, F=3 (N -1)-2P,

e Author's criterion, F=N-(2L+1) and P,=N+(L- 1)
The number of Instantaneous-centres in a mechanism, N = in—-1)2

-
S , | —B+VB* ~44
The angle of the output link of a four-link mechanism, ¢ = 2tan™ {———-——-—nB fA c

where 2k=a? -t +c2+d2, A=k-ald-c)cos &--cd
B =-2acsin @ and C=k-a(d+c)cos 8+cd

—E+E? —4DF |

2D

The angle of the coupler link of four-link mechanism, 8 = 2tan™' {

where 2K =@ + b —c* +d%, D=k ~ a(d + b) cos 0+ bd

E=2absin@ and F=k"-a(d-b)cos 6-bd

The angular velocities of the output and coupler links of 2 four-link mechanism,
_ aw, sin(f — 6) aw,, sin(p —6)
- csin(f — ) - bsin(tp_—ﬁ—)

The angular accelerations of the output and coupler links of a four-link mechanism,

and w, =

_ao, sin(f-6)— amﬁ cos(fi - 9) ~ b} + c.'mf cos(B—-¢)

¢ csin(ff - @)
md  a = sin{p — 8) — aw cos‘{tp - 0) — bay; cos(p — B) + cw?
bsin(B-¢)
-C 2 ~4C
The displacement of the slider of a slider-crank mechanism, = —1~—2~'——2
where C;=-2acos §and Cy=a’— b2 + e - 2a¢ sin 0
. _je—-asing@
The angle of the coupler link of a slider-crank mechanism, 8 =sin ! e—a;i—

The velocities of the slider and the coupler of a slider-crank mechanism,

. in(f — @, cos O
g @ snB-8) @, = 20 €080
cos B hcos
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Appendix I ﬂ

The accelerations of the slider and the coupler link of a slider-crank mechanism,

, _ad, sin(B~0) - aw: cos(B — 0)— bw;

d

cos f3

. 2 .
and a, = aa, cos 8 — aw; sin @ — by, sin B

bcos B
Freudenstein’s equation is
T _ 2,2, g2
-b"+c +

Eccis;(,c'—Ecmﬁww= cos(§— ¢) = cos( ¢ — )

a ¢ 2ac

For n accuracy positions in the range x, € x < x,,;, the Chebychev spacing given by
Xpm X, XX 2i-1 .

=Zmtl T 7o Zatl e agg ( iad wherei=1,2,3...n

! 2 2 2n
In a simple harmonic motion of follower,

h{ nw : .
:ﬁf—r—@-atezg a‘nd .’rrnux :—(—] at 8 =0"
@ 2 2

vrna:n 2 (P
In constant acceleration and deceleration of follower,
2 2hw
F= and Ve = w5 ate=gn
¢ hw

In constant velocity of the follower, v =—
2hey 2hrw’ o
In cycloidal motion, vy, = — at @ =% and  Smax = 7‘ atg = 4

When a body slides up the plane, n = col(a +6) ~cot6

cotor — cot B

. . . . . tan &
If the direction of the applied force is horizontal, f = ————
tan{cx + @)

— 0t

When the body moves down the plane, 7= _cot@-cotl

cot{@ — o)+ cot
. tan{ ¢ — o)
If the direction of the applied force is horizontal, 1 = T

For flat collars, friction torque is
_2MF(R - R)
3(R: - RY)

F
= ’uT (R{,2 + R,-z) with uniform wear theory

with uniform pressure theory

friction torque for flat collares

For conical collars, friction torque = -
SN

n . T, ;
When the belt is on the point of slipping on the pulleys, = = ¢** for flat belt drive, and -+ = pHO/sima
- T T
for V-belt drive
Power transmitted in belts, P= (T, - T,) v
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- . T
Initial tension in the belt, T = a’°2 : 5

i

Path of contact in gears = [\}Rf - R? cos? ® — Rsin tp}+ [,,‘rj ~r* cos? @ —rsin qo}

Path of contact

cos ¢
The minimum number of teeth on the wheel, 7 = : 2a,

Jl+é—[—é—+2]si_n2(p-—l

Arc of contact =

1 —sin
Maximum efficiency of worm gear, M, = - L4
1+sin¢

. ) i 0
Inertia force on the piston, £} = mf = mro* (cos g + 508 2 J

n

Turning moment on the piston = Fr [ sin 8 + hﬂ_}
' 2¥n’ ~sin” @
In ftywheels, maximum fluctuation of energy, e = -;—] (a)f -w3) = I’k
e e

and coefficient of fiuctuation of speed, K = — ===
To® 2F

In a reciprocating engine,
Primary accelerating force = mre’ cosé
Secondary accelerating force = mrey’ cos(26)/n

In a block brake, if the angle of contact is more than 40°, &’ = it

(45in(912)}

8+siné

In a band and block brake, -2 = | L= #1218
T t—grtan @

o

In a Watt governor, height of governor, / = 8—;-55- m

2
In a Hartnell govemor, stiffness of spring, s = 2 [%) [fz-__FIJ
nh

In 2 Wilson~Hartnell governor, F-A_ 4s + 3. ( 4 l)
- 2hax

Damping factor in a vibrating system, { = c/c,
The frequency of an undamped system ({=0), @, =g’ 4

In an underdamped system ({ < 1), @, = /1 - 2w, and T, = 2#/a,
At critical damping £=1, w;=0 and T =
Transfer function,
8
s In open loop, TF = 6—“ =F, (D) F5(D) F, (D) = KG (D)
& _ _KG(Iy  Openloop TF
8, 1+ KG(D) 1+Openloop TF

e Inclosed loop, TF =



Absolute motion 38
Absorption dynamometer 549
Accelerating force

primary 49

secondary 49
Acceleration 79

centripetal 80

Coriolis component 97

image &4

of intermediate points &3

of offset points &3

of piston 437, 438

radial &0

tangential &80
Ackermann steering gear 7194, 196
Actuator 678
Addendum 339
Addendum circle 339
Addendum coefficient 356
Adsorbed film 284
Amplification 678
Analysis of mechanisms [, [24
Andrew variable stroke engine 53
Angle

of action 213, 347

of ascent 213

of dwelt 213

of descent 213

of fricton 23

helix 364

lead 370

of obliquity 340

pressure 34

repose 252
Angular acceleration 597, 599

of connecting rod 439

oflinks &3
Angular velocity of links 43
Angular velocity of

precession 599
Angular velocity ratio theorem 64
Anti-friction bearings 284
Applied forces 410
Arc of approach 34/
Arc ol contact 34/, 350
Arc of recess 34/
Automatic control 677
closed-loop 677
monitored 677
open-loop 677
unmonitored 677
Automobile steering gears
Ackcramann  J94, 196
Davis 794
types 794
Automotive propulsion 533

Balancing 477

dynamic 480

ficld 524

In different planes 487

machines 520
static 520
dvnamic 32/

of in-line engines 497
two-cylinder 498
four-cylinder 499
six-cylinder 500

of linkages 488

of locomotives 492

of radial engines 575

of reciprocating mass 490

of V-engines 509

of V-8 engines 513, 514

" of V-12 engines 513, 514

of W -engines 573

secondary 494

static 477

Ball bearings 284
Bail's point 121
Band brake 536
Band and block brake 54/
Base circle
cam 212
gear 346
Bearings
anti-friction 284
ball 284
collar 267
footstep 267
Mitchell thrust 290
pivot 267
roller 243
thruston 44/
Belt
action on pulleys 29§
centrifugal effecton 315
creepin 324
crossed drive 298
flat 370G
initial tension in 320
law of (belting} 304
length of crossed 306
length of open 304
material 301
Maximum power
transmitted 376
open drive 29§
power transmitted 372
ratio of friction tensions  3/0
slip 299
voin
velocity ratio 299, 324
Bevel gears 334, 372
epicyclic 397
spiral 334
straight 334



Index

zeroi 334
Block diagrams 678
Bobillier construction 18
Bobillier theorem /78
Body centrode 74
Body guidance 775
Brakes 330
band 536
band and block 547
biock 530
effect of (braking} 547
internal expanding shoe 544
self energised 53/
self locking 537
shoe 530
types 330
Braking effect 547

Cam
angle of action 208
angle of ascent 213
angle of decent 213
angle of dwell 213
barrel 2{0
base circle 272
circular arc 233, 234
conjugate 210
convex 233, 234
cylindrical 209
disc 209
drum 2}0
ecceniric 240
elastic 243
fiat 208
globoidal 21
pravity 2If
high speed 215
jump 241, 245
pitch curve 272
pitch circle 213
pitch point 213
positive drive 21/
pre-loaded 2!/
pressure angle 272
prime circle 2713
profile, layout of 222
radial 209
rigid eccentric 240
sptral 209
spherical 210
spring surge in 245

tangent 23

trace point 272

types 208

unbalance in 245

undercutting  2f5

wedge 208

windupin 245

with specified contours 23/
Centre of curvature  [/4
Centre distance of

helical gears 364

worm gears 370
Centrifugal governors 53¢
Centrifugal ciwch 275
Centripetal acceleration &
Centrode

body 74

moving 74

fixed 74

space 74
Chain 327

block 328

classification 328

conveyor 328

hoisting 328

inverted tooth 329

length of 326

power fransmission 324

roller 328

silent 329

speed ratio 327

sprocket 324
Chebychev spacing 168
Circular-arc cams 233, 234
Circular pitch 338, 364
Clearance 339
Closed pair 4
Clutches 273

centrifugal 275

cone 275

disc 274

multi plate 274

single plate 274
Coefficient of

fluctuation of energy 460

fluctuation of speed 460

friction 250
Coincident points 62
Collar 267

Conical 268 270

flat 268, 269

frustrum of cone 270
Collar bearing 267
Complex numbers 63, 1]}
Compound epicyclic gear 399
Computer-aided analysis of
four link mechanism 124
slider crank mechanism 736
Computer-aided synthesis 144
Constraint forces ¢10
Constrained motion
completely 2
incompletely 2
successfully 2
types 2
Cone clutch 275
Cone pulley 307
Configuration diagram 38
Conical collar 268, 270
Conjugates /i3
Conjugate point 1135, 119
Connecting rod
angular acceleration of 439
angular velocity of 439
force (thrust) along 44/
incrtia of 446
Contact length 340
Contact ratio 34/, 35/
Control, automatic 679
Convex cams 233, 234
Coriolis acceleration
component 97
Correction coupile 448
Coupler {8
Coupler curves 140
Cramer’s rule 760
Crank-crank mechanism /9
Crank cffort 44/
Crank effort diagrams 4358
Crank-lever mechanism 20
Crank-rocker mechanism 20
Crank and slotted lever
mechanism 28
Critical speed 657
Crowning of pulleys 304
Cubic of stationary curvature 720
Cycloidal motion 220
Cycloidal profile teeth 343

D’Alembert's principle 434
Damped vibeations 629
Damping 680



Damping coefficient 429
Damping factor 630
Damping ratio 630
Davis stecring gear 94
Dead angle 288
Dcad centre position 288
Dedenduni 339
Dedendum circle 339
Degree of freedom 5
Delioid linkage 20
Differentials 403
Differential gear 406
Direct and reverse cranks 545
Double lever mechanism 20
Double Hooke’s joint 204
Double parallelogram linkage [0
Double rocker méchanism 2
Double slider crank chain = 30
Drag crank mechanism /9
Dunkerley’s methed 655
Dynamic balancing 480
Dynamic force analysis 434
Dynamically equivalent
system 445
Dynamics {
Dynamometers 330, 549
absorption 549
belt transmission 553/
Bevis-Gibson torsion 553
epicyclic rain 532
prony brake 550
tope brake 550
transmission 549
types 349

Eccentric cam 240
Ettective driving torce 444
Efficiency of
helical gears 365
spiral gears 365
worm gears 37/
Elastic cam system 243
Flement 3
Elliptical trammel 3¢
Equilibrium of members with
two forces 44/
two forces and a torque 472
three forces 41/
four forces 412
Energy method 653
Engine indicator /89

Crosby 190

Dobbie melnnes 192

Simplex /90

Thomson 19/
Epicyclic gear 38/

bevel 397

compound 399
Epicyclic train dynamometer 532
Equilibrium of

two-force member  4{{

three-force member 41/

four-force member 412
Equilibrium method 6/8
Equivalent mechanism 14
Equivalent offset inerna force 433
Emor detector 677
Euler-Savary equation /{6

Feedback 677
Ferguson’s paradox 408
Film friction 249, 289
Field balancing 524
First order system response 680
Fluctuation of energy 460
coefficient of 461
maximum 460
Fluctuation of speed 439
cocthicient 460
maximum 460
Flywheels 460
Flywheel rims 469
Follower
displacement
programming 213
flat faced 212
knife edge 217
mushroom 2i°
offset 242
oscillating 272
radial 212
reciprocating 272
rolter 214
spherical faced 272
types 21
Follower motions 216
constant accel, and decel. 278
constant velocity 279
cycloidal 220
SHM  2/e
Footstep bearing 267
Force analysis

Index 7%&%

dynamic 434

static  4f0)
Forced vibrations

damped 638

harmonic 437

periodic 637

step input 63
Forces

constraint 470

applied 440
Forcing due to

unbalance 646

support motion 648
Forms of teeth 343
Four-bar chain /4§
Four-link mechanism 4/, 81, 124,

148, 151, 435
Free-body diagrams 413
Frec longitudinal vibrations  6/8
Free torsional vibrations 666, 667

of geared system 67/
Friction

angle of 257

axis 286

boundary 249, 285

circle 286

clutches 273

coefficient of 250

dry 249

film 249 289

areasy 249, 285

in mechanisms 428

kinds 249

laws of 250

limiting angle of 25/

rolling 249, 284

skin 249

solid 249

tension 3@

wheels 332
Freudenstein’s cquation 759
Function generation {44, {48,

{151, 159
Fundamental frequency 667

Gear ratio 338
Giear box

sliding 400

pre-selective 44
Gears

hevel 334, 372



Index

classification 333
conjugate 343
comtact ratio 34/, 357
crossed helical 335, 336
differential 405
double helical 333
epicyclic 38/
for intersccting shafts 334
for parallel shafts 333
for scew shafts 334
helical 333, 336. 362
Herringbone 333
Humpage 409
hypoid 337
Interchangeable 344
[nterference in involute 354
law of (gearing) 342
mitre 334
non-standard 344
pairs of teeth in contact 35/
pressure angle 340
spur 333
spiral 335, 362
rack and pinion 360
worm 336
zerol bevel 334

Gear teeth
bottom land 340
comparison of teeth forms 362
cycloidal 343
face 341
face width 340
flank 340
forms of 343
involute 343, 345
lefi-handed 362
minimum number of 355
right-handed 362
spacc width 339
top land 340

Gear trains
automotive transmission 400
bevel epicyclic 397
compound 379
compound epicyclic 399
epicyclic 387
planetary 38/
reverted 380
simple 37§
sun and planet 394
torques in 390

Geared system 67/
Governor 559

Centrifugal 559

coeflicient of

inscnsitiveness 590

controlling force 589

effort of 3831

Hartnell 3569

Hartung 374

height of 560

hunting 382

incrtia 560, 580

isochronous 583

Pickering 578

Porter 362

Procll 566

power of 3583

radial spring 575

sensitivencss of 382

spring-controlied gravity 579

stability of 583

lypes 339

Watt 564

Wilson-Hartnell 575
Grapliical differentiation 744
Graphical methods of

synthesis {44
Grass-Hopper mechanism /85
Grashot™s law 20
Giruebler’s critcrion &
Gyroscope 547
(ryroscopic couple 599
Gyroscopic effect on

acroplanes 60/

naval ships 602
Giyroscopic torque 599

Hammer-blow 492
Hand pump 29
Harmonic forcing 637
Hartmann construction 15
Hart mechanism 783
Hartnell povernor 564
Hartung governor 574
Height of governor 366
Helical gears 333, 336, 362
centre distance of 364
crossed 335, 334
double 333
cfficiency of 365
forces in- 365

heiix angle 364
herringbone 333
spur 333
velocity ratio 364
Helical pair 5
Helix angle 364
Hemingbone gear 333
Higher pair 4
High speed cam 215
Hooke’s joint 797
acceleration of driven
shaft 204
double 204
polar velocity diagram 200
velocity ratio /99
Humpage reduction gear 409
Hypoid gears 337

Inclined plane 25!
Indexing mechanisms 33
Indicators, engine 789
Incrtia effect 624
Inertia force 449
Inertia governor 360, 580
[nertia of connecting rod 446
[nittal tension 320
Instantaneous centre 64
Interchangeable gears 3148
Intermediate pulley 302
Internal expanding shoe brake 544
Interference in gears 354
Inversion method of synthesis /57
verted slider-crank

mechanism 57
Inversions of mechanisms 27
Involute profile teeth 343, 345

Joints 3

Kempe’s mechanism /188
Kennedy’s theorem 65
Kinematics /
Kinematics chain 6
Kinematic derivatives 274
Kinematics link 3
Kinematics pair 3
classification 6
types 3
Kinetics 7
Klein's construction  §f2
Kutzback’s criterion &



Lag in response 679

Law of
belting 304
gearing 342

Laws of friction 250

Lazy tongs {89

Lead 370

Lcad angle 370

Least square technique 767

Limiting angle of friction 257

Line of action 34}

Ling of centres 338

Lincar system 780

Link 3

Linkage 7 :

Logarithmic decrement 633

Longitudinal vibrations 616
damping coefficient 629
damping factor 630
energy method 622
cquilibrium method  6/8
inertia effect of mass 624
magnification factor 647
Rayleigh's method 623

Loose and fast pulley 303

Lowet pairs 4

Machine
Magnification factor 641
Mechanical advantage 23
Mechanism
crank-crank 19
crank-lever 20
crank-rocker 20
double-crank ¢
double-lever 20
double-rocker 211
drag-crank 9
of zcro order 7
oscillating-oscillating 20
rotary-oscillating 20
rocker-rocker 20
rotary-totary /9
Mechanisms 7, 7
classification 7
degree of freedom &
mobility 7
Mitchell thrust bearing 290
Motion
absolute 34
ofalink 4«0

refative 38
Motion generation 744
Multifilar systems 667
bifilar suspension 6617
teifilar system 662
Multiplate clutch 274

Natural frequency 613
Non standard gears 348
Number synthesis  §

Oldham’s coupling 3/

Oscillating cylinder engine 28

Oscillating-oscillating
converter 200

Pair 3
Pantograph /80
Parallel-crank four bar linkage 20
Paraliel linkages &8
Parailel ruler 788
Path generation 44
Path of approach 740
Path of contact 340
Path of recess 340
Paucellier mechanism /&7
Periodic forcing 637
Physical derivatives  2/4
Pickering governor 578
Pinion 333, 338
Piston
acceleration 437, 438
effort 440
velocity 437, 438
Pitch
axial 370
cirele 243, 337
circular 338, 364
curve 212
cylinder 337
diametral 338
diameter 338
line 338
module 338
normal circular 364
point - 243, 338
surface 334
Pivots 267, 271
conical 268, 272
fAat 268 272
Pivot bearing 267

index 7@

Planetary gear train 387
Polar velocity diagram 200
Pole 144
Porter governor 562
Pre-selective gear box 40/
Prime circle 213
Principle of virtual work 424
Pressure angle 212, 340
Primarty accelerating force 490
Procil governor 366
Pulleys

come  J07

crowning of 3t

guide 303

idler 32

intermediate 302

loose and fast 303

stepped 307

types 302

Quadric-cycle mechanism 4/

Quick return mechanisms
crank and slotted lever 28
Whitworth quick return 27

Rack 333
Rayleigh’s method 623
Redundant chain 7
Redundant degree of frecedom 1)
Redundant link 10
Relative motion 38
Relative pole 146
Relative pole method 748
Relative velocity method 383
Resistance
acrodynamic 554
frictional 554
gradient 554
road 333
rolling 333
tractive 554
Resistant body 3
Resonance 641
Rigid body 3
Rigid-body guidance [73
Rigid disc at an angle /2
Robert mechanism 207
Rocker-rocker mechanism 20
Roller bearing 285~
Rolling pair 5
Rolling friction 249, 284



%mﬂ Index

Root circle 739

Rope drive 296, 297, 311
Rope material 30/

Rotary engine 27, 2%
Rotary-oscillating converter 24
Rubbing velocity 43

Scotch yoke 34
Scott-Russel mechanism 785
Screw jack 267
Screw pair 3
Screw threads 2355
Sccondary accelerating force 491
Secondary balancing 496
Servomotor 678
Sewing machine mechanism 73
Shaking force 490
Shaking couple 490
Simple conical governor 560
Simple harmonic motion 216
Single plate clutch 274
Slider-crank mechanism 44, &3,
136, 151, 288, 437
Sliding gear box 400
Sliding pair ¢
Slip 299
Snap action mechanisms 32
Space centrode 74
Speed ratio 327
Spherical pair 5
Spiral gears 362
Spring surge 245
Sprucker 326
Spur gears
addendum 330
addendum circle 339
addendum cocfficient 356
angle of action 213, 34}
angle of obliquity 340
arc of approach 34/
arc of contact 34/
arc of recess 347
backlash 340
basc circle 346
circular pitch 338, 344
clearance 339
contact length 340
contact ratio 34/, 357
cycloidal tooth profile 343
dedendum  33¢
dedendum circle  33¢

diametral pitch 338
face 340
face width 340
flank 340
forms of 1eeth 343
gear ratio 338
interference in - 354
involute tooth profile 343, 345
line of action 340
linc of centres 338
minimum number of tecth 355
module 338
path of approach 34
path of contact 140
path of recess 340
pinion 333, 338
pitch 338
pitch circle 337
pitch diameter 338
pitch line rack 338
pitch point  33%
pitch surface 338
pressure angle 340
pressure line 340
rack 33§
rack and pinion
top land 340
tooth thickness 340
velocity of sliding 343
undercutting 35/
Square threads 256
Stability of automobile 605
Stability of two-wheel vehicle 6/
Static balancing 477
Static equilibrium 444
Static force analysis 476
Staties /
Steering gears
Ackermann
Davis  J94
Straight line mechanisms  /8/
Structure 7
Sun and planet gear 394
Superposition of loads  ¢/4
Superstructure 7
Swaying couple 493
Synthesis of mechanisms /44

333, 360

194, 796

Tangential acceleration &0
Tchebicheff mechanism /47
Thrust

along connecting rod 44/
on bearings 44/
on sides of eylinder 447
Torsional system 68/
Toersionally equivalent shaft 668
Torsional vibrations 639
geared system of 677
incrtia effect of mass 660
three-rotor system 667
two-rolor system 666
Trace point 242
Tractive force 492
Tractive resistance 534
Transducer 678
Transfer function 682
openloop 685
closed loop 685
Transmission angle 23
Transmissibility 644
Transverse vibrations 650
Dunkerley’s method 655
energy method 655
shaft carrying several
loads 6354
single concentrated load 650
uniformly-loaded shaft 457
Tumn buckle 260
Tuming pair 4
Turning-moment diagrams 438
Turning moment on
crankshaft 441

Unbalance 245
Unclosed pair 4
Undercutting

cam 275

gear 36/
Uniform pressure thcory 248
Uniform wear thcory 268
Universal drafting machine /&9
Universal joint f97

V-belt 317
Vector approach 62, 1]/
Velocity
Angular 4¢3
from displacement curve 1/
image 42
of piston 437, 438
of rubbing 43
of sliding 343



Index  71%°

ratio 339, 364 of three-rotor system 667 Whipping speed 657
Vibrations 645 of two-rotor systein 666 Whirling of shaft 657

cycle 6713 period of 615 Whirling speed 657

damped 645, 229 resonance in - 6/ Whitworth quick retum

degree of freedom 647 torsional  6/6 mechanism 27

free 615 transmissibility of 644 Wilson-Hartnell governor 575

frequency of 615 transverse  6/6 Windup 245

forced 63 vpes 616 Worm gears

torced damped 634 Virtual work 426 axial pitch of 372

isolation 644 V-threads 259 centre distance 372

logarithmic decrement 633 efficiency of 373

longitudinal 6/6 Watt governor 564 lead 372

magnification factor 64/ Watl mechanism 7846 lead angle 372

natural 675 Wedge 264 velocity ratio 372






