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NOTATION ;' | |
pole area of magnetfarea of platés of capéci-
tive pickoff/cross-section of conducting path
of electrolytic pickoff, | ' o (.

cross=-gsectional area of permanent magnet,

half wheel-base (distance between wheel |
centres when viewed from front or rear/spacing
between coils of spiral spring.

peak value of flux density in a magnetic

material,

|
|
width of spiral spring. _!
capacitance of capaecitive pickoff. J
damping coefficient, _{
inner diameter of eylindrical hysteretlc
material. i ' w
outer diameter of hysteretic material. |
outer diameter of spiral spring.

inner diameter of spiral spring. : J .
distance between plates of capacitive pigkoff.
input voltage of a potentiometer. - ;‘
output voltage of a microsyn pickoff,

output voltage of a potentiometer
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F,! ,Fz =

ju 1S oS B

f
i

!
friction forces bhetween road and wheel of

vehicle, j

figure of merit of gyro performance,

acceleration due to gravity (9.8 m/sz). J.
angular momentum. i ‘ |

peak value of magnetizing force in magnetic
|

material, ; {

height of centre of gravity of vehicle above

road surface/radial lemgth of microsyn alr-gap.

inertia of gyro wheel and gimbal assembly
about ocutput axis, b |
moment of inertia of gyro wheel about spin
axis/electric ecurrent, | _
electric current in primary windings.
inertia of hysteresis ring. !
inertia needed at spin axis of hysteresisi
motor,

torsional constant of elastic restraint ]
(Nem/rad). _ | |
radius of gyration of rotor wheel assembl?.
length of conducting path of electrolytic
pickoff/axial length of gyro motor rotor and

stator, : [
vi : |
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N1 ’NQ =
Np #
N' -
n e
P =
pb =
W - 3

-
p »
R ™
r ]

total length of perménent magnet.

length of airgap between poles cf magnet,
total length of spiral spring restraint, !
external moments acting on gyro wheel, {

road reaction foreces at wheel of vehicle,
number of turns in primary windings. |
rumber of turns in secondary windings.
synchronous spin speed of gyro motor (rpm)/.
number of convolutions in a spiral spring,
permeance of microsyn air gap. ,‘
power loss due to friction at bearings. |
power loss due to windage :

pull=-out power of hysteresis motor.

natural damped frecueney of oscillation of
gyro system about cutput axis/number of poles
in stator of motor or microsyn pickoff, j
radius of curvature of road/resultant reaction
force on vehicle {due to N,y Ny, Fy and FZ)/
reslstance ofelectrolyte in electrolytic
pickofffreluctance of microsyn air gap, |
radius from axis of disc rotation to centre
of magnet pole of Zddy=-Current damper/radius

of microsyn rotor/radius of curvature of road.

vii ! : |
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i |
| ‘
maximum working stress of spiral spring |
-

material.
disturbing torque acting on stablized gyro
wheel, |
gyro response torgue @{(a)JL Y. !
elastic torque (= K&) f
hysteresis torque/friction torque of ball=

bearings. 5 |

thickness of dise of magnetic damper/thickness

(width) of microsyn rotor/time taken for
electric motor to reach synchronous speed
from rest, | : |
volume of rotor hysteresls material.
velocity of vchicgle,

|
weight of vehicle/radial load on ball

bearing.

hysteresis energy loss per cycle of magnetic
: ) E
thickness of spiral spring strip. |

material.

angle which R mekes with vertical/angle of

lag between B and Hm/constant angular acce=-

leration of electrlc motor. !
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=

length of air-gap of hysteresis motor, |

coefficient of friction between rcad and
wheel of vehicle/coefficient of friction
between balls and races of ball bearings.

Permeability of air-gap. !

dielectric constant of material between plates

of capacitive pickoff, j

rosistivity of disc material of magnetic damper.

conductivity of electrolyte in electrolytic
pickoff. ‘ |

angle for limitiang friction conditions/

magnetic flux/pole angle of microsyn pickoff/

maximum angle of spiral spring deflection.

aﬁgle of tilt of rate gyro due to angular

" pate input/rocad superelevation (or bank)

angle/angular deflection of microsyn rotor
from null position/angle of rotation of
potentiometer wiper, : 3 1
maximum possible angle of rdfation ofJ
potentiometer wiper. f
precessional angular velocity, {
input angular velocity about horizongal

ix ) j
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spin axis of gyro.

angular veloeity of spin of gyro wheel/
frequency of supply to microsyn stator(rad/s).
natural frequency of oscillation of gyro
system about its output axis.

synchronous spin speed of electric motor
(rad/s).

initial spin speed of electric motor(rad/s).
efficiency of electriec motor.

damping ratio of gyro system about output axis,



SUMMARY

The main objective of this work is to design an
instrunent that could be used on land vehicles to help
drivers in the accurate nani pul ation of their vehicles.

The specifications for the design will be deduced after a
t horough study of the problem To this end, Chapter 1
deals with a rigorous definition and eval uati on of the
probl em

This is followed by Chapter 2 which centres nostly on
the dynamcs of road vehicles nore especially around bends
where the greatest hazards are assumed to occur. The | ast
part of the Chapter nentions the selection of an appropriate
instrunment called the gyroscope (gyro for short) to provide
t he desired sol ution.

Chapter 3 introduces the gyro as a vehicle instrunent.
Its characteristics and classification are discussed.
Mention is made of the numerous applications of this instru-
ment. Details of these could be found in the literature.
The last part of this Chapter discusses certain aspects that
affect gyro design.

Chapter 14 discusses one configuration of the gyro (the
rate-of -turn gyro) that has found w despread usage in aero-

1



nautics; and which could be easily adapted for |and vehicles
to serve the sane function. The various parts of the rate
gyro which are critical to the design are al so nenti oned.
These parts include the gyro drive, the elastic restraint,

t he danpi ng device and the signal pickoff.

Chapters.5 through 9 deal specifically with each of
these el enents - their characteristics, selection and
desi gn.

Chapter 10 deals with m scell aneous aspects of the
design. One special feature that distinguishes this design
fromother designs is the addition of a nechanismthat can
be used to nake the gyro adaptable to all kinds of |and
vehi cl es.

Chapter 11 deals with the preli mnary design cal cul a-
tions for the main parts of the gyro. The detailed design
of sone of the conponents |like the stator of the electric
notor and the stator of the pickoff are left to experts in
those fields.

Finally, a few concluding renarks were nade foll owed
by an Appendix and a list of references consulted during
the work. The |ast pages contain the assenbly draw ng and
el ement drawi ngs of the instrunent.

2



_ CHAPTER 1 o R
DEFINITION OF THE PROBLEM RN

The use of instruments to help a person control a vehi-
¢le accurately and safely through a desired path can be
called Vehicle Instrumentation, Today, instrumentation is
almost exclusively associated with marine and air and space
travel; (i.e. ships, planes, rockets, etc.). Over the very
few years of aeronautical history instrumentation has helped
to make aviation not only a safe means of transporting P
people and goods but also to put it in line costwise with
land and marine means of transporting - especlally of goods,
Thus, despite the apparent hazards associated with air
travel, it has become less hazardous than the other means
of transport cwing to the extensive use of flight instrumemnts.
And although the cumulative effect of loss to both lives and
property by land vechiles far outweighs that caused by air
vehicles, the occurence of ailr accidents always make head~
line news. Mcrecver, accidents with land vehicles are
increasing steadily. There is therefore a need for finding
means of increasing the safety of land vehicles, Just as
the use of instruments has greatly enhanced the safety of
air vehicles, it is believed that they could alsc be used
to help the controllers of land vehicles to guide their

vehicles properly, 3 3



Instruments for either air; marine or land transpoft
serve two basic functions; i :
| 1. They help the controller to know as accurately
as possible the conditions that affect his vehicle
both within and without, b
2, They relieve the controller of excess fatigue as
he tries to judge the conditions of the road and/or
atmosphere. ! o . ;
Basically, most of the instruments used on land vehicles
(like hydraulic brake fluid level indicator, oil temperature
indicator, battery charging indicator, etc. /1_7)*only tell
the driver the conditions within the vehicle, and with the
exception of the speedometer, ncne tell him the condition
of the vehicle relat}ve to the road or rail, And a large
number of road accidents could be caused by these texternal! -
| conditions, ‘ |
Experience has shown that a driver.is more strained
when he is involved in a maneuver with his vehicle (1like
negotiating = bend) than when the vehicle 1s travelling on |
a straigh£ road. This is because at a bend the driver is

forced to control his speed in order to avoid accident

through skidding and/or overturning.

* Numbers in square brackets :7$indicate references quoted
These are listed on pages 143 = 145,

L
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Most bends on roads and rails are banked (or super=
- elevated) to counteract the effect of centrifugal force
which may cause overturning. Also, the road surface is
made rough not only to provide the necessary tractive effort
but also to prevent skidding. Both overturning and skldding
are functions of the vehicle speed. (Details of this will
be discussed in the next chapter), The bankings on the
roads are usually built on the basis of a chosen design
sﬁeed. Also, for any given design speed, a minimum curve
radius is imposed., However, the minimum curvature require-
ment is sometimes difficult to meet due to space restric-
tions caused by rugged terrain, Thus exceeding the design
speed exposes the vehicle to chances of overturning and/or
skidding. Since a vehicle driver is often not aware of
the actual speed limit for a bend of given superelevation
and radius of curvature, he 1s forced to reduce his speed
to a 'low'! safe value. I

The purpcse of this work is to design an instrument
which could give the driver a good estimate of the rate
at which he is traversing a curve, Since overturning and
skidding are functions of this quantity, its measure could
be monitored and used to predict the possibility of occurence

of any of these effectis,
| 5



The use of such an instrument on trucks, trailers and
_ .trains is expected to be a welcome development because of
two reasons: -

1. These vehicles are more prone to overturning due
to heavy leoad and consequently a high centre of
gravity. !

2. There will be need to increase the maximum safe
speed limit on trucks so that they could compete
effectively with other means of transport like
trains and planes, |

It could be worth noting also that this same instrument

could be used on trains to serve the same function, This Iis
because of a general speculation that derailment of trains
often followed by coverturning could be caused by centrifue
gal force acting on one or more of the coaches as the train
goes round a bend. Thus if a rate-of-turn indicator is

mountecd in each carriage, the behaviour of each could be

monitored and appropriate action taken by the train driver,

i
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" CHAPTER 2
DYNAMICS OF ROAD VEHICLES ON CURVES

. 2.1, VEHICLE ON UNBANKED TRACK

(@) | (b
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) o ;;'1"-".' | _2_,.
Fig. 1a shows a vehicle of weight W moving rounq an
unbanked track of radius of curvature f;.TThe veloci%y of
the vehicle is v, the height of its centre of gravity from
the roed surface is h and the wheel base is 2a as shown.
The normal wheel reactions are N1 and N, and the roagd |
friction forces F, and Fo. -

The resultant of the forces Nq, N2, F

1 and F2 i? R

acting at an angle ©/ to the vertical, B

Fcr the regetion force R to cause no rotation about

the centre of gravity G, its line of action must pass

through G, |
. |- ! :
The only force that tends to counteract the centrifu-
' 2
gal force g % is the horizontal component of R. That is
' 2 ? - |
; e N e
R Singt = s (2.1)

For vertical equilibrium, -; | | - A

RCOSCK = W =—mmememcm—e—e———c—a——- (2.2)
Dividing (2.1) by (2.2) gives | o S :’?
v
tan o = ﬁ --------------------- (2-3)

The maximum permissible value that angle o can have

|

is #, the angle for limiting friction conditions., |

If O exceeds this value, the vehicle skids. Thus
8 ! !



when o0 = @, then y_' | I o -

tan O = tan ¢ = [ =

or v e e R CHI

This.is the maximumn velocify fof a bend of given radius;
and skidding will occur if this value is eXceeded. |

' Depending on the design of the vehicle it is possible
for it to overturn about its outer wheels long before the
speed is sufficient to cause skidding. For the vehicle to
overturn, the reaction N1 of the inner wheels and hence F1
will vanish; and the whole load will be transferred to the
outer wheels. This condition is depicted in Fig. 18.

' From the geometry of this figure, if a is half the
wheel base end h the height of the centre of gravity from

the road surface then | y

tan € & §  secceeeccmecccmmeesmmemee—aeea- (2.5)
Substituting tan®( in equation (2.3) gives }
vo_oa | |
gr h '
or vy o= 5%5 e e m e (2,6)
Ifv £2L°, the vehicle will overturn, ._?

It could be noticed that the tendency to overfurn is

clearly related to the geometry of the vehicle, b
_ D i

S !




2.2, VEHICLE ON SUPERELEVATED (BANKED) TRACK

Fig. 2a shows a vehicle which is traversing a '
track banked at an angle 6.

(@ (b)
W

For pverty nmg N,=F=0
FIG-2
&—;

10



Proceeding as for the horizontal track, we get .
R Sin (B +€X ) = =

RCOS(G+O¢)=W
Dividing and rearranging pgives

2 tan @ + tan O I
=8 T %an 6 tancA . TTTTTTeT (2'7)

There are two cases te consider:

v

Case 1 When ©X = 0 (Fig. 2b) _ - o

For this case R will be normal to the track, hence

there will be no road friction, i,e. F1 = F2 = 0 and
Ny = N,. Also tan X = 0. Thus equation (2.7) becomes
V2
tan 6 = BF Tmmmmmmmmwees —mm———— .--(2.8)

This equation gives the angle cof bank & for which skidding
will not occur, friction being zero. A4lsc since N1 = N, # 0,
the vehicle will not overturn, i

Case 2 When tan X = a/h (Fig. 2¢)

In this case the reaction R acts entirely at the out-
side wheels and the vehicle is on the point of overturning.
Putting tan & = £ in (2.7) gives

2 tan €@ + a/h S .
V' = B " Tan 8.a/h T TUTmommmmmS (2.9)

If g > XK , i.6. tan # > tanTX , i.e. (U} %1

friction is sufficient to allow the vehicle rotate about

its outer wheels (i.e. to overturn).

11 1
B



But if § £ X , i.e. f < @ friction is not suf-
ficient and the vehicle will skid instead of overturning,
Hence the limiting conditions for skidding is when tan &
= tan o or ((J = %. Thus the minimum speed for skidding
is

2 tan 6 + M
Vo= &g {ufane

A comparison of equations (2.4) with {(2,10) and (2,6) with
(2.9) will show that for the banked track the minimum velo-
citiegs for skidding and overturping are higher than those

for the unbanked track, ” -

2.3. FACTORS AFFECTING SKIDDING AND OVERTURNING VELOCITIES

A study of the above equations will show that
three main factors affect the minimum velocities at which
skidding will occur. These are:

(2) Superelevation rate (tan ®)
(t) Coefficient of friction between tyres and road
surface (JJ ).
{c) Radius of curvature of road (r).
A short discussion of each of these factors follows:

(a) Superelevation Rate (tar ©)

A study of equation (2.10) will show that the
higher the superelevation rate (i.e. the higher the banking
angle O), the higher the minimun velocity at which skidding

A

12



oceurs, However, experience has shown that superelevation -
rates cannot be increased indefinitely, This is because
when a vehicle is travelling slowly around a curve with a
high superelevation rate it is held in a proper path only
when the driver steers up the slope or against the direction
of the horizontal curve. This is an unnatural maneuver
on the part of the driver, Furthermore, some trucks have
high body loads and when travelling slowly on steep bankings
a high percentage of the weight is earried by the inner
wheels with a consequent reduction in vehicle stability,.
The maximum rates of superelevation usable on highways
are controlled by several factors;
(1) climatic conditions. (High rates of supereleva-
tion cannot be used in regions where icing occurs);
(ii) terrain condition (filat or rocky); |
- (i11) type of area (rural or urban);
(1v) frequency of very slow moving vehicles - since
as stated earlier, 2 slow moving vehicle requires
a lesser elevated curve than a fasi moving one, |
The following table gives values of superelevation

rates cften used by Highway Design Engineers f2_7.

13



TABLE 1, SUPERELEVATION RATES.

Superelevation
Rates  {m/m).

Maximum for urban streets and express- 0.06
ways with snow and ice *
Maximum for rural roads witk snow and

jce 0.08
Maximum for urban expressways Q.10
Maximum for rural roads { : 0.12

The above values are, however, operational only in
countries that have established transport pclicies and the
legal machinery to control vehicle reliability, method of
loading, speed of operation,; etc.

Since these conditions de¢ not hold very well on Nige-~
rian roads, values for the 0,08 rate are most often used
L[27 ».7. i

For any particular region,.only one of these values
holds; though, of course, different values could be used
for different road systems. :

(b) Coefficient of Friction (or Side Friction Factor}f)

The coefficient of friction at which side-sgkidding
is imminent depends on the speed of the vehicle, type and
condition of the road surface and type and condition of the

vehicle tyres. 8ince this factor depends on the speed of
N '



the vehicle, it can only be selected on the basis of the
speed for which the road is designed (design speed),

Values of this factor for goocd dry pavements range
from about 0.5 at low speeds to about 0.35 at fairly high
speeds. For a wet pavement and smooth tyres, the value 1is
about 0,35 at low speeds. %

In general, it was discovered that the friction factor
decreases as the speed of the vehicle increases., For most
practical purposes, values of fi range from 0.16 at 50 km/h
to 0.11 at 130 km/h. /2.7

(¢} Radius of Curvature of Road (r)

The minimum radius of curvature that could be used
18 determined from the maximum rate of superelevation and
the maximum coefficient of friction., This is clear from

equation (2.10) which when solved for r gives

r o= v2(1 - M tan @)
T tan @ + 31_

Here, v is the design speed. Use of sharper curvature for

this design speed would call for superelevation beyond the
limit considered practical or for operation with tyre fric-
tion beyond safe limits, or both. Sharper curvature below
minimum stipulated values are often encountered in mounta-
nous regions where the provision cf large radii of curvature

could be expensive,

15
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The table below shows different values of minimum -

radii for different values of design speeds [3_7.

N T'ABLEHZ., MIN. CURVE RADII.

Assumed Radius of Curvature
Desgi Speed Areas of :
wm/h Operation Desirable Absolute
Mirdmum (m) | Minimum {m)
50 90 70
70 Rural roads 160 125
80 Urban roads 250 200
100 Expressways 350 300
120 Freeways 600 LS50

The Design Speed

This is the speed selected for designing the roéd and
all factors such as superelevation rates, side friction
factors and radii of curvature are selected on the basis
of this speed. The speed is selected on the basis of the
type of road and the area of operation (rural, urban, free-
wWay Or eXpressway). | | |

As a result of interviews with a number of road design
engineers, it is found that design speeds range from B0 km/h
to 110 km/h. Thus travelling at any speed beyond the design

speed exposes the vehicle to chances of overturning and/or

skidding. As was mentioned in the introductory chapter,

16



the purpose of this work is to design an instrument that
will give a warning to the driver of the possibilities of
occurence of overturning or skidding by giving a measure

of the rate at which the turn is negotiated,

An instrument which has found widespread application
in eir and marine vehicles is the gyrouscope (or gyro for
short)., This same instrument, because of its peculilar
characteristics, presents itself as a promising bulldipg block
for land transport instrumentation. ‘

The object of the present work is restricted to de-
signing a suitable gyroscopic device which could be used
dn land vehicles to assist the driver in his evaluation

of some critical road and speed conditions,

17
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. CHAPTER 3
INTRODUCING THE GYROSCOPE

3.1. DEFINITION

In essence, a BYroscope is a very fast rotating
wheel whose spin axis has the ability of staying fixed in
sSpace under certain conditions which will be' mentioned
shortly. This ability of the gyroscope (or gyro for short)
is a direct consequence of its angular momentum. This
quanmtily is given by the relation

H

T e L(3.1)
where |

H = angular momentum (kg»mzls).

—
]

moment of inertia of the wheel about the
spin axis (kg-mz)
W = spin angular velocity of the wheel (rad/s.)
From dynamics, the sum of all the external moments
acting on a body -is equal to the rate of change of angular
momentum, That is

R — e (3.2)

In the absence of external moments { M = 0), there follows

18



If we integrate this, we get _
H = Iw = constan% ----—-—;-—--‘w(B-B)

This equation shows that in the absence of external moments
{or when the sum of all external moments vanish) the angu-
lar momentum vector (and hence the spin vector) stays in
a fixed direction in space. Thus the spinning body stays
fixed in space so long as two conditions are satisfied:

7.  The sum of all the external moments is zero.

2, The angular velocity of spin ((A)) remains
constant, ! | “
If disturbing torques are applied to the sﬁinniﬁg
wheel, the reaction is an angular velocity whose direction
is such that it is perpendicular to the plane containing
the vector of the disturbing torque and the vector of the

spin velocity. This angular veloclity 1s given as

T '
SUo g8 s — (3.4)
where _ ;
T4 = disturbing torgue ( N -nm)
H = angular momentum (kg-mzfs)

J.. = drift rate (or precession) (rad/s).
In the design of a gyroscope for which the property
of ‘staying put' in space is required, the major design

19



task is centred on eliminating aé much as possible the
occurence of these spurious torques,

Although we defined a2 gyrcscope as a very rapidly
rotating wheel, there is of recent years introduced a dif-
ferent type of gyro that does not use a rapidly rotating
wheel but uses the vibrating characteristics of a tuning

fork tines to measure rate of turn, This type of gyro is
called a VIBRATING RATE GYRO. Details of its design end
construction are given in /70_7 and /237, :
Fig. 3 shows the two main types of gyros so far'men-
tioned. :
) _ ST o
Rataz‘fn_g wheel: Heart ofa W%?;g 9

AR 9Hrot . "-—‘UF—* A —— ol
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3.2. CLASSIFICATION

There are a number of ways of classifying.gyros:-J
(i) According to the number of degrees of freedom(df)
(ii) According to the gecmetrical configuration (Hori-
zontal or Vertical Spin Axis),
(iii) According to the function (Rate measurement,
Integrating or displacement measurement),
(iv) According to the overall function (instrument or
non-instrument),

(1) Classification According To The Number Of Degrees
Of Freedom !

Before the rapidly rotating wheel mentioned
earlier could be used it has to be mounted on a frame,
This frame is called a gimbal. Fig. La shows a typical
arrangement in which the wheel is mounted on a gimbal,
This arrangement could further be mounted on another gimbal.

The first configuration is called a single-degree-of-
freedom (sdf) gyro since the gimbal is capable of rotating
about axis xx only (shown in Fig. 4a). .

The second configuration (Fig. L4b) is called a two=
degree=-of=freedom gyro since it can rotate about both axes
XX and Vvy. | |

Many more gimbals could be added to give more degrees

of freedom.
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Single degreeof freedom gyro.

Outer Inner
gimbal. gimbal

FIG.4

(ii) Classification According To The Geometrical
Contiguration

The orientation of the spin axis could be such
that it lies in the vertical plane or in the horizontal plane.
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If the spin axis is stabilized in the vertical plane,
the gyro is called a VERTICAL GYRO. But if the axis is
stabilized with the spin axis in the horizontal plane, the
gyro is called a DIRECTIONAL 3YRO. Fig. 5 shows these two

geometric configurations.

VERTICA L ?M 23 hal
. r (um)
GYEO b spin axis D:ckof{: e
| -
~ oR
e
i i
7 (b)
{ P HoriZONTAL

s R0 R

The vertical gyro is used to establish a vertical
reference aboard a moving vehicle. Its practical applica-
tions appear in the following forms:

(2) pitch and roll indicator (artificial horigon)
used to help an aircraft pilot maintain a level
flight under blind flying conditions;
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{b) Autopilots for aufo&atic stabilization of air-

craft; o | | i |

{c) Stabilizer for guns, optical devices, radar

antennas and search lights aboard Navy combat
vessels, |

The constructional features of these instruments are
treated in detail in [/7_7.

The directionél gyro forms the basic element for gyro-
compasses which are used to tell directions accurately
especially when magnetic compssses cannot be relied upon
(as when the vehicle is involved in a maneuver).

Details of the construction of a gyrocompass are also
given in [ 7_7.

(iii) Classification According To Function

Gyros could also he classified according to the
particular function they perform, There are basically
three functions:- '

(a) Measurement of Displacement

The gyro that performs this function can be
either a two-degree-of-Ireedom gyro or a single-

degrec~of-freedom gyro (Figs. 5a and 6).
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4319 de ree of ,treedom
lacément qyro.

Consider the 2df gyro shown in Fig. 5a. Since the
spin axis remains stablized in inertial space (assuming no
external torques), then motion of the frame about the outer
gimbal axis will produce a signal at the pick-off on that
axis which is a measure of the angular displacement of the
frame with respect to the gyro wheel spin axis (or inertial
space).

If the frame were to move about the inner gimbal axis,
then it will rotate with the outer gimbal, leaving the
inner gimbal and the spin axis in the vertical plane. The

25



P
|
|

|
pickcff on the inner gimbal aiis will give a signal which
is proportional to the angular displacement between the
inner gimbal and the outer gimbal or the angular displace-~
ment between the outer gimbal and inertial space. -

Thus the two-degree-of-freedom gyro can provide infor-
mation on the angular displacement of the frame about two
mutually perpendicular axes,

The single-degree-of-freedom gyro shown in Fig. 6 can
provide¥information on the angular displacement of the
frgﬁgrkiﬁéxis only. Thus by using three of these with
their spin axes pointing in three mutually perpendicular
directions the set con provide information on the angular

displacement of the frame along three mutually perpendicu-

lar axes in space. This arrangement finds extensive appli-

-, cation in the stabilization of platforms for Inertisl Navi-

gation,

(b) Measurement of Rate

A rate gyro is a single-degree-of-freedom gyro
whose motion about the gimbal (or output) axis is restralned
with the aid of an elastic member (such as spring, torsion

wire, etc,). Fig. 7 shows a schematic of a rate gyro.
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If the frame carrying the gyro is made to rotate about
the vertical (or input) axis, the gyro will respond with an
angular displacement about the gimbal (or output) axis,
which is directly related to the rate of rotation of the
frame. Thus if it is mounted on a vehicle, the gyro will
provide information on the rate at which the vehicle is
traversing a curve,

Quite often, a damping system is connected along the
output axis to minimise oscillations of the gimbal when
subjected to an input signal,
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(c) Integration

An integrating gyrc is 2 single-degree-of-freedom
gyro for which a damping device is connected along the out-

put axis. (Fig. 8).

INTEGRATING GYR)

In this type of gyro, angular velocity about the
input axis will cause the gyro to rotate with some angular
velocity about the gimbal axis (or output axis). This gim=-
bal (or output) angular velocity will always be directly
proportional to the angular velocity about the input axis.
Thus at any given time the total angle through which the
gimbal rotates about the output axis will be directly pro=-

portional to the total angle through which the gyro rotates
28



about *the inputJaxis.
Integrating gyros find widespread application in
Inertial Navigation where they are used in stabilizing
platforms and zgcting as vertical references. Details of
these applications are given in /[& 7. |

(iv) Classification According To Overall Function

In this classification, gyros are divided into
two basic groups - instrument and non-instfument. The
former group refer to the applications of the gyros as
sensing devices in a c¢ontrol system, while the later refer
to their applications as direct stabilizing elements., This
last group of gyros is almost vanishi;gf;O the discovery
of better means of stabilization, which utilize the sensing
ability of the instrument gyros, in conjunction with appro-
|

priate servomechanisms.

3.3. SUMMARY OF APPLICATIONS

The gyro in the various forms mentioned above
finds extensive applications in Marine, Aeronautical, Land,
Inertial, Military and other fields.

A 1list of the various applications is given below.
Details of these applications can be obtained from /[i 7,

5T, £F and [T17.
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Marine Applications

(i) Gyrocompass :
(i3i) Stabilization of ships
(1ii) Automatic steering of ships,

Aeronautical Applications

(i) Directional gyros

(ii) Artificial horizon
(iii) Rate of turn indicators
(iv) Automatic pilots.

Military Applications }

|

(i) Naval gunnery
(ii) Aircraft Bombsights and Gunsights
(i1i) Control of Missiles.

Inertial Navigation

(i) Stabilization of Inertial Platforms.
(ii) Integrating accelerometers. [®_7
Land and Other Applications '

(i) Stabilizing Monorail Vehicles

(i1) Binocular stabilizer (G 7

iii) Direction finders ussd to provide stabilize
(iii ti fingd d t id tabilized

line of slght for surveying oil wells. o7
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3.4. ASPECTS OF GYROSCOPE DESIGHN

Since the major part of this work involves the
design of a gyroscope, it will not be out of place to
mention the critical factors that affect the design of a
gyroscope,

Fig. 9 shows the most essential parts of a gyro. Some
of the parts may be removed, depending on the functional

requirements of the gyro.

MAIN PARTS OF A GYRO
GYRp WHEEL

ANG ULAR
Pfc:g'oFF

GIMBAL
DAMPER

£16 9

The three main factors that govern the design of a

gyro are:

1. Performance Requirements - meeting the specifi-

cations covering function, accuracy and environ-

mental conditions.
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2. Producibility Requirements - capable of being

produced within certein cost and time limitations.

3., Reliability Requirements - ability to maintain

operational capability within performance speci-
fications even after exposure to various conditions
of handling, test, service, use and storage.

The principles governing the design for producibility
and reliability demand the application of standard rules
coupled with good Judgement based on past design experience.
Thus there are no rigid mathematical analysis in these areas,
However, the principles governing performance requirements
are wide open to analysis.

The major areas of consideration when performance
requirements are involved are:

(a) reducing as much as possible gimbal disturbing

torques, The effects of these torques were men-
tioned earlier on in this chapter (Equation (3.4))

(b) maximizing angular momentum

(¢c) providing accurate pickoff and torquing systems,
Each of these conditions will be treated in great detail:

(a) Gimbal Torques (Suspension Torgues)

The most important design problem in meeting per-
formance requirements is to minimize as much as possible,
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" disturbing torques acting on the gimbal, The extent to
which ‘this must go depends on the precision regquirements
of the gyro. _

Basically, there are two classes of disturbing tor-
gques: | |

(i) Systematic torgues

(1i) Random torques.
Systematic torques can be measured and their characteristics
can be correlated with some parameter. Thus it is theore~
tically possible to compensate for these torques either
directly or indirectly. Random torgues, however, cannot
be measured with any degree of certainty. The magnitude
of random torques thus clearly establishes the level of
uncertainty in the gyro performance,

Details of these torques and their effect on gyro

performance are treated in detail in /B 7,

(b} Angular Momentum
Equation (3.4) of this chapter gives the relation-
.ship between the drift rate of the gyro and the gimbal tor-

queg. | Td

SIEEE

Gimbal torgue(unwanted)
Angular momentum

33
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Drift rate =



From fhis equation it is clear that to.minimize the
drift rate, the unwanted gimbal torques should be minimized
and the angular momentum maximized. |

From equation (3.1), the aagular momeﬁtum H is.givén '
by |
H = Tw = wik?

where
(L = gyro wheel spin speed

=
i

mass of wheel

=3
i

radius of gyration of wheel about its

spin axis, B

The angular momentum can be maximized by maximizing.aﬂy or
all of the above three parameters, However, there are limi-
tations to this approach: | | |

Rotor Spin Speed

If the gyro wheel is driven by an electric motor,
then as the spin speed requirement increases, power
needed to overcome windage and bearing friction also
rises., Thus a large motor becomes necessary. This
introduces increased heating effects (this is detri-
mental to gyros floated in fluids). Also, the life

span of the bearings is greatly reduced,
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Rotor Mass

The mass of the gyro wheel could be increased
by using higher density material or increasing the
size of the rim. This large mass will call for the
use of bigger bearings and hence increased friction.
Increased friction means the need for a larger motor
with its accompanying increased power and heating.

Radius of Gyration

To increase the radius of gyration, the diameter
of the gyrc wheel must be increased. However, this
cannot be done indefinitely since space requirements
are always imposed on the overall gyro design,

(c) Pickoff And Torquing Systems

Pickoffs are certain transducers which are connec-

ted to the gyro along its output axis. Their main function

is to detect the relative angular displacements between the

gimbal and the supporting case,

Torquers on the other hand are used to compensate for

certain types of errors and also to allow for the use of

a single-degree-of-freedom gyro as a rate sensing device.

It goes without saying, that any of these two devices

could introduce unwanted torques about the gimbal axis.
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SUMMARY

From the above analysis it is clear that the design
of a gyro involves a number of conflicting factors, Thus
if the mass of the rim is increased (to increase its angular
momentum) the inertia of the gyro about the output axis
increases, This has the effect of making the system less
dynamically stable. In this case, gyro manufacturers usec

a certain figure of merit fm given by
o _ " - i

I
fm=-fz- . | [.6_7

where

IS

IO

inertia of gyrc wheel about spin axis. -

inertia of gyrc wheel about ocutput axis.
The higher the value of this figure of merit the more
satisfactory 1s the gyro;‘ | i_ _h _

In the design of very high precision gyros, optimiza-
tion techniques could be utilized to maximize the desired
parameters and minimize the unwanted parémeters.

Alzso in these high precision gyros, the bearings carQ
rving the gimbal are replaced with air-bearings or magnetic
suspension bearings. Additionally, by floating the gyro '
gimbal in a fluid, the load carried by the suspensions is
markedly reduced and hence smaller and more precise suspen-

sion systems can be used,
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CHAPTER

THE GYRO AS A RATE OF TURN SENSOR

4.1, FUNDAMENTAL EQUATION OF THE RATE GYRO

OUTRYT, -~
AX IS
Fig. 10

INPUT
Ax|S

shows in schematic form the main features of

a rate gyro mounted on a vehicle cr platform (V).

In this
G

O m =

3

diagram,

gimbal ring

gyro wheel

spring or elastic restraint
= damper

gyro wheel bearings

gimbal ring bearings.,
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Let the axes 0X, OY and 0Z represent.fhe principal axes

of the vehicle, while OX, 0

v and Oz represent the princi-

pal axes of the gyro. T

When the vehicle is movihg!along a stréight line (in
the direction 0X), there is no angular velocity input
hence the two sets of axes menticned above peoint in the
same direction. For this same condition the gyro has only
one degree of freedom - about O Consequently, relling
of the vehicle about OX and piftching about OY have no effect

on the gyro.

Let the vehicle enter a hend under the following con-

ditions:
R = radius of curvature of bend
v = velocity of vehicle in bend
) = spin speed of gyro wheel ' .
JU = rate of turn of the vehicle round the bend

(=9
€ = angle of tilt of gyro due to the angular rate
| input R about 0Z (assumed to be small). -
Lét K = torsional constant ol elastic restraint
C = damping coefficient .
I = inertia of rotor wheel about Oy (spin) axis.
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It can be shown (Appendix ) that under the action of the
rate of turn !1 y the gyro responds with a reaction torque

given by
Tp = (TW)IRN e (4.1)

This torque acts about the output axis (Ox), and causes the
gimbal to rotate about that axis until the restraining
torque due to the spring or elastic member counters the

reaction torque. The elastic torque is given by

S O S — S (4h.2)

At equilibrium, the two torques (4.1) and (L4.2) are equal,
Hence

Ke = IwR

. » =) - (IK__UJ ) J}, - ——— (,-1-3)

This equation is the fundamental equation of the rate gyro.
Since I, (W) and K are constants for any particular gyro,
we see that the output angle is directly proportional to
the rate of turn., Thus this angle can be used to give a
measure of the rate of turn,

4.2. THE DYNAMIC RESPONSE OF THE RATE GYRO

Since the gyro has appreclable inertia about the

output axis, it has the tendercy to oscillate when subJjected
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to an anguler velocity input and 1t may take some time before
it finally settles to a steady reading, This type of beha-
viour is most unwelcome in an instrument where instant
values of the output are needed., A damping device is thus
added to the gyro along its output axis to minimize the
oscillations,

If damping is introduced, the fundamental equation of

the rate gyro can be shown (Appendix ) to become;

- C o ; = o
8 = -I—-{‘%'é—"{—l{[f-exp. L-S LU,t] Cos(pt - tar.ll-"q( 1 -$z )j

g ‘E ~={4.0)
Here z = damping ratio,
I o el (4.5)
'
where

Q1
u

damping constant | o _

Ix = inertia of gyro (wheel, gimbal and other
attachments) about O+

2, = natural frequency cf oscillation of the

system

Lol
"

natural damped frequency of oscillation
of the system, o
Lo



A study of eguation (L.lh) shows that it contains two terms,
The first ocne is a steady value and is the same as egquation
(L4.3); while the second term is & rapidly decaying term
which soon vanishes, leaving only the steady value,

In practice, the degree of damping depends on the
requirements of the instrument, but ; is usuvally taken
less than unity. Values of % from O - 0.7 are most often
used [6_7. Increasing ﬁ makes the oscillations reduce to
a given level in fewer cycles but increases the pericdic
time (or time taken for the system to reach a steady value).

L.3. CROSS COUPLING ERROR

A very important facet of Rate Gyro design is the
concept of cross-coupling error. Consider the gyro shown
in Fig. 17, which has responded to an angular velocity
input gﬂ .

Since under the input angular velocity S the gimbal
will tilt through an angle 8, then the input axis, the out-
put axis and the spin axis are no longer mutually orthogonal,
But the first two together with the component of ® in the
horizontal plane are orthogonal.

Hence R
I(wWcCos 8)JL =K 8

L4

., 8 = (EJEL) Cos 0. I
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Lross coupling errar:

Now, it could be noticed that there is a compcnent of
spin along the input axis = WSin ®, If there is any angu-
lar velocity input along the Yrorizontal axis ( Sn , say),
then this, together with. () £in © will cause a torque
along the output axis given by

T = I(WSin 8).Sln
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This will cause a spurious output angle 91 given by

91 = .;._('_“"T‘{L_“Sing

This angle constitutes an error in the actual output ©
and is called a cross-coupling error,
Note:

In the case of land vehicles, this error can be shown
to be negligible since the pitching movements of these
vehicles are small (JI.,;::, 0).

Hence large output angular deflections can be utilized
to enhance the accuracy of the instrument.

h.4. RATE GYRO DESIGN

Fig. 12 shows once £gain a schematic arrangement
of the rate gyro highlighting the main areas of design
consideration, Each of these elements will be treated

separately in the subsequent chapters.

_RATE GYRD-MAIDR DESIGN FEATURES

PICKOFF

ELAST|IC
RESTRAINT

FIG. 12



CHAPTER 5
GYRQ DRIVES

Since the most essential component of a rate gyrd is
a fast spinning wheel, some device must be employed to
impart the spin to the wheel, There are three main methods
of deing this:

1. By spiral spring

2 By air blast o

3. By electric motor.
Fach of these will be considered in greater detail..

5.1. SPIRAL SPRING DRIVE

This type of drive is mainly used for short time
operations as in the case ¢f torpedo gyros or missile gyros
where the gyro is required to guide the vehicle over the
short period of its motion. This drive is cheaper and more
reliabhle for these applications.

In essense, the drive consists of the rotor which is
. driven via gearing from a wound spiral spring (of the clock
type). The speed is stored in the spring in the form of
potential energy which is released to spin the gyro wheel

immediately the weapon is released,
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5.2. PNEUMATIC DRIVE

In this case the gyro is driven on the principle
of the impulse turbine or Pelton wheel, However, in most
designs the fluid impinges on incisions cut around the peri-
phery of the wheel instead of on buckets as in the former
machine,

Fig. 13 shows a typical impulse turbine wheel for gyro

rotors.

The air-blast needed to drive the wheel can be provided
in two ways:

1. The inside of the gvro casing is evacuated to a

very low pressure by commecting it to a vacuum pump
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which is driven by the eﬁgine. As tﬁe gyro case is
evacuated, fresh air is admitted through a set of
nozzles {usually L) arranged round the periphery of
the wheel., The nozzles are arranged such that the
air-blast coming in through the nozzles impinges on
the buckets causing the wheel to rotate at high speed.
2. Instead of evacuating the casing,air at high
pressure is admitted via the nozzles. The high pres-
sure air could be cbtained by connecting the gyro to
the pressure side of a vacuum pump or from a compressor.
A number of factors render these methods of driving the gyro
wheel unsuitable for land vehicle applications:
1. The vacuum pump or compressor will have to be'. 
driven by the engine thus increasing engine load.
2. The vacuum pump and other pneumatic accessories
- make the whole arrangement cumbersome and expensive.
3. The gyro casing must be made air-tight which
- increases the complexity of the design. .
L. The rotor speed cannot be accurately defined
since it is a function of air-speed through the nozzles
which is itself a function of the vacuum in the casing.
5. The rotor is often subject to small but unpredict-

able pneumatic couples due to gusts of the incoming air.
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Despite these disadvantages, however, prneumatic drives are
used for low precision or non=critical gyro designs. This
is because by using these drives;

1.  the overall gyro design becomes much more simpli-

fieds | '

2, the instrument is more rugged since there are no

‘wires which may sag and introduce unwanted couples,

Finally, it could be worth noting that these drives
find extensive usage in aircraft instrumentation where low
pressure in the gyro casing can be obtailned cheaply by
connecting the gyro to the low pressure side of the wings.'i. 

5.3. THE ELECTRIC DRIVE

An electric motor (either induction type or syn-
chronous type) is most often used to spin the gyro wheel.
In conventional motor design, the rotor rotates within the
stator, However, in most gyro motors, this configuration
is reversed - the rotor lies outside the stator (Fig. 1&).f

By arranging for the rotor to be outside the stator,
the inertia and hence angular momentum of the gyro is
improved,

Although an induction motor coul}d be used to drive the
. gyro wheel, the type of motor which is almost exclusively

" used for gyro drives is the synchronous hysteresis motor.
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LUNVENTIONAL. MOITOR DESIGN GYRO MOTORDESIGN
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ROTOR
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This motor has several advantzges over the induction motor
and other synchronous motors for gyro driving. Some of
these advantages are:
1. Itcan accelerate a load inertia of any magnitude
up to synchronous speed, provided that the load torque
opposing rotation arising from bearing friction, windage
and similar other causes is not in excess of the hyste-
‘Tesis torque.
2. Its efficiency, power factor, and maximum output

can be increased by oversaturation. This is done by
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momentarily increasing the applied voltage to between
50 - 100% above its normal value after reaching synchro-
nous speed,

3. Its starting current is only 110 - 115% of full-
load current compared to around 300% for an induction
motor,

L. It has a comparatively high starting torque,

Se The output speed remains constant even when ope=-
rating from a X 10% voltage source, This is a useful
property for a zyro which gets its power supply from

2 battery, since the output voltage of the battery
may be lowered as it gets discharged.

é. The motor is simple and rugged in structure -
since the rotor can be made of solid material instead
of laminations,

T Its range of speed adjustment by frequency control
is greater than for an induction motor,

8. Its momentum is 6 - 10% higher than for an induc-
tion motor because of zero slip.

9. The smooth rotor surface and absence of rotor
slots give good mechanical stability, reduces windage
loss and vibration at high speeds and makes the motor

quiet running.
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5.4. SELECTION OF DRIVE

On the basis of the above discussion, a Hysteresis
motor will be selected as the drive for the rate gyro to be
designed. S

One serious disadvantage of the hysteresis motor is
its rather low efficiency, However, as will be shown in
the next chapter, the efficiency will be greatly improved
by introducing certain modifications in the design.

5.5. POWER SUFPPLY

Since the hysteresis motor for driving gyro wheels
ié a vefy small one {in the fractional horse-power category),
it can be driven directly from the battery of the vehicle,
It is expected that the power and current that the motor
will absorb will not be too large as to affect the battery.

However, the hysteresis motor, being an a.c. motor
requires an a.,c. source to run it; hence it cannot be con- 
nected directly to the battery which is a d.c. source,

Thus for the hysteresis motor tc utilize the d.c. of the
battery, the d.c, will have to be converted to a,c, This
i8 achieved by use of the so-called Power Converters.
Details of the theory and design of Power Converters is

adequately treated in /T2 7.
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One apparent problem is that the output of most con-
verters is a square wave instead of a sinusoidal wave; and
motors running on square wave sources require slightly more
voltage than when running on a sinusoidal wave,

Another problem is that since the hysteresis motor is
a multi-phase motor, it canno= be run from a single phase
as is provided by a converter. Some form of phase splitting
device like a capacitor is required to convert the single
phase from the converter to at least two phases,

4L block diagram of the whole arrangement is given in

Fig. 15.

Driving a hysferesis motor from d.c. source.

BATTERY ?‘au VERTER
. — -t de.
(d-¢.50ur) . m o
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Although the extra attachments (converter and phase-
splitter) make the arrangement more complicated, it has
been recently discovered that a Hysteresis Motor of the
capacitor split-phase type driven from a square voltage
source has a unique advaentage over other Hysteresis motors
(1ike those driven from a 3-phase sinusoidal voltage source).
The unique advantage of this motor is that the synchronous
pull=-out torque (hence, the maximum synchronous output
power) is increased, the input current is decreased and

the efficiency greatly improved. For details of this,

see [T4 T
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CHAPTER 6
THEQORY AND DESIGN LSPECTS OF THE HYSTERESIS MOTOR

6.1. THEORY OF THE HYSTERESIS MOTOR

When an a.c. is useld to magnetize a ferrc-magnetic
material, the complete hysterzssis loop is traversed once for
every cycle of alternating current. A typical loop is shown
in Fig. 16. T o

i,

" HYSTERESIS LODP. Fie EERRDMAGNEL

[ ———

X

FIG]

The magnetization force H will be in phase with the
current. Now, when the current reaches its meximum {(or
peak) value, the iron will be magnetized to point A; but

when the current has dropped <o zero (H = 0), the iron
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will still be magnetized to point X, It is thus evident
that the point of zero magnetization B will lag the zero
of the magnetizing force H ( and current) in time. This
time lag between B and H is the basis of the operation of

the hysteresis motor, r

Consider Fig, 17 below:

MODEL OF.A H?s‘TEREsfs'MomR

In this figure, A, B, C, D are the four poles of a

two-phase field. At one instant A will have N-polarity, C
will then have S-polarity while B and D will be neutral.

- The rotor, having a hard magnetic material (say Cobalt)
ring at its periphery will have a S-pole induced at X and

a N-pole at Y, Owing to the field rotation a quarter-cycle
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later B will have N-polarity, and D wiil have S—pblarityl:
and A and C will be neutral. ’ R

But because of thehysteresis lag in the rotor, X will
have some residual S-polarity and Y some residual N-polarity.
Thus X will be attracted towards B and Y towards D. This
attraction will exert a torque on the rotor that causes it
to rotate following the rotating field.

Suppose the rotor is held fixed so that it does not
rotate with the field. Then another quarter cycle later,
A will have a S-polarity and C a N-polarity while B and D
remain neutral. Since X had a residual field of S-~polarity,
then it will have to realign itself such that it has a N= |
polarity (opposite polarity to the one now at A). This
realignment of the magnetic dipcles requires the expendi-

ture of energy called Hysteresis loss, 1In practice, however,

the rotor tends to resist this realignment by following the
rotating stator flux, Thus the rotor utilizes the hysteresis
loss that would have been wasted in the form of heat to
exert a torgue on the motor shaft, It is because of this
that this type of motor is called a Hbteresis Motor.

The energy loss (or Hysteresis Loss) is proportional

to the arez of the hysteresis lecop, Thus the hysteresis
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motor torque is also proportional to the area of the

hysteresis

where

and

o3
[

<
]

H, =

oL =

loop. This torque is given by [fB 7.

hysteresis loss per.bycle which is proportional
to the area of the hysteresis loop.

volume of hysteresis material of rotor,

number of poles in stator winding.

flux density in rotor (peak value).

rotor magnetizing force (peak value).- 

lag anglec between Hm and Be

Speed-Torque Characteristics

Fig.
hysteresis

This
synchronou
torque, T
drop in su
speed of t

torque is

18 shows the speed-torque characteristics of a
motor,

characteristics shows that the motor runs at

s speed for all torques less than the pull-=in
hus slight changes of the motor torque (due to
pply voltage’say) may not affect the synchronous
he motor so long as the remaining hysteresis

greater than the bearing and windage torques
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(which are relatively very small). It 1is this characteris-
tics of the hysteresis motor that makes it most useful for
gyro applications where unpredictable fluctuations in the
Supply is expected.

It 1s also because of this characteristics that it
finds application as the drive for record changers where
the increase in load (due to more records dropping on the B

turntable) does not affect the turntabie speed appreclably, -
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6.2. ASPECTS OF HYSTERESIS MOTOR DESIGN

The main factors that govern the design of a

hysteresis motor are:

(a) The number of slots in the stator

(b) The thickness of thz stator slot bridge

(¢) The rotor material

(d) The radial thickness of the rotor material

(e) The radial length of the air gap.
Each of these will be considered separately.

(a) The Number of Stator Slots

When the stator of 2 motor is connected to a vol-
tage source, the current in the winding sets up a magneto-
motive force (mmf), which in turn sets up the required flux
in the air-gap., The mmf is distributed in a wave form accor-
ding to the distribution of the windings. The most ideal
waveform is the sinusoidal onz2 which is achieved only with
an infinite number of stator slots. The larger the number
of stator slots, the nearer tae mmf waveform approaches the
ideal sinusoidal form as shown in Fig. 19.

The number of stator slots is, however, limited by the

tooth cross-section - to avoid the problem of saturation.
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In general, i slots/pole represents an ideal value
for small motors. Experience has shown that for these
motors increasing the number of poles decreases the effi-
ciency - thus a lL=-pole-2 phase motor may have only 15 = 20%
while a 2~pole-2 phase motor could have 25 - 30% efficiency
[3s 7. o
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{(b) The 8lot Bridge Thickness

The siot bridge is the material that lies in the

gap between two teeth. If the slot bridge is made too
thick then most of the useful flux from the stator is shunted
away and does not reach the roter, This leads to reduced
output power and hence efficiency. On the other hand, if
the slot bridge is made too thin, the bridge becomes very
easily saturated and a saturated bridge is equivalent to an
open bridge whose characteristics will be discussed shertly.

The actual bridge thickness used in design depends on
the following factors:

(1) Number of poles

(ii) radial length of air gap

(1iii) radial thickness of rotor. _

For most practical purposes, a bridge thickness of 5§ ~ 10%
of rotor radial thickness is used, .

Since the use of closed slots will make tﬁe assembly
of coils difficult, it is usual to make the stator lamina-
tions of open slot and mounting a bridge ring after the
windings have been assembled. _

The reason why open slots are rnot used for these types
of motors is because the flux density in the rotor fluctuates
as it passes from the shorter gap under a tooth to the longer
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gap under a slot. These fluctuations in rotor flux density
give rise to minor hysteresis loops superimposed on the
major one. These minor loops lead to parasitic losses
{heat in the rotor) and thus cause a reduction in the
efficiency. _ _

The fluctuations in the flux density due to the open
stator slots is more pronounced near the teeth and it
decreases further away. Thus one way to reduce the effect
of the ¢open sleots is to maximize the air gap length., This
means, however, that more flux from the stator is required
and hence the need for higher stator current which will
lead to an Increase in copper loss which could more than
offset the parasitic losses.

Thus although the use of closed slots causes some of
the useful flux to be shunted away from the rotor, it
offers a higher output than the open slot. This result is
shown graphically in Fig. 20. /[76_7 - |

(¢) Rotor Material

As is evident from equations (6.7) and (6.2),
the hysteresis torque depends on the angle of lag between
B, and H (i.e. angle ™ ). Also the torque depends on
the area of the hysteresis locop - the larger the area, the
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bigger the torque. The area on the other hand is dependent
on the remanence (Br)and coercivity (HC) of the materizal,
Thus the best rotor materials are those with high remanence
and high cecercivity. This is the property of the so-called
magnetically hard materials, Characteristics of a few of
these materials are given in the table below /15 7. (See
Page 63). |

The hysteresis energy loss (wh) is a function of the
area of the hysteresis loop. Although materisls with higher
value of W, will give higher wvalues of torgue, these materials’

h
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TABLE 3 o
MAXIMUM VALUES OF HYSTERESIS ENERGY LOSS FOR SOME
COMMERC TALLY AVALLABLE STRRLS

Material Wh(Joules/m3/cycle) (BH)max(Tesla—AT/m)
6% W 23,600 2,380
P& . 22,500 ' b, 370
36% Co £6,000 7,560
Vicalloy 70,000 8,900
Alnico 130,000 . 13,500

are seldom used. This 1is because to produce the valuehwh
quoted for them it will require very large magnetizing
fields due to their low permeability. The use of high
magnetizing fields implies using higher currents which in
turn leads to excess copper loss in the form of heat.

It has been found that for small motors of less than
50 W output, 6% tungsten steel cr P6 could be used; while

for bigger motors Vicalloy 1s preferrable.

(d) Radial Thickness of Rotor Material

Since in most motor designs the speed and torque

are specified initially, then W, and V must be selected to

n
satisfy equation (6.1).
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The choice of rotor inner diameter is often governed
by the available stator stampings. The outer diameter is
selected such that the flux in the rotor is sufficient to
make the rotor rotate without the stator getting saturated
due to large flux,

Experience has shown that the best ratic of outer to
inner diameters is 1.2 - 1.4 /73 7, and the best value of
rotor flux density should range from 0.5 « 0.8 Tesla /75_7.

(e} Length of Air=Gap

A short alr-gap reduces the reluctance of the
gap and hence improves the motor performance by reducing
copper losses,

In open slot motors, a short air-gap leads to para-
sitic losses which may outweigh the above advantage. In
the case of closed-slot motors, however, the air-gap length
is no more determined by parasitic losses; but by manufac-
turing tolerances. For most motors a gap of 0.2 - 0.5 mm

is used /T3 7,
(f) Stator Desigh

Details of the design of the stator of the Hyste-
resis Motor camnot be included in this work, This is

because there are a multitude of factors to consider whose
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proper selection can oniy be done by a.b“éi‘.son. ex'p'e.r‘i"enced'
in electric motor design.

However, /T3 7 shows a fairly exhaustive list of these
factors = such as number of slots, maximum number of conduc-
tors in a slot, slot cross-section, number of stator winding
turns per phase, specifications for the main winding and
auxilliary winding, specification of the capacitance of
the series capacitor and so on, |

Even then, the selection of such factors as coefficients
for determining the maximum field intensity inside the ring
and the voltage coefficients necessary to determine the
winding specifications were left to the designer's past

experience of motor design,
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| CHAPTER 7 - \
. THE BLASTIC RESTRAINT

As was mentioned earlier, an elastic restraint is
required along the output axis of the rate gyro. This
restraint acts to counterbalance thelgyroscopic forque
due to a rate input, I !

The elastic restraint can.take one of several forms:

1. Helical spring

2, Spirel spring

3. Torsion wire

L, TElastic restraint Microsyn.,

Bach of these will be considered separately.

7.7, HELICAL SPRING RESTRAINT

The helical spring (tension type) is attached
one end to the gimbal and the other end to the gyro casing.
A simplified schematic arrangement is shown in Fig. 21.

If 1 is +he distance of the spring from the output
axis and ® the angle through which the gimbal rotates
{output angle), then it can be shown that the tdrque
exerted by the spring is

y S O - YU —— ]

where |
linear spring constant  (N/m)., -
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HELICAL SPRING RESTRAINT

This torque will counterbalance the gyroscopic torque
due tc an input angular velocity .
Thus equating (7.1) to (L.1), there follows
K1°e = Twd

oo = (i—‘fg)& -------------------- (7.2)

The only way to vary the spring constant (for purposes
of calibration) is by pretentioning, This, however, tends
to reduce the working life of the spring due to creep.
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Another problem with helical springs is that to cater
for rotation in two directions, two springs will have to
be used; otherwise elaborate linkages will have to be used
if only cne spring is used, '

Finally, unless specilal steps are taken to secure the o
spring at its ends, some backlash will be introduced, thus
giving rise to errors in the output,

7.2, THE TORSION WIRE RESTRAINT

The use of a torsion wire as an elastic restraint
is mainly used in flotation gyros (where the gimbal assembly
is floated in a fluid). It is not used for ordinary gyros
because a torsion wire of the required stiffness may not
be strong enocugh to carry the motor and gimbal assembly.
Its use in flotation gyros is facllitated by the fact that
most of the gyro weight is borne by the flotation fluid
and only a fraction is carried by the suspension system.

In this application, the torsion wire acts both as the
glastic restraint and as the suspension system for the
gyro and gimbal assembly.

7.3. THE FELASTIC RESTRAINT MICROSYN

The elastic restraint microsyn is an inducticn
type component that produces a torque proportional to the
68



angle of rotation, The schematic arrangement of this is

shown in Fig, 22.

ELASTIC RESTRAINT MICROSYN
_ -

The device consists of a dumb=bell shaped rotor which
rotates between the four poles of a stator. Each of the
poles has a coil; and all the coils are connected in series.
The flux produced is such that the one in each pole is
opposite in direction to that of an adjacent pole. In the
null position, the rotor aligns itself such that half of
each pole is covered, Thus the flux densities under all
the poles are equal.
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If the rotor rotates clockwise (say), then the flux
density under poles 2 and L is decreased (due to the
increase in area under the pole); while that under poles
1 and 3 is increased, Due to the change in flux density
under each pole, a torque is produced which is directly
proportional to the square of the flux density under that

pole., The total torque can be expressed by an equation of

the form (7.3) /87

T w D ICD snses - -==(7.3)

where
T = total torque developed by the system
b = a constaent
I = applied or input current
@ = rotor deflection angle,
The elastic restraint microsyn has the following
advantages over other restraints:
1. The elastic constant of the system (b 12) may be
varied by simply varying the excitation current I.
2. The torque produced is always a linear function
of rotor angular velocity - there is no deviation

from Hooke's law,

70



However, this type of restraint has the disadvantages of
complexity and the likelihood of higher cost than the other
systems, It is, however, used almost exclusively for pre-
cision rate gyros used for inertial navigation.

7.4. HAIRSPRING OR SPIRAL SPRING RESTRAINT

A hairspring has a aumber of advantages which
make it suitable for providing restraining torques in many
mechanisms. Some of these advantages are:

(i) It satisfies flat space regquirements
(i1) Its torsional constant can be varied by varying
the working length - no need to prestress it
(111) Only one spring is enough for both directions of
| rotation .;  -5 : | o
(iv) 1t is relativélf cheap and eééy to produce,
Because of the above advantages, a spiral spring will be
selected for the present design., Details of 1ts design
wlill now be considered.
There are a number of factors that affeft a hairspring
design /7.7 | '
(a) breadth/thickness'ratio
{b) number of active coils

(c) length/thickness ratio
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(d) maximum total deflection
(e) material of spring
(£} hub design
(g) outer-end fastening.
Each of these factors will be considered separately.

(2) The Breadth/Thickness Ratio {b/x)

Since most spiral springs are made by flattening
a round wire in a single pass rolling operation, it has
been suggested that the b/x ratio be restricted to from
3:1 to 1521, If other methods of manufacture are used,
however, the length is the only crltical dimension and b
and x are selected such that with a reasonable length the
spring will give the required restoring torque. |

(b) Number of Active Coils

To obtain a low spring rate for sensitive opera-
tion, the design should be made for maximum length and
minimum thickness, However, as the number of turns becoméé
too large, the spring sags - the upper outer coils tend to -
to lie on their lower counterparts. If the number of coils
becomes too few, however, the restraint becomes insensitive
to low torgues,

Experience has shown that the optimum number of coils
for most designs should lie between 4 and 10, For rugged

T 72 .
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o
instruments subject to vibrations, 4 - 6 represents the
best number, |

(c) Length/Thickness Ratio (1/x)

For instruments in the low sensitive range, an
1/x ratic of 1000:%1 is ample; while for those in the high |
sensitive range 3000:1 is used. A spring in the middle
range of applications could have 1/x = 2000:71 and b/x =
10:1. |

(d) Maximum Total Deflection and Caging

The maximum deflection of a hatrspring should
not exceed 24 turns (900°), otherwise the spring could
move out of its plame to formr a ball-=like structure, This
phenomenon is called 'caging'. For applic;tions where
large deflections are expected, this defect is guarded
against by using supporting flanges at either side of the .
spring; although these are expected to produce objectionable
friction, | - |

{e) Material Selection

The material for the spring depends on the appli-
cation, Where the spring is to act both as a restraint and
as an electric conductor, phosphor bronze is the best choice.

Spring~steel has higher strength but lower conductivity.
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Beryllium copper has very high strength and conductivity
but it is expensive, For springs that must have a constant
rate at all temperatures Nispan C is a good choilce.

(£) Hub Design

The most popular type of hub is the'spoolnlike
type with o groove just wide enough for the spring to fit
in. In other cases, however, plain hubs with no flanges
at either side are used.

Where the spring is to carry electric current it is
soldered to the hub and the latter is fixed to the shaft
with a tight fit.

The usual hub material is brass; but for hard spring
materials subjected to repeated stresses and vibrations,
stainless steel can be used, i

(g) Outer-Epd Fastenings !

A wrong outer end fastening could lead to frac-
ture due to repeated stresses especlally where the spring
deflects in both directions. Elaborate hends or lcops can
cause the spring toc move out of plane, cause clashing of
the coils and result in erratic spring behavicur. Fig. 23

shows a uscful comparison of outer end fastenings,
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CHAPTER 8
THE DAMPING DEVICE

The rate gyro, like most other sensing instruments,
will coscillate when subjected to a step angular velocity
input, This oscillation about a mean value may take a long
time to settle, thus rendering the instrument worthless as
a warning device., A means is therefore needed to damp ocut
these oscillations, Basically, three methods of damping
are widely used in gyroscopy. .

1. Eddy-Current Damping -

2 Liquid Damping

3. Alir Damping.

8.1. EDDY-CURRENT DAMPING

In this case a magﬁetic field sets up eddy currents
in a moving conductor. The currents react with the field
producing them to produce a torque which could be used to
damp the oscillations. The field could be set up either
by a permanent magnet or an electromagnet,

The disc is made of high conductivity material - either
coppef or aluminium. Fig, 2L, shows a schematic arrangement

- 0of the eddy-current damper,
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EDDY-CURRENT DAMPER

DiIsc =

\

MABNET

' 3 SHAFT
la) End View _E_LQ-:-Zi'

It can be shown that the damping constant in this case
is given by [18 7.

2.2
C - ™ T 10'3 ____________________ (8-1)

f’ A

@ = flux (Webers)

where

r = radius from axis to centre of magnet pole(mm)
= disc thickness (mm)

= pole area at air-gap (mmz)

t
A
Jﬂ) = resistivity of disc material ( L. m)
K a certain constant

C

damping constant (Nm/rad/s).
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To minimize inertia about the output axis, aluminium
is most often selected as the disc material.

The gap between the poles and the disc must be as small
as possible for greater effectiveness of the damper. Thus
the disc must be rigidly attached to the spindle to prevent
contact with the magnet poles, Special reinforcing pieces
are used to ensure this.

A study of equation (8.1) shows that the bigger the
radius r, the bigger the damping constant. Experience has
shown, however, that there is an optimum range of values
of r above which the damping constant decreases until it
becomes zero at the edge of the disc., This range is 75 -
80% of r [18_7.

The eddy current damper has a number of advantages over
other types of dampers:

1o It strictly obeys a linear law between damping

torque and output angular speed.

2o It is very easy to construct and also easy to
adjust the damping especially if electromagnets
are used.

3. It lends itself to eccurate or approximate analysis
from first principles.
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However, it has the following disadvantages: |

T The maximum damping available is rather small.

2. It is relatively expensive,

3. The stray field from the magnets could affect
some other parts of the instrument {(espscially
if these are sensitive to magnetic fields).

8.2, LIQUID DAMPING |

In these types of dampefs, a paddle or vane 1is
made to rotate in a container of fluid, The drag of the
fluid on the paddle provides the necessary damping.

Fig., 25 below shows the schematic arrangement of a

typical paddle damper.

LIQUID PADDLE DAMPER

, -#[
Seal




The container must be thoroughly sealed to prevent
some of the damping fluid leaking out and fouling the other
parts of the instrument. The difficulty of providing such
a sealing restricts the use of these dampers to vertical
axis instruments only. N _

Other problems with these dampers include the appre-
ciable changes in damping due to changes in temperature.
Also most of the goed damping fluids tend te overdamping,

However, for instruments where heavy damping is
required they offer the best choice.

f'inally, it could be worth noting that despite their
disadvantages, liquid dampers are used, in a modified form,
in integrating gyros with the gimbal replacing the paddle.

The most widely used damping fluids are the mineral
0ils ~ kerosene, paraffin, etc. Beside satisfying the
conditions of low vapour pressure, constant chemical and
physical properties, non-corrosiveness and good insulation,
these cils can have their viscosity adjusted by mixing

different grades.

8.3, AIR DAMPING
Air dampers can be divided into three broad eate-
gories:

80



(a) Open Air Vane Damper
(b) Closed Chamber Vane Demper
(c) Piston Damper.

Fig. 26 shows these dampers schematically.

<
2>
3
w©

@

AIR DAMPERS

The open air vane damper consists essentially of two
or more vanes attached to the spindle of the instrument.
It resembles a liquid vane damper in structure; but the
drag in this case is provided by air friction. This type
of damper is only useful for very low inertia instruments
where the amount of damping required is very small, It is
completely useless for gyro applications.
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In the case of the closed chamber vane damper (b),
appreciable damping could be obtained especially if
certain steps are taken|-

(i) a very smooth finish for the interior of the

chamber
(ii) wusing as small a gap as possible.
Both these two factors present manufacturing difficulties,
The amount of damping could also be improved if the edges
of the vane are upturned.

The piston damper (c) is similar in operation to the
enclosed vane damper except that the vane is replaced by
a long piston, But the piston damper provides higher
damping than the vane damper; although it has a rather |
bigger inertia, Thus it is most exclusively used in instru-
ments with heavy movements of high inertia which require
conslderable damping and in which the extra inertia of the
piston is relatively negligib’e.

The performance of the piston damper can alsoc be
improved by using smooth surface finish for the piston and'f  
inner part of the chamber. Also, the air gap should be as_'
small as possible,

All the air dampers have a common problem - they do
not lend themselves to accurate mathematical analysis from
N 82
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first principles, Their design is based on certain empiri-
cal relationships which were experimentally derived. For
details of these empirical equations for air dampers,

' '.m{ o

see /18 7. T, .
8.4, SELECTION OF DAMPER R

-

t o
On the basis of the above discussion an Eddy

Current Damper will be selected for the rate gyro.

Eddy Current Damper Désign

The main problem in eday-current damper design is the
design of a magnet (or magnets)} that will supply the flux
# given in equation (8.1).

The Damper will use simple U=-gshaped magnets to ease
the design. | | |

| Owing to the complex m;fure of a permanen% magnet, it
is not easy to start from given values of flux @ and get
from thls the dimensions of the magnet required. The
usual method of design is to guess values of dimensions of .
an arbitrary magnet, analyze this mﬁznet and find out by
how much its performance compares with the regquired value.

The arbitrary dimensions could be obtained by consi-

dering the overall space restrictions in the gyro.
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CHAPTER 9
THE PICKOFF AND QUTPUT DISPLAY

9.1. INTRODUCTION

For the rate gyro to be effective as a rate of
turn indicator the output axis must be parsallel to the
longitudinal axis of the vehicle, Thus the instrument

panel must be vertical as shown in Fig, 27.

CYRD MDUNTED ON VERTICAL PANEL
' ] Input Oxs

x;+.. “___,rligtgﬁf;
) I“~- \ axis
B ~sgih

| N\
6GYRO

| | (]
| 5:237 \QAsueaARD

The instrument panel of most automobiles, aircrafts

PR

' 3

and trains is oriented in thiz way. Hence the gyro could
be mounted directly; and rate of turn readings directly

read from the gyro feace,
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However, modern truck design tends to place the panel B
in a semi-horizontal or inclined position /1_7. A gyro e
directly mounted on this type of panel will not give any
readings of rate of turn since the Iinput axis will not be
vertical, For the rate gyro to be used on these types of
vehicles, a transducer will have to be used to transfer .
the output of the gyro, which is placed somewhere with
its input axis vertical, tc a display unit on the dashboard,

A shematic of this arrangement is shown in Fig. 28.

B e T R L ke b . .'.'.4._ - o

GYRO MOUNTING FOR VEHICLES WifH
SLANTED PANEL

0 WITH oisAA
fﬁ’ém PICKOFF UN

AN
777'}7 g |
s k) M. |
HORIZONIL . GyroPickoRF |

- 1-The transducer which is used to convert the gyro angular
rotation about the output axis to either an electrical or
mechanical signal to be transferred to the display unit is
- called a pickoff.

LA



9.2. GYRC~-SIGNAL PICKOFFS

. The main types of pickoffs ﬁsédhon gyfo;.afe: o
1. Capacitive Type 3 o
2, Electrolytic Type -
3. Resistive Type
h; Inductive Type.
Each of these classes will be treated separately,

1. Capacitive Type Pickoffs

These types of pickoffs work on the principle
that mechanical displacement can cause a change in capa-
citance which can be measured. The capacitance between

two parallel plates is given by

R —e=-=(9.1)

where
C = capacitance

& = dielectric constant of material.between
the plates |
A = area of plates
d = distance between thé plates;::
From equation (9.1) it is clear that the capacitance
can be varied by varying either €, A or 4. e _” .
Capacitive pickoffs based on varying d ﬁusf, however,
be subjected only to very small mechanical displacements.
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This is because from eguation (9.1), the capacifance is
inversely related to di thus the relationship is a hyper-
bolic one, and only over very small ranges around the
origin is the relationship linear, If this unit is mounted
on a gyro, limit stops must be used to prevent excess
deflection and shorting of the plates, o
Capacitive pickoffs based on varying A give a linear
relationship between the capaciténce and the cross-sectional
area, They are used in certain devices where space restric-
tions are not rigidly imposed.
Capacitive pickoffs based on varying € are rarely used.
This is because to change €, the material between the plates
must be changed. This is not very practical to achieve,
since most gyros either contain air or flotation fluids,
The later is selected on the basis of its buoyant force
rather than its dielectric constant. Use of capacitive
pickoffs for flotaticn gyros is limited by the viscous
drag between the moving and stationary parts. )
Finally, the use of capacitive pickoffs is limited by.
the folloWing factors: | }
| 1. | They require high freguency (5,000 - 10,000 Hz) :}J
for satisfactory operation. Thus extra circuitrf

right be needed,



2o Their performance is greatly reduced by the stray

capacitances of the cables in the circuit.

3. The high output impedance of the circuit containing

these pickoffs.causes the output to be sensitive

to electrical noise,

2. Electrolytic Type Pickoffs

These types of pickoffs work on the principle of

change in resistance as the distance between two electrodes

is varied.

Fig. 29(a) shows the design features of an electro-

lytic pickoff,

Eleofralyhc ELE[TRDL?’TTC PICKOFF
solution Emn
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The electrolyte fgonducts electric current according

to Ohm's Law:
L

— e b b G e e S - L T E F T TR R i B ey s & ¥ (
R bl 6 J". \9‘2)
where .
R = resistance of electrolyte
L = 1length of conducting path
£ = conductivity of electrolyte
A = cross-section of path.

From equation (9.2) it is clear that R varies linearly
with L. -

The electrolytic circuit must be connected to a high
frequency (1,000 H, or above) a.c. supply to aveid electro-
plating of the electrodes, |

Fig. 29(») shows the way this pickoff is connected -
to form two arms of a bridge. The transformer is a step~
down type which is used to reduce the high output impedance
(high electrolyte resistance). However, the outmnut voltage

will alsc be stepped down.
| The main problem associated with electrolytic pickoffs
is that of getting an electiro.yte that will have the proper
resistivity and which can be stable for long periocds of
time under varying temperature conditions.
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3 Resistive Type Pickoffs

The most prominent members of this group are the

Potentiometers. These pickoffs produce an electrical signal
which is proportional to the change in resistance between
two points. Djfferent types of potentiometers are available -
single turn, malti-turn, slide-wire, deposited~film, metal-
film, conducting-plastic-film, etc. Details of the design
of potentiometers can be obtained from [22_7.

Fig. 30 shows the schematic of a single turn potentio-

meter and the equivalent electrical circuit,

SINGLE TURN POT EQUIVALENT CIRCULT

T

WIPER £1G 30 -
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For this, the outpﬁt signél.is given by

e _ E

2] S ax
or e = (ng )8 meemmmmee e (9.3)
. max

Thus the output electrical signal is directly proportional

‘ﬁo the angle of rotation of shaft (or output of gyro).

- The main advantages of potentiometer pickoffs are:
I1. they are economically available in compact sizes
2. they are simple in design and construction,

Their major drawbacks are:

1. Since the slider contacts the resistive wire,
objectionable frictlon is introduced and this
is not good for precision gyrc work.

2, The transfer function is not a continuous curve
but a series of steps. This is because the
slider does not move over a continuous wire,

3. The voltage applied to the pickoff must be as
low as possible to avoid heating effect on the
resistance wire (and conseguent change in
resistance). Thus the voltage gradient of this
type of pickoff is wvery small,

It The parts are subjected to wear due to contact

friction between slider and wire,
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Many design variations have bzen created to make potentio-

meters suitable for precision work. However, their use is
still restricted to the low precision gyros.
4. Inductive Pickoffs

These pickoffs work on the principle of a voltage

output due to change in magnetic coupling between two coils.
The main types of inductive pickoffs are:

(a) E-pickoff

(b) Synchro pickoff

(¢) Microsyn pickoff.

(a) E=Type Pickoffs
Fig. 31 shows the design features of an E-type

Pickoff.

PIvoT

PENDULUM
ARM

E-TYPE PICKOFF

FRAME IRON BAR
| ENERGISING
QuTP rﬁgggt__f
SIGNAL ‘
E B {RON
VOLTAG 4 — \\ CORE
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: Bssentially, the unit consists of an iron bar which
is éuspended from a pivot connected to the output shaft
of the gyro. The iron bar is positioned over the E~shaped
stationary core which is made of steel laminations. The
central arm of the core has a winding which is excited by
an a,c, supply. The two outer arms carry the pickoff
windings. When the iron bar is in the centrel positioen,
the voltages induced in these outer arms are equal. The
windings on the outer arms are conhected in series, but
such that their resultant voltage aﬁ zero deflection of
the bar cancel out, IM'- U_ _ .
1f the pendulum is diSplécé&iby rotation about the
output axis say, then the voltage in one arm increases |
while that in the other decreases and hence an output
voltage is obtained which is proportional to the deflection
of the pendulum, | ' - ' i
 % - 'The main,advantage of these tfﬁes of pickoffs is that
thé?’érew#ery sensitive and can ﬁgféﬁt very small mOVements;
11H6wever, their output power is very small (in the order of
milliwatts). Hence power amplifiers are needed to increase
the output signal to working values,
Another disadvantage is that the iron bar tends to

increase the inertia of the gyro about the output axis.
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Finally, it cannot be used effectively in gyros because
the pickoff will give an erraneous output when the carrying
vehicle tilts, say at the banking of a bend.

(b) Synchro Pickoffs
These types of pickoffs are widely used in control
systems where a gyro is used as the sensing device.

Essentially, the synchro consists of two units - the
Gyro Unit and the Remote Unit. The two units can be as far

apart as required (Fig. 32).

SYNCHRD PICKOFF

SCHEMA
6??22:&&!;;; e REMUOTE UNIT
e (RECEIVER)
~  ROTOR ROTOR Vour
- mm -

FIG 32

In each unit, the rotor has one winding while the stator
has three windings. The rotor of the Gyro unit is attached

to the gimbal of the Gyro and is excited by an a.c. supply.
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The stator is attached to the gyro casing.

With the rotor of the Gyro unit excited by an a.c.
supply, varying (rotating) voltages are induced in the
stator windings - depending on the rotor position.

The output from the gyro stator windings is fed to the
windings of the Remote Unit., If the rotor of the Remote
unit is not aligned with its stator (as the rotor of the
Gyro Unit is aligned with its stator), then a voltage is
induced in the Remote init rotor windings. The value of
this voltage is proportional to the miszlignment and is
thus proportional to the gyro output.. '_ hij; R

The main advantages of synchro piCROffs are: 'ﬁku' i

1. There are no rubhing parts;.hence stray torques

due to friction are eliminated, | | |
2. They are relatively insensitive to stray cabli;g  T
capacitance, o
3. They have a very high accuracy.
HIR They have a useful operating angle of 360o and
are capable of continuous rectation.
Their main disadvantages are: | | .
1. Relatively expensive due to the need for.two units.

i ]

2 The presence of windings in the rotor means that
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stray torques may be induced in the gyro due to
coil wire sagging and shifting.

¢, Microsyn Pickoffs

Fig. 33 shows the essential features of a Microsyn

Pickoff.
MICROSYN PICKOFF
BT L ,
— g, " > Em

"T .
/___4E TR |

|
. QTATOR 1',,_ L 1 c |

FIG33

Basically, the Microsyn consists of laminated stator and

rotor. The stator has four {or more) poles each of which

carries a primary and secondary winding. The rotor has no

winding. Its main purpose is to vary the reluctance of the

flux paths between the stator poles, All the primary windinrs
_ _ o6 o ;



are in series. They are connected such that when they are
excited by an a.c. voltage flux flows from pole 2 to pole L
and from pole 3 to pole 1 as shown in the figure. The secon-
dary windings are also connected in series but in such a way
that the induced voltage in the windings of poles 2 and L
oppose those in the windings of poles 1 and 3.

The rotor is so shaped such that the resultant voltage
output of the secondary is zero if the rotor is in its
neutral position. Any deviat:ion of the rotor from the
neutral position results in a proportional voltage output,

In gyro applications, the stator is mounted rigidly
in the casing, while the rotor is attached to the output
shaft,

The absence of windings on the rotor of the Microsyn
makes it the most versatile unit for gyro applications.
Also, unlike the synchro, it has only one unit instead of
two. This makes it relatively less expensive, Another
thing is that the Microsyn has a fairly high voltage
gradient (0.5 volts/degree).

9.3. SBLECTION OF PICKOFF

The following factors are the necessary charac-
teristics of a good pickoff and are used as aids in

selection.
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1. The pickoff must be able to convert angular motion
to electrical signals with adequate sensitivity
to operate the associated circuitry,.

&, It must have a high resclution so that it can
detect very small increments of motion as is often
encountered in gyros.

3. The input power musi be as low as pdssible to
avoid internal heating and overloading of the
power supply. ._ | _

L. It must have no self-generaﬁed noise that coﬁld
mask an output signal.

5. It should introduce no spurious torques about
the gyro output axis,

6., It should be robust and fairly cheap to produce
and run. “ i' o |
" In view of the above.requirements and the cases consi=-
dered in section 2 of this chapter, a Microsyn pickoff will
be selected for this design.
9.. ASPECTS OF MICROSYN DESIGN

The main factor that governs the designh of a
Microsyn Pickoff (and alsc any other angular displacement
© pickoff) is the voltage gradient (i.e. the output voltagem

per unit angle of rotation). This parameter is calculated
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from the change in reluctance or its reciprocal the change
in permeance. For the evaluation of these, consider the

geometrical relationships shown in Fig. 3.

~ MiCrosyn- Geornetrical relations

A =rt [g + (= 1P 9] --------- (9.4)

radius of rotor at centre of eir gap

where

"
[

t = thickness of rotor
# = pole angle
p = number of poles in stator (even or odd

number)

©
u

displacement of rotor from null position.
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The reluctance is given by

R o= b (9.5

}jA

length of magnetic path

where
L

[}

!J = permeability of air-gap
A = area of magnetic path.
The reciprocal of reluctance (permeznce) for the microsyn

air-gap is thus

P = é;A = A;rt [g_+ (= 1P é] ————— -~=(9.6)

where

4 is substituted for its value from (9.4).
h = radial length of the air-gap.
The change in permeance of the air-gap due to a differential

angular displacement is given by

£ - P A o

The voltage gradient can be expressed in terms of

this change in permeance by the relationship

B, dp

a5 =wp INN,  F -mmmemmmmeee- (9.8)
where

p = number of poles in stator

Ip = primary current

Np = number of turns in primary
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N, = number of turns in secondary

W) = frequency of supply current (rad/s).

Equation {9.8) is the fundamental equation of Microsyn

design.

Frem this equatioﬁ; it is apparent that there are

many variables which can be used to improve the voltage

gradient of the pickoff. However, there are a large number

of factors that tend to discourage this, Some of these

restricticons are:

1-

The frequency of the supply should as much as
possible be the same as for the other parts of
the system.

Increasing the number of stator poles tend to
decrease the reliabillity of the pickoff and
increase the cost of preduction.

Increasing the number of turns tend to increase
the impedence nf the system; and this may cause
provlems with the rest of the circuilt due to
lack of impedence matching.

Increasing the primary current increases the
reaction torque between the poles and the rotor

given by

+ y2 ap
T = (NP-[p) 36
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5. From equation (9.7), the only way to increase %g

is by wmaximizing r and t and minizing h, The
values of r and t are obviously restricted by
space requirements, while h is limited by
manufacturing tolerances. |

9.5. THE OUTPUT DISPLAY UNIT §

Since the signal from the pickoff will take the
form of an electrical signal, then any voltage or current
measuring device can be used 2s the output display unit.
Thus a centre-zero galvanometer can have its scale conver-
ted to rate of turn, calibrated and used as the display.

| Some form of lighting (like a2 small bulb) can be
placed inside the ocutput display unit and connected to
the gyro or to the voltage signal such that it shows a
red warning when the output exceeds a pre-get safe~value.

Details of this will be discussed in the next chapter.
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CHAPTER 10

MISCELLANEQUS DESIGN ASPECTS

N

10.1. LIMIT STOPS |
Limit stops are integrated into the design to
serve three basic functions: ‘

1 To limit the deflection of the gimbal about the

output axis thus preventing overstressing %wgwnﬂspﬁq}
< Their position can be wvaried to make the instru-
ment suitable for different vehicles.

3. They can act as contacts to trigger on either an

audio or a visual signal, thus giving warning of
| overshooting of a pre-set safe rate of turn.
The last two points deserve further explanation. A close
study of équation (2.9) of Chapter 2 will show that the
minimum velccity for overturning is a function of the geo-
metry of the vehicle (wheel-base 2a and height of centre
of gravity h shown on Fig. 1).

Thus different vehicles will have different velocities
of overturn (as shown in equation (2.6)). Although know-
ledge of overturn velocities is impossible tc come by,
approximations can be made -~ either intuitively on the
basis of the possible loading capacity of the vehicle, or
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by carrying out a statistic of accidents which resulted in
overturning due to exceeding the allowable speed at bends,
These approximations can then be used tc calibrate the gyro.
Incidentally, the calibration could be done on the basis of
the skidding velocity (given by equation (2.4)). This latter
calibration will be most useful for wvehicles which are lesser
prone to overturning butl more prone to skidding - like the
motor cars. The former calibration can be used for trucks,
trailers, tankers and train wagons which are more prone to
overturning (due to their apparently high centre of gravity
especially when fully loaded). | -
The fundamental equation of the rate gyro -« equation
(4.3) is:
" 0 = Sl = IR K e (10.1)

A close study of this equation shows that there are exactlﬁ
four different ways to make the gyro adaptable for different
vehicle velocities v zt the szme bend of radius R. These
ares
(1) wvarying the inertia (I) of the gyro spin wheel

(ii) wvarying the angular spin velocity

(1i1) wvarying the spring ccnstant K

{(iv) varying the maximum allowable deflection angle

on the basis of the type of vehicle used.
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‘The only ﬁay to vary the inertia of the gyro whéel is
by varying the diameter or by changing the material of the
rotor, None of these is practically feasible and hence the
first method is discarded. The angular spin velocity

for an electric motor is given by

= -1—-2-3-2 (rpm) —=ememmmmmmemeeee (10.2)

where

| f = supply freguency (Hz)

p = number of poles. .
Present-day gyroscoPic equipment operate on a standard
frequency of 400 H, /B 7. Moreover, varying the frequency
of a2 motor will require additional equipment and hence add
to the overall cost and complexity of the system. Finally,
it is not feasible to vary the number of stator poles of .
an electric motor. Hence the second method is also dis-
carded.
Now,consider the method that involves varying the

spring constant K. It can be shown /78_7 that the spring

constant for a spiral spring is given by

: 3 ‘ '
Ebx
K = m ----- e (1003)



wheré

b = breadth of spring

E = Young's Modulus for material of spring

x = thickness of spring

1 = length of spring.
Obviously, varying b, E or x are not physically feasible,
The only pfomising parameter for variation is the length 1.
Incidentally, the method of changing spring characteristics
by varying the length 1 is used to vary the resonant fre-
quency of a clock hairspring; and is discovered to cause
a movement of +he coils to one side., This may have the
detrimental effect of disturbing the linearlity of the
spring. Thus this method will not be used in this work.

The last method involves varying the maximum allowable
deflection angle ®. The main advantage of this method is
that it dees not involve varying any of the geometrical or
physical parameters of the main gyro, as the first three
methods do. For this reason, this method will be adgpted
for this work,

Figure 35 shows one way by which varying the maximum
allowable angle of deflection can be achieved. This figure
shows two levers 6 which are carrying the limit stops 5

- which define an angle @ on either side of the output axis.
106 (@) S
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The angular position of the levers and hence the stops can
be varied egually and simultanceously by turning the spool 1
clockwise thus winding up the string. A counterclockwise
rotation can be obtained by resleasing the spool 1 thus
allowing the levers to 'move in' under the action of the
wire springs 3. The springs also prevent the stops from
moving out under the impact of the gimbal due to a rate
input, |

For this system, a means is required to prevent the
spool 1 from unwinding under the action of the springs 3.
This is achieved by the device shown in Fig, 36, 1In this
figure, the spool 2 is the same as spool 1 of Fig., 35.
The spool is held in place by a bracket 1 and it can be
rotated by turning the spindle through the knob L. However,
free rotation of the spindle 1s prevented by the engagement
of the toothed {splined) sections of the spindle and the
support structure 5,

- To increase the maximum allowable deflection angle @,
the spindie is pulled in the direction cf the arrow until
the splined sections are disengaged. This can be felt by
the stop-pin & bearing on the bracket 1, The knob is then
rotated counterclockwise until the desired angle is obtained.
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This angle is given by T ;d

=

(%). = emm—mrm—————m e m—————— (10.4)

where
r = radius of spool 1 in Fig, 35

= height of the pivots of the levers & from
the limit stops 5. : ..
$§ = angle of rotation of knob L in Fig; 36..

Tc decrease the maximum angle ©, the spindle is again
disengaged and the spool allowed to rotate freely under
the action of the springs 3 of Fig. 35,

To lock the mechanism, the required angle @ is defined
and the spindle is moved opposite the direction of the
arrow to engage the toothed sections.

In conclusion, it should be mentionéd that this device
prevents free movement of the limit stops only in discrete
steps., However, it provides positive locking of the system.
To use a device that prevents free movement of the stops in
continuous steps would involve the use of friction stops
which are rejected for this wcrk because of the possibility
of slip under the action of the springs 3. Depending on
the number of splines, fairly good aceuracy of the positiqn
of the 1imit stops can be obtained. -

}
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The Alarm

Since the gyro will be used to warn the driver of a
critical driving condition (overspeed at bends), then it
will not be sufficient to have only 2 scale on the output
display unit mentioned in Chapter 9. This is becausc the
driver may not have the opportunity to kKeep his eyes always
on the scale,

This problem is solved by using the limit stops as
contacts for switches that will trigger on either an audio
or a visual alarm to warn the driver that he has exceeded
the pre-set angle @ ( and consequently a safe maximum velo-

city v). The electrical circuit for this alarm could be

ELE CT}?IQQL
1§rAHLE wfuTacxj
NTACT .

//, T] ON‘}N

as depicted in Fig. 37.
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This figure shows the gimbal carrying a lever which

can make contact with the limit stops under the action of o

an angular velocity input, Such contact means the required
maximum has been reached and the alarm is triggered on.

By this artifice, the output display unit now plays a

. Secondary role - the primary role now taken over by the

. alarm.

10.2, DAMPING ADJUSTMENT

Since values of damping obtained by calculation
are not necegsarily the values obtained in practice, it
will be good if during celibration and testing of the gyro
the position of the damping magnets is varied and the |
dynamic response of the gyro for each position noted. In -
this way, the position that gives the best damping is
obtained and the magnets locked in that position., Slots
are thus provided for the screws that hold the magnets so .

that this can be done.

10.3. BALANCE WEIGHTS

These can be screws made from a fairly high den-
sity material like brass and are mounted on the gimbal on

either side of the output axis. By screwing them in or

out during calibration, the gyro gimbal can be balanced

statlically in the horizontal position.
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To prevent the screws getting loose during operation,
very fine threads (UNF) should be used. Also some locking
adhesive like araldite may be used to lock the screws after
balancing.

10.4. GYRO TESTING AND CALIBRATION

Before the gyro carn be used, it has to be tested
and calibrated. A controlled rotating table (called a rate
table) is used to calibrate rate gyros. A simple schematic

of this table is shown in Fig. 38,

RATE GYRO TESTING TABLE

INPUT _i

“15 Axis OF TABLE
| ROTATION

AXIS

Testing is carried out by mounting the gyro on the
table as shown with the input axis parallel to the axis

of rctation of the table. Tre tazble is made to rotate at
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various rates and the gyro output is measured.

To calibrate the gyro, rates of turn that simulate
rates of turn of different vehicles are Induced in the gyro
via the testing table; and the ocutput of the gyre noted,

Other important tests that could be done on the gyro
include damping contrel, power consumption, pickoff sensi-
tivity, sensitivity to linear and angular accelerations,
sensitivity to vibrating movements, etc,

The results of all these tests should then be analysed

to be used in modifying and improving the overall design.
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CHAPTER 11
THE_DESTGN_CALCULATIONS

11.1. TH7 ELECTRIC MOIOR_DESIGN

{(a) The Design dnnroaca |

There are two weys to design the gyro motor:

1. The output requirements of the motor (torque,
speed, etc.) could be spscified and the di-
mensions of the motor needed to satisfy
these requirements are calculated.

2, &rbitrary dimensions {to satisfy spaco
requirements) are assigned to the various
components of the motor and the performance
of this motor caleulated and compared with
the rcquired values., .

The latter method of design is chosen for this work
beczuse it offers two advantages. First, data for sazlcu-
lating all the dimensions of a capicitor split-phasc hyste~
resis motor driven by square voltage source is not readily
available - particularly for the stator. Secondly, we
notice from the fundamental ratec gyro equetion 7(4.3)of
Chapter L), the sensitivity of the gyro could be improved
by maximizing on its angular momentum I¢< ., The design of

113



the motor by the second apprcach helps in deciding at the
outset the amount of inertia that could be used to satisfy
a required input-output relationship.

(b) Motor Rating

* The rating of a.motar 1s determined by the expected
maximum load it will pull in practice, The main torques that
a gyro motor is expected to overcome aré:

(i) accelerating torque to pull the motor from rest
to synchronous speed (pull-in torque);
(ii) Dbearing friction torque:
(iii) windage torque.

(1) Acceleration Torgue

One of the characteristics of the hysteresis
motor is that it does not maks its final pull-in effort
by impulse; but accelerates smoothly inte synchronism /75 7.

Thus we can assume a constant angular acceleration,

Let <, = synchronous spin speed {rad/s)
Wy, = initial spin speed (rad/s)
A = constant angular acceleration (rad/sz)
t = time taken “o reach synchronism from
w, (s)
I = inertia of rotor (kg-mz)
n = synchronous speed (rpm).
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”'31 From kinematics of rotation

._(*JS. o, s okt

For most practical purpose, the motor starts from rest.

Hence (W, = O.

.o.:;_. d :

Wy

t
The power expended in accelerating the rotor to syn-
chronism is ' o : e _
P, - qu'ws

= (0.011 n2I)/‘t BT wmmmmmaman (1)

(ii) Bearing Friction Torque

The bearing friction torque for ball-bearings is

v - L4 w7
W = radial lcad on bearing (N)

fl

given by'
where

coefficient of friction between balls.and

races (ranges from 0.002 to 0.02) =
d = inner diameter of bearing. S |

The power absorbed is thus
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Pb _ ng.z'n'nxz (W)

= 0.1047 W Mdn (W) ===memmeeee- (2)

(iii) Windage Torque

In general, the windage losses are so much smaller
than the bearing losses that for preliminary design purposes
they may be neglected [20_7. Hence

PW = 0
The motor rating will be specifi ed after the dimensions
that satisfy the input-output requirements have been
specified,

(c) Rotor Dimensions

For the gyro to qualify as a panel instrument the
following maximum outside dimensions are considered ample:
Totzl length 140 mm
Outside diameter 80 mm.
Out of the 80 mm outside dizmeter an approximate 50 mm
will be used as the maximum outside diameter of the rotor,
The synchronous pull-out power of the hysteresis motor

can be written as

P = T‘JJS = T . g%%ﬂ
= 0.1047 Tn (W)  cememmmeeeea- (3)
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where

hysteresis torque (N-m)

-

n

"

synchronous speed (rev/min),
But from equation (6,1} of Chapter 6, the hysteresis torque

is given by

VW
. T ) ET-T—
where
P = number of poles
.V = volume of rotor hysteretic material (m3)
Wh = hysteresis energy loss/cycle/mB.

. Substituting this equetion into (3) gives

P o= (8.33% 1073) pUWp —-mmmmmmmmen (L)
Thus the pull-cut poewer depernds on the velume of the rotor
hysteretic material. | o - | :'__
Experience has shown that the dimehsioﬁs of éhé fotor
hysteretic material are restricted by the fecllowing rela-
tionships /13 7: - | o
. D2/D1 = 1.2 - 1.4
s L/D2 = 0.5 - 1,2
§ - oz-0.85x103 o
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where

D2 = outer diameter of hysteretic material
D1 = inner diameter

L = axial length

8 = ailr-gap length.

Let D1 = 30 mm

Thus, if we use

D2/D.1 = 1 c33’ D2

LO mm

L/D

i
H

0.625, L 25 mm

2
Thus the volume of the material is

v

0.786 L (1322 - D,IZ)

1.38 x 10-5 m3

As a tentative design, assume the following parameters
specified on the basis of the discussion in Chapter 6

gection 6.2:

Spin speed n = G000 rpm
No, of poles p = 2
Rotor Material = P6

Hence Wy, 22,500 (J/m3/cycle)

Overall efficiency rL =  60%

118



Substituting into (4) gives
P = }45.6W,
Thus the input power to the motor is
Pi:r\P = 77.7 W
So the input power to the motor is approximately 80 W,
which places it in the fractional-~horsepower category.

(c) Total Inertia of Rotor

Inertia_of the Hysteresis_ring (Ir)

The inertia of a hollow cylinder is given

by
My 4 M
I - %.2_ (D,* - D,%)
For P6, O = 8200 kg/m>
D1 = 30 mm
| = 25 mm

e o Ir= 13,523 x 10'5 kg-m3

Inertia Actually Needed (I.)
To evaluate the total inertia needed in
the gyro, certain approximations on the gyro output

requirements must be made.
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1. A good working value of a spring constant for
small gyros is
K = 0.012 Em/rad.
2. Assume a maximum truck speed of 60 km/h. Based
on Table 2 of Chapter 2, the minimum radius of
curvature most likely to be encountered is 129 m.

Thuis the maxXimum rate of turn for such trucks is

JU = % = (ETE%%TEE) & o 4 rad/s.

Let the gyro response due to this input be an output
angle @ of ;g- rad, Substituting these into equation :
(44.3) of Chapter L gilves

1. . Ko _ 50.012)§1r)
t WwWJL ( T .

= 7,15 x 10"5 kg-m2

Extra Inertia Needed (1)

The extra inertia needed is given by
I = It - Ir

(7.15 - 3.523) 1077

3.63 x 1077 kg-m°.

B

A brass ring will be used to provide this extra
inertia. For this ring,
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- ?

Quter diameter D
Inner diameter d = LO mm
Axial length L = 25 mm

density ~JD 8390 kg/ma.

Substituting intoc the equation

I = 0.09820 1L (ot - d“) glves
D = L& mm. ’

(d) Check For Motor Rating

The power needed for acceleration and to overcome
bearing and windage can now be calculated and compared with
the total output power of the motor. The main power rela-
tions are (1) and (2):

P, = (0.011 n®I)/t

Pb = 0.1047 Wydn (W)

For this motor,
n = 9000 rpm
I 2 8.0 x 1072 kg-m2

take t = 5 s,
Then | -
P, = 14.26 W,
and assuming 4 = 0.02, d = 5 mm, and from the above

dimensions W &~ L N, then P, o Oy W.
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Thus the total power needed is about 15 W. Hence the motor
output (45 W) is ample enough to overcome the load.
11.2. THE SPRING DESIGN

(a) SPECIFICATIONS

The spring constant K = 0,012 Nm/rad. The spring
is to be made of phosphor bronze; and is to be rectangular
in cross-section. The inner end of the spring is to be
fitted into a slot made on the hub, whose diameter is 10 mm,
The outer end is also to be clamped at a radius of 35 mm.
For phosphor bronze, Young's Modulus E = 118 x 107 N/mz,
and Maximum bending stress S = 59 x 106 N/mz.

I o

T

"
("‘PN\S.?

s

FI6.39. SPIRAL SPRING

122




(b) DESIGN PARAMETERS (Sece Fig. 39)

= thickness of spring material (mm)
= width of spring material (mm)
= outer diemetar of spring (mm)

= inner diametsr of spring (mm)

S U O o A

= maximum anglz of spring deflection (rad)
S, = maximum working stress of spring (N/mz)
a = spacing between the coils (mm)

n = number of convolutions,

(c) DESIGN EQUATIONS /77_7 and /78 7

Sy = PAYz) € S mmmmmmmmmmmmmmmene- (1)

© = FEL S (2)
nT (Do + Di)
1 - 5 TTTTTEsssssssssss (3)
Do - Di .
n o= 2y S (L)
The limit equations are:
3 € b/x £ 15 e (5)
1000 £ 1/x € 3000 gecmcemcccemeeae——— (6)
Sy £ S =59 x 106 N/m2 (for phosphor bronze) =--=(7)
p € 9007 ememmmmmmmeeeeeee (8)
L € n € 10 ccmmmmmceeeae ~====(9)



(¢) DESIGN CALCULATIONS

The following tentative values will be used:

K = 0.012 Nm/rad
b = 3 mm
E = 118 x 10° N/m°

. b, = 65 mm

: Di = 10 mm _
g = T/ @ |
n

= 6 N !

From equation (3)

L - (U@

= 700 mm.

From equation (2)
3 _ (12)(0.012)(.700)
(118 x 10°)(0.003)

X

" X = 0.7 mm
{e) CHECKING THE DESIGN

—————— e Ty ity . g e i, A o A S iy P A S i S gy, . A S



Check_for_ stress from_eguation {1)

_ (118 x 107) ()
m BZWOOO

- 16.3 x 10° N/m® S

o2
§

Hence 2ll the limit equations are satisfied. !

(£) SPACING BETWEEN COILS

This is given by equation (L) .

11.3. THE DAMPER DESIGN
{2) SPECIFICATIONS

As was stated in Chapter 8, the damper will be )
of the Eddy-Current type. The damping will be provided |
by four powerful U~shaped permanent magnets. Thus instead
of a single=-gap magnet of the horse shoe type which is
suitable for bending from lcw coercivity alloy steel rolled
bar, it is usual to use two short cast magnets of high -
coercivity alloy one mounted above and one below the disc,
so that the flux intersects the disc twice [ZL 7.

|
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i
' In this design, four magnets are used as shown diagra-

matically in Fig. LO.

{

- FIG40. Eddy CU’!‘.’@H#,bG?‘PQ'-“

(b) DESIGN PARAMETERS
damping coefficient (Nem/rad/s)

Cc

: i = damping ratio
K = spring constant (N-m/rad)

=
|

inertia of gimbal and motor and other
attachments about gyro output axisQKTJ“q
flux in magnzts (W b)

-
L]

resistivity »f disc material (gﬂ,-m)

%
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A_ = area of magnet at air-gap (mmz)
A_ = area of magnet (mmz)
r = radius of action of pole of magnets (mm)
t = thickness of disc (mm)
L, = length of magnet (mm)
L_ = 1length of air-gap (mm)
B = flux density in the magnet (Wb/mz)
H = magnetizing force of magnet (AT/m)
!Jo = permeability of air-gap(= 4T x 10'7)
K41K5, = constants used in magnet design to take
into account fringing and leakage,
with K1 ranging from 1 - 10

and K, ranging from 1.05 = 1.45.

(c) THE DESIGN EQUATIONS /ZL_7

The main damper design equations are:

C o= 2F[RTY meeee- e (1)

2
c . 2 tr x 10-3 ------------ (2)

g
(d) DESIGN CALCULATIONS

I, ~ 9.5x 107 kg-n®

K = 0,012 N-m/rad,.
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As a tentative design, let } = 0.7. Then substi~

tuting in (1) gives

C = 2(0.7)‘/(9._5 x '!c:r"s)(o.c)ﬂz.)i
3

= 1.5 x 107 Nem/rad/s.

Equation{2) gives the value of damping for the flux under
one pair of poles. Since we have § pairs of poles in this

case, the damping is multiplied four times /24 7. Thus

2 2
8 tr -3
C = B_ﬂ_m—u—w x 10
S Ay
2 _ 625¢cLQa4
gc = 5 B e (3)
r- t

From this,

Assume that the disc materizl is aluminium; then

JO = 2.82 x '10—8

Lagsume also that
2

Ag = 25 mm

T = 28 mm

t = 1 mm

Substituting in (3) glves

g2 . (8280(1.5 x 1072)(2,82 x 10'9(25)
(28)°(1)
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£

oo o= 2.9 x 1070w
The flux density under each pair of poles is thus

B = X 106
g A,
(2,9 x 1079 (1%
75 |
r & Bg = 1.16 Wb/m'

(e) DESIGN OF THE MAGNET

The design equaticn for a simple U-magnet is
B KaA L

m. . - D o ma .

Owing to the complex nature of a permanent magnet, it is
not usually easy to start from the value of flux density
required under each pole and to establish from this the
dimensions of the magnet required. It is usually necessary
to make an intelligent guess of the dimensions of the magnet
and to analyse the resulting design to ascertain how close
its performznce comes to that required [18 7. |
’ On the basis of thce above argument, the following !"
dimensions are selected to satisfy space requirements in
the gyro: : ' ¢ :

L = 62 mm

m
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m
L = mm
e 3
Take Ky = 5
K2 = 1,2

Subst 3tuting these values in (L) gives

By (LI x 1077)(6)(25)(62)
- (1.2;13)6h)

For this velue of permeance, the chart shown below shows

that 15% Cobalt Steel can provide a flux density of 0.5 W"D/m2
very near to its operating point., If this steel is selected
for the magnets, we have

2
Bm = 0.5 Wb/m-.

To find out the flux density at the air-gap, we use
$ = B A = By Ag | "

.'.B=“ _gg.w
g
=M
This shows that 15% cobalt steel can provide flux density
at the air~gap sllghtly above the requ1red value of
1.16 Wb/m .
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Fig. 6.24. Flux Dﬂuﬂy Uniz
i e nnmm curves for magner alloys. This is the design
alculate E,‘ Heu from tive 6{ imensions magne! and rka:k d&fm i:

- Srakoge. thedcorresponding ‘value of B for amy e Aod his
____‘______H- on this chart, calculate
Czhﬁﬁihfzﬁ"’%”7nclﬂéﬁ7f'ﬁ4qghjéf'1)&5€7f112é;p£24LFﬁ21é7

This is, however, not too large since after all, the
constants K1 and K2 were only selected arbitrarily.

The actual damping can only be obtained experimentally;

although the calculations give very useful guidelines.
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11.4. THE DESIGN OF THE PICKOFF

On the basis of the discussion in Chapter 9, a

Microsyn Type Pickoff was selected. The power to the

microsyn will be obtained from the inverter which supplies

the gyro hysteresis motor,

The design will be based on the calculated performance

of a Microsyn whose dimensions are dictated by the overall

dimensions of the rate gyro under consideration,

(a) THE DESIGN PARAMETERS ARE:

W Y9 D ™ o N

[ ™
(& R

=
Lo

#

|
!

radius of rotor {(mm)

thickness of rotor (mm)

pole angle (deg.)

displacement of gyro from null position(deg.)
number of poles on stator

permeance

permeability of air-gap

radial length of air gap {(mm)

supply freguency (HZ)

primary winding current {amp.)

number of turns on primary and secondary
windings respectively

output voltage (V)

rate of change of permeance with deflection
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angle

dE_/d6 = voltage gradient (volts/deg.).

(b) THE MAIN DESIGN EQUATIONS /B 7

! O ) I -t < ——— ()
dE
aag = 2_111_‘ f P IpN:pNS %% ----------- (2)

(¢} DESIGN CALCULATIONS

From the space requirements of the gyro, we

have

== LTTx 1077

= 10 mm

= 0.5 mm

LT x 10°7)(10)(10) 10~°
' 0.5 x 10™3

p

.

r

t = 10 mm
h

ap

de

= 2.513 x 10°7

To calculate the voltage gradient, we need to know f,
Ip, Np and Ns. The first two can be deduced from the outf
put of the converter to be used, The last two, however,
will be selected on the basis of experience,
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. CLNSING LEM.LRKS

in conélusion, I will like to mention that the wérk

as presented here should act only as a stepping stone for
more refined design of the rate gyro - not necessarily for
land vehicle application but for other applications as well.
Many modifications might need to be made especially during
production. Thus the rotor width might need to be increased
depending on the length of the overhung part of the stator
windings. However, special care has been taken to ensure
that all or most of the elements of the rate gyro can be
preduced cheaply by either casting or extrusion followed
by machining. Alsc many of the parts were designed to
ensure easier production and assembly. For example, where
two mating parts are splined (as 21 and 22 on the assembly
drawing), the mating part is made as a bronze insert not
only because it is strongor than the aluminium support,
but because it is easier tc cut the splines in an insert
than in the support. Most of the production work is expec-
ted to be carried out in an instrument workshop. |

It might also be noted that the detailed design of
many of the parts like the suspension shafts, the axle,

etc., has been omitted. However, I have carried out special

13L



_ ’.
checks to ensure that the dimensions of these ;lements

are ample enough to withstand the loading imposed by

the gimbal and rotor assembly, }

The spin bearings are the special instrument bearings
with flanpge on the outer race, They were selected from a
Handbook using conventional methods of selection. The
suspension bearings were selected in a similar manner,
though they are not flanged.

All the screws are to be those with fine threads,
Thisis to ensure that they do not come loose in practice.
All the screws, nuts, beolts and wire springs could be
selected from a manufacturers catalogue. In keeping with
conventional instrument =ssembly, special adhesives may
be used to help keep the screws of such critical parts
a8 the rotor in place, ' J o | -

Tt will be difficult to preseht a complete cost
analysis for the gyro as this will involve computing the
material cost, labour cost, machining cost, advertising
cost, etc., The following are average prices for gyros

of similar dimensions as the one designed here which are

1
1

used on aircrafts: - :fi;
Turn and Slip Indicator - ¥300,00
138 §
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Directional Gyro - §200.00

Artificial Horizon = §¥200,00
The lower cost of the last two could be dueto the fact
that they are air-driven and hence have a simplified rotor
construction, The higher cost of the first instrument
could be due to two reasons. First, the rotor is elec=-
trically driven and secondly there are two instruments
integrated in one - the rate of turn indicator and the
slip indicator.

Based on the above prices, it can be estimated that
the design presented here will cost about ¥300,00 % 50,
This represents only about 2% of the cost of an empty

truck.
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APPENDIX
DERIVING RATE GYRQ_EQUATION

Consider the rate gyro shown in Fig. 10.

~
lInpUT
AXIS
W |
, G
< X, X
QUTPYT. -
AXIS
‘ncv"_-
Let Ix’ Iy; Iz = inertia of rotor about axes Ox' OY and 02.
ng, Igy’ Igz = inertia of gimbal and other attach -
ments about the same axes.
Let on = Ix + ng
I = I
oy = Iy * Tgy
Ioz = Iz % “p2

The other parameters are as defined in Chapter l.
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The.componenfé of angular velocity of the gyro about .

axes Ox’ Oﬁvand 0_ are:

; z
& - 5
(m)y = &Sln 8 ) memmmeemrmecee———- (1)

®
S

The components of angular veloclity of gyro wheel

about same axes are:

Wy= e |
Wy = JUSin 6 - ) —mmcommeeas (2)
), = JSLCes @

The components of angular momentum are:
Hy = ITgxtdy = T4 8 ’
Hy = Iy wy = Toydl 8in 8 - L

Hy = IOZJL Cos ©

Assuming that $L is a constant, we get

la s
H

X Iox ® 3
Hy = I (J? 6 Cos 8) ) ——mmmmmm ~e===(3)
H, = -1 (6Jtsin6)

Assume in the subsequer.t analysis that both é and JL
are small quantities so that such products as é SU could
be neglected.
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In the light of a gyro mounted on a road vehicle,
these assumptions are acceptable since é being the response
velocity is a2 fairly transient quantity., Thus for a large
part of the working of the gyro (steady state), e~ o.
With this assumption,

Hy=Hz=O

The equations of motion are:
G ek e Hy‘-ﬂ'z * Hz"Q‘y
My = Hy - H, .ﬂ,x + Hx.ﬂ, . ----------_(h.)
M, = H, - Hx.ﬁ_y + HYJl,x
Substituting (1) and (3) into (4) gives
"
M, =1 6 -Jlcos Q(IOYJLSin 6 - IW)
+ Iozdl,Cos e (JUL sin @)
MY = - IOz - Cos © + on & Cos ©
M, == I o(JL sin ©) + (onﬁﬂ. Sin & - I_OJ)6
Or for © andn"L small,
i Coire
M= I, 6- (I, - IOY)S?. Sin © Cos ©
MY = 0 "'(5)
Mz = - IYUU =]
In the steady state B = @ = 0
Hence the equation reduces to:

2 ;
M, = (I, - on)&, Sin © Cos @ + IYJ'Lw Cos ©
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It can be shown that the inertia Ioz is of the order

of on and SL being a small njquantity, makes the first part
of this equation negligible compared to the second. Hence
M = I,wdlcose
But M, = -kK6é-C8& - | |
..IwaLCosG=-K9-CQ --------- (6)
In the steady state, é = 0, so the equation reduces
to L e
IwaLcOs 6 = Ko .- t-
or T wydl

For small values of @, Cos 8 ~ 1

. " Il

e 6 = —¢

The dynamic response of the rate gvro

. The dynamic response of the instrument could be
obtajned from {(5): | o : _ _
. I' 2' .
-KQ—CQ=IOKG—(IOZ-IOY)JLS.LHGCOSG

+ Iyw tﬂrCos 4

Neglecting the second quantity on the right hand side

and rearranging gives
10

I, 6+Ce+K6 = -IYUJ(Q-COS:G

R T



!_
The negative sign on the right hand side ccould be
neglected since the direction of & could be reversed.
The above equation is a nonelinear differential equa-
tion. To make it linear we have to assume that @ is amall.

With this assumption, the equation becomes

1 . _ . '
Tox 8+ C8+ KO = T GGl ol ()
Equation (9) can be rearranged thus:
. IS
" c K
e + r— B+ =0 = —XT————
oX Lox oxX
Substitute : o f
C
— = 2 a
S ToX , - o
K _ 2
— = LL?1 _ | S
Tox .
I
= I
oxX
Sy 8+ 2a0 +L.-U12 8 = TWE mmeca—w-a(10)

Conslder the auxilliary equation
f

"8+ 2 a é +(JJ12 8 =2 (0 emcomm——- e=w{11)
Assuming that a2<(.L)12-, the solution of (11) is of the form

o, = et {A,} Cos pt + A, Sin pt] ------- (12) R
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where .
p2 - w'2_a2 .

This can be written as

9 = ¢C e A €L TN ) Sp— (13)
where
{ = = = el = -
i = oy o damping ratio
J——
P = LU,4ﬁ1 - 3-§?= natural damped frequency
w, = K/1 = natural undamped frequency

o

Thus the complete solution is

TS .

AN G ) pe—— (1)

[ 4] =

We have to solve for the constants C and @.

If we choose for (1) the initial conditions

QO = 90 = O, then
for € = 0at t =0, we get
A1
CCos 4 T2 2 0 commvmmmoeene (15)
From (1L), 0 = - gLUtC e~ "t g (pt - &)
-cpe ™% sin (pt - #)
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For @ = 0 at t = 0, this gives
-{u.l,CCch¢+CpSin¢ = 0

oS
tan ¢ = -—&-p——l

- -

But p = /0% 2

. = tan ¢ =

5
=T
... Cos ¢ = /1-}2

Substituting this value in (15) gives

C/'l-% =-I——OE—J-L—

e ol wit (17)

132

Substituting (16) and (17) in (14) gives

Q = I—(TLKJ—&'— I L e” pUn t Cos [pt - tan-q——L—
K/1 - z 2

0= I—Lﬁ)ﬁ[‘l - e-{w'tCos(pt - tan™? i )j‘
¢
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