Chapter I
Synchros and Resolvers

INTRODUCTION

Synchros and Resolvers have been available for about 40 years in various forms as part of
electromechanical servo and shaft angle positioning systems. However only in the last
decade has it been known that in conjunction with the appropriate interface electronics, the
Synchro or Resolver can form the heart of a digital shaft angle measurement and positioning
system which in terms of reliability and cost effectiveness is unsurpassed by any other
method. Although this publication is primarily concerned with examining in detail the
methods and products available to perform this interface function, it is useful to look first at
what Synchros and Resolvers are, how they compare with other angular transducers and
what their traditional role has been since before World War 11.

WHAT ARE SYNCHROS AND RESOLVERS?

Synchros

A Synchro is a generic term for a family of transducing instruments, the members of which
can be connected together in various ways to form shaft angle measurement and positioning
systems, All of these devices work on essentially the same principle which is that of a
rotating transformer. .

In appearance synchros are cylindrical and resemble small AC motors. They vary in
diameter from 0.5 inches (12.7 mm) to 3.7 inches (94 mm). On one end of the Synchro body
is an insulated terminal block and on the other end is a flange enabling the synchro to be
mounted by four screw clamps onto the mounting plate, Also at this end of the Synchro is
the shaft which is normally threaded and splined. Synchro sizes are referred to by the outside
diameter rounded up to the next largest nuinber of tenths of an inch. Thus a Synchro with an
outside diameter of 1.062 inches would be referred to as a size 11 while a Synchro with an
outside diameter of 2.250 inches would be a size 23. A size 11 Synchro is shown in Fig. 1-1.
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Fig. 1-1 A size 11 Synchro.
(Acknowledgements to Moore Reed and Co Ltd)

Internally almost all Synchros are similar in construction, having a rotor, with one or
three windings (depending on the Synchro type) capable of revolving inside a fixed stator.
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The rotor is an extension of the shaft. The three stator windings, which are connected in a
star fashion 120 degrees apart, are brought directly to the terminals S1, S2 and S3 on the
terminal block. The windings from the rotor are normally connected via slip rings and
brushes to the terminals R1 and R2 (in the case of a single winding rotor). The internal
structure of a Synchro control transmitter (which has a single rotor winding) and its
electrical representation is shown in Fig. 1-2.
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Fig. 1-2 Internal structure of a Synchro Control transmitter
and its electrical representation.

In general, if the rotor winding of a Synchro is excited by an AC voltage (called the
reference voltage and normally at 60 Hz or 400 Hz), the voltage induced in any stator
winding will be proportional to the cosine of the angle (6) between the rotor coil axis and the
stator coil axis. The voltage induced across any pair of stator terminals will be the sum or
difference, depending on the phase, of the voltages across the two coils concerned.

For example, if the rotor of a synchro transmitter (which has a single rotor winding) is
excited by applying across the terminals, R1 and R2, a reference voltage of the form:

A Sinwt

The voltages which will appear across the stator terminals will be:

S1toS3 = ASinwtSin 0
S3t0S2 = A Sinwt Sin (8+120°)
S2 to S1 = A Sinwt Sin (0 +240°)

where 0 is the synchro shaft angle.

These voltages are known as synchro format voltages and will be referred to throughout
this book. .

Synchros can be divided up into two types, Torque Synchros and Control Synchros.

Torque Synchros
These are required when it is necessary to transmit angular information from the shaft of
one synchro to the shaft of another without the need for any form of servo system. The
synchros themselves handle the necessary motive power,

The two most common Torque Synchros are:

Torque Transmitter (Symbol TX)
Torque Receiver {(Symbol TR)
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These two components are normally connected together as a ‘Torque Chain’ as shown in
Fig. 1-3.
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Fig. 1-3 A Torque receiver and a Torque Transmitter
connected as a torque chain,
(See also fig. 4-30 P.93)
In a Torque chain, the rotor of the Torque transmitter is excited with the reference voltage
to produce the synchro format voltages on the S1, S2 and S3 stator terminals. Currents will
then flow in the stator windings of both the Torque Transmitter and the Torque Receiver
such that an alternating field will be set up in the stator of the Torque Receiver resembling
that of the field in the stator of the Torque Transmitter. Rotating the shaft of the transmitter
will therefore cause the shaft of the receiver to move in sympathy.

Torque chains such as this are accurate to +1° and are often encountered in systems
where a rotating component is required to drive a remote pointer. Typical applications are in
the transmission of data to instruments in ships and aircraft. The load which can be driven
by the Torque Receiver shaft in a Torque Chain is limited as there is no torque
amplification.

In many instances today, existing Torque Chains such as this are being updated. In some
cases the Torque Receiver is replaced by a Synchro to Digital converter and an L.E.D.
display to give a digital readout of angular position. In other cases the Torque Transmitter is
replaced by a Digital to Synchro converter so that an existing electromechanical pointer can
be remotely driven from a digital input. These two types of modification are common where
the existing Torque Transmitter and Receiver are to be found in separate equipments which
are remote from each other and where only one equipment is-being updated.

One further member of the Torque Synchro family is worth mentioning. This is the

Torque Differential Transmitter (Symbol TDX)

This device has two inputs, an electrical input, normally from a Torque Transmitter, and a
mechanical input from the shaft. It gives out electrical synchro format signals, the power of
which comes from the electrical synchro inputs (there is no reference input to a TDX). The
output of the TDX is normally used to drive a Torque Receiver. The Torque Differential
Transmitter has three windings on the rotor and three windings on the stator.
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Fig. 1-4 A Torque chain with a Torque Differential Transmitter (TDX)
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The purpose of the TDX is to add or subtract the angle represented by the shaft from the
angle represented by the electrical synchro format input, and to provide enough power to
drive a Torque Receiver. A Torque chain with a TDX included is shown in Fig. 1-4.

Typical applications of the TDX will be found where it is necessary to introduce a variable
angular offset into a Torque chain.

Control Synchros
As the name implies, these devices are used for providing and dealing with control signals in
servo systems where accurate angular transmission to a mechanical load is required. It is
important to remember that unlike the synchros of the Torque family, Control synchros are
not required to handle any motive power for driving the load.

The two most common Control synchros are the

Control Transmitter (Symbol CX)
and Control Transformer  (Symbol CT)
The Control Transmitter is really a high impedance version of the Torque Transmitter and is

possibly the most common of all synchros.
If the rotor of a Control Transmitter (CX) is excited with the reference voltage:

ASinwt

then the synchro format voltages will appear across the S1, S2 and S3 terminals. As these
voltages are a function of the shaft angle 8, they will change when the shaft is rotated.
Fig. 1-5 shows the voltages that would be expected on the terminals for two different shaft
positions.
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Fig. 1-5 Contro! Transmitter output voltages for two shaft angles.

Fig. 1-6 shows the waveform that would be generated across terminals S1 and S3 for
continuous rotation of the shaft.

The output voltages from the CX are normally fed to a Control Transformer (CT) to form
a Control Chain. A Control Transformer is a high impedance version of the Torque
Receiver with the rotor winding aligned at 90 degrees from that of a TR.

A Control Chain is shown in Fig. 1-7.
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Fig. 1-6 Control Transmitter output voltage across S1 and S3
for continuous shaft rotation,
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Fig. 1-7 A Synchro Control Chain.

In a Control Chain, when the shaft angle position of the CX exactly equals the shaft angle
position of the CT, a null voltage will appear on the rotor terminals R1 and R2 of the CT. A
slight deviation from this alignment will produce a signal in the rotor winding whose phase
relative to the reference voltage will depend on the direction of deviation. Fig. 1-8 shows the
CT rotor output at and near alignment.

ROTOR QUTPUT
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COUPLING

Fig. 1-8 CT output from rotor at and near alignment.

The Control Transformer can therefore be considered as a null detector and is most often
used as such in servo systems. In fact the null is never actually zero, there is always a residual
voltage made up of three components namely, a fundamental voltage in phase with the
normal (misaligned) output, a voltage of fundamental frequency but in quadrature to the
normal output and a number of harmonics. Typical figures for a 115 v CT would be 30 mV.
for the Total Fundamental residual voltage and 60 mV for the Total Residual null including
harmonics.
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Fig. 1-9 shows a servo system using a control chain,
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Fig. 1-9 A servo system using a synchro control chain.
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In Fig. 1-9, the servo motor, the CT shaft and the mechanical load to be driven (eg. Gun
mounting, compass repeater etc.) are all mechanically coupled together. When the shaft on
the CX is turned to an angle 8, the outputs SI, S2 and S3 take up synchro format voltages
defining angle 0, ie:

S1to0S3 = ASinwt Sin@
S3toS2 = A Sinwt Sin (8+120°)
S2to S1 = A Sinwt Sin (8+240°)

These voltages are coupled in the control chain to the CT stator windings via S1, S2 and S3.

If we assurne that the CT is not at angle 6, then a voltage will be produced on the CT rotor
windings. This will be fed into a high impedance amplifier and phase sensitive detector to
produce an error signal. This error signal is amplified by a servo amplifier which causes the
servo motor to drive the load and the CT shaft to the position where the CT rotor voltage is
at a minimum. This position will be angle 8. The direction which the motor choses to drive
towards angle 0 is determined by the phase of the rotor signal with respect to the reference
voltage.

In many applications and in particular during the update of existing equipment, it is
required to drive a servo of this type from a digital input. In such cases, the CX can be
replaced by a Digital to Synchro converter (which in effect is a solid state CX) and the
demand angle fed into the system digitally. This is illustrated in Fig. 1-10.
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Fig. 1-10 The use of a Digital to Synchro converter
to drive a servo System

The other member of the control synchro family is the

Control Differential Transmitter (Symbol CDX)
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This is the control synchro equivalent of the Torque Differential Transmitter previously
described, and is used to add or subtract a mechanical shaft angle into the control chain.

Before describing how Resolvers differ from Synchros, it is worth mentioning that most
synchros fall into one of three voltage and reference frequency categories, viz.

(1) 60 Hz reference frequency with a 115 volt r.m,s. reference and a 90 volt r.m.s. line to
line signal voltage.

(2) 400 Hz reference frequency with a 115 volt r.m.s. reference and a 90 volt line to line
signal voltage.

(3) 400 Hz reference frequency with 26 volts r.m.s. reference and an 11.8 volt r.m.s. line to
line signal voltage.

Resolvers

The Resolver is a form of synchro (Resolvers are very often called Synchro Resolvers) in
which the windings on the stator and rotor are displaced mechanically at 90° to each other
instead of 120° as in the case of synchros. The Resolver therefore exploits the sinusoidal
relationship betwen the shaft angle and the output voltage.

In outward appearance, Resolvers are very similar to Synchros and are produced in the
standard Synchro frame diameters.

Internally, Resolvers come in many forms with a wide variety of winding configurations
and transformation ratios. The simplest Resolver would have a rotor with a single winding
and a stator with 2 windings at 90 degrees to each other. It would be represented as shown in
Fig. 1-11.

R2 S4
ROTOR STATOR
R4 S2
S1
STATOR
® S3

Fig. 1-11 Electrical Representation of a simple Resolver
If we assume that the rotor is excited by an AC reference voltage:
ASinwt

Then the voltages appearing on the stator terminals will be:

S1to S3
and S4 to S2

VSinwt Sin 8
VSinwt Cos 6

I

where 6 is the Resolver shaft angle.

These voltages are known as Resolver format voltages and will be referred to extensively
during the rest of this book.

Such a Resolver could be used simply as an angular transducer in much the same way as a
synchro transmitter.

A more complex Resolver would have two rotor windings at 90° to each other and two
stator windings also at 90° to each other. This would be represented as shown in Fig. 1-12.
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ELECTRICAL REPRESENTATION MECHANICAL REPRESENTATION
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Fig. 1-12- Representation of a Resolver with two Rotor windings

This Resolver type can be used as an angular transducer in one of two ways.

If one of the rotor windings is short circuited and the other rotor winding is excited with
the reference voltage, A Sin wt, then the Resolver Form outputs will be available on the
Stator terminals S1, S2, S3 and S4.

Alternatively, and more usually, one of the stator windings is short circuited and the other
winding excited with the reference voltage, causing the Resolver Format signals to be present
on the rotor winding terminals R1, R2, R3 and R4,

Resolvers used for angular measurement as described above are known as Data
Transmission Resolvers, and a control chain can be set up using:

a Resolver Transmitter (Symbol TX)

and a Resolver Control Transformer (Symbol RC)

These control chains are analogous to the Synchro control chains described earlier. Such a
control chain is shown in Fig. 1-13.
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CIRCUITED THE RESOLVEAS ARE SHOWN VIEWED

FROM SHAFT END AT ZERO POSITION

Fig. 1-13 A Resolver contro! chain

Resolvers are not available as Torque components.

Another application of Resolvers is in a computing mode, and when used for this
purpose, they are known as Computing Resolvers. For example, a Computing Resolver has
two stator windings and two rotor windings and can be used to perform a polar to
rectangular or Cartesian Coordinate conversion.

eg. Assume that the polar coordinates of a point are represented by a voltage E Sin wt
and an angle 0. If 0 is the angle applied to the Resolver shaft and E Sin wt is
applied to one of the stator windings as the reference voltage Vg, g, (the other
stator winding being short circuited), then the Resolver Format voltages appearing
on the rotor will be:

Virors = ESinwt Sin 0
and Vg, . = ESinwt Cos 0

These voltages will represent the Cartesian or Rectangular coordinates of the
point.

8 Chapter I



Fig. 1-14 shows an example of a Polar to Cartesian coordinate conversion used in a
heightfinding radar.
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Fig. 1-14 A Computing Resolver used in a Radar Heightfinding application.

An example of a Computing Resolver application which uses both rotor windings and
both stator windings is in axis transformation.

eg. Suppose a point in two dimensional space is represented by cartesian coordinates
X, and Y,. If the original axes are rotated through angle ¢, what are the
coordinates of the same point relative to the new axis? ie.X, and Y,. See Fig. 1-15.

X,

Fig. 1-15 Axis Transformation of a two dimensional point in space.
It is easy to show trigonometrically that:

X, = X,Cos¢ +Y,Sin¢
and Y, = Y, Cosé¢ —X,Sin¢

If one of the stator windings is excited with a voltage representing X, and the
other is excited with a voltage representing Y,, when the shaft is turned through
angle ¢ the voltages produced on the rotor terminals will be:

VRI~-R3 = X] COS¢+Y| Sin¢
and VRJ—RZ = Y|COS¢—XlSin¢

i

X,
Y,

]

Chapter | 9



The resolver has therefore performed the axis transformation.

This application of a Computing Resolver is often to be found in guidance systems such as
those used in missiles and aircraft.

Feedback Resolvers ‘

The resolvers described above are ideal when the reference voltage is fixed and some phase
shift between the reference and signal can be tolerated. Under conditions where the input
voltage may be varying, resolvers have been developed with additional windings in the stator
slots. The main windings are each supplied from a high gain amplifier which amplifies the
difference between the incoming signal and the voltage induced in the feedback winding.
The ratio of input to output voltage at any angle will therefore remain constant for a wide
range of input levels. The effects of the primary resistance are also eliminated.

Sweep Resolvers

These special resolvers were developed for use in radar displays. Whereas most resolvers
exhibit a fairly non linear relationship between reference frequency and transformation
ratio, the sweep resolver maintains a constant transformation ratio up to very high
frequencies (typically 100 Khz). The triangular waveforms which are required by a radar
display can therefore be applied to the stator inputs of the resolver. Similar waveforms,
modified by the Sine and Cosine of the shaft angle, will be developed in the rotor windings
and these can be fed to the deflection coils of the radar display.

VARIATIONS ON THE SYNCHRO AND RESOLVER THEME

The synchros and resolvers discussed so far are the most common and often encountered
when dealing with Synchro/Resolver to Digital conversion and Digital to Synchro/Resolver
conversion. However, it has taken 40 years for synchros and resolvers to develop into what
are undoubtedly the most robust cost effective angular transducers available. It is therefore
not surprising that a few variations on the same theme have evolved simultaneously with the
standard units. Some of these are described below. '

Brushless Synchros and Resolvers

Electromagnetic type ‘
In electromagnetic brushless synchros and resolvers, the rotor signals are transferred to the
terminals by means of a circular transformer mounted internally at the end of the unit.
There are no physical connections to the rotor and therefore the life of the unit is determined
solely by the quality of the bearings. Brushless devices are capable of constant high
rotational speeds and exhibit very high M.T.B.F.’s (Mean Time Between Failures). They are
also very tolerant as far as the reference frequency and voltage is concerned. In general there
is no problem in using electromagnetic brushless devices with Synchro to Digital converters,
provided that the appropriate voltages and frequencies are taken into account.

One of their main applications is to be found in axis measurement on machine tools,
where a lateral movement is translated by means of a lead screw into rotational motion
which can then be put into digital format for display or processor use.

Hairspring Synchros and Resolvers
Where only limited movement of the rotor is required, it is possible to use a Hairspring
Synchro or Resolver. These are manufactured with spirally wound conductors to pick off
information from the rotor. These hairspring conductors allow a rotation of as much as
+165° from the electrical zero position. A mechanical end stop is normally supplied to
prevent excessive rotation although this feature very often gives rise to extra unit length.
The advantage of the hairspring device over the electromechanical brushless device is that
any standard synchro or resolver can be manufactured to a hairspring design without any
change in the electrical parameters. ‘
Well designed hairspring devices have very high M.T.B.F.’s and are capable of hundreds
of millions of rotational movements without failure,
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Because the electrical parameters are similar to standard Synchros and Resolvers, there is
no difficulty in interfacing them with Synchro/Resolver to Digital converters.

Magslips

Magslips were the forerunners of present day synchros and were developed before World
War 2 for gunnery control purposes. The name Magslip is a contraction of ‘‘Magnetic
slipring”’.

It is generally now accepted that the term ‘‘Synchro’’ embraces Magslips and other
instruments working on similar principles, however in this book we will use the word
‘‘Magslip”’ to describe the instruments originally so named.

Magslips are generally larger in diameter than synchros and come in frame sizes of 3
inches (76.2 mm), 2 inches (50.8 mm) and 1% inches (38.1 mm). They normally operate on
50 Hz or 60 Hz reference frequencies at 115 volts r.m.s. and produce stator output voltages
of 57.5 volts r.m.,s..

In a simple control chain, the Magslip transmitter is connected electrically to Magslip
Coincidence Transmitter. This is the exact equivalent of the Synchro Control Transformer
(CT). Fig. 1-16 shows a Magslip control chain and also indicates the difference in terminal
marking between Magslips and Synchros.

COINCIDENCE
TRANSMITTER

TRANSMITTER

SX

ROTOR
ouTPUT

SY

VIEWED FROM SHAFT END
Fig. 1-16 A Magslip control chain
A Magslip Torque Chain is called a ““Synchronous link’’ and is formed by a Synchronous

Link Transmitter and a Synchronous Link Receiver. The transmitter and Receiver are
mechanically very similar. A Synchronous Link is shown in Fig. 1-17.

SYNCHRONQUS LINK SYNCHRONOUS LINK
TRANSMITTER RECEIVER

ROTOR ROTOR
Y Y™ X g 9 Y X
REFERENCE REFERENCE
INPUT INPUT
{POWER SOURCE)

(POWER SOURCE)
VIEWED FROM SHAFT END

Fig. 1-17 A Synchronous link

There are two basic differences between Magslips and Synchros apart from those of size,
voltage and frequency, which cause problems when interfacing them to Synchro to Digital
and Digital to Synchro converters.

The first is that the Magslip standard rotation is clockwise, looking on the shaft end,
whereas the Synchro rotation is counterclockwise. If the Magslip Transmitter is used with a
Synchro to Digital converter, this problem can be overcome by reversing the S1 and S3
connections. ie. S1 on the converter goes to terminal 3 on the Magslip and S3 goes to
terminal 1.

The second problem, which is not as easy to overcome, is the fact that the rotor of a
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Magslip is 150 degrees out of alignment with the rotor of a Synchro Transmitter. Therefore
if a Magslip Transmitter is connected to a Synchro to digital converter, the digital output
will have an offset of 150 degrees. It is often possible to overcome this problem in one of the
three following ways:

(1) The Magshp mounting or the mechanical connection to the shaft can be rotated
mechanically to compensate for the 150 degrees offset,

(2) If the digital output of the SDC is taken to a processor, the 150 degree offset can be
compensated for in the software.

(3) It may be possible to manufacture a special transformer to compensate for the offset,
which can be used with a Synchro to Digital converter normally requiring an external
transformer.

Transolvers

These are a cross between a Synchro and a Resolver and can convert between 3 wire synchro
format voltages and 4 wire Resolver format voltages while at the same time adding or
subtracting the rotor angle to the converted output.

Transolvers either have 3 winding synchro rotors and 2 winding Resolver stators as in Fig,
1-18, or they have a two winding Resolver rotor and a 3 Winding Synchro stator as in Fig.
1-19.
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Fig. 1-18 Transolver with Synchro Rotor Fig. 1-19 Transolver with Resolver Rotor
and Resolver Stator. and Synchro Stator.

As far as Transolver to digital conversion is concerned, an ordinary Synchro or Resolver
to Digital converter may be used depending on the output format of the Transolver.

Slab or Pancake Synchros and Resolvers

There are many applications where because of physical size limitations or other mechanical
constraints, standard synchros and resolvers are unsuitable. For this reason Slab or Pancake
Synchros and Resolvers have been developed. The term ‘Slab’ is most often used in the U.K.
while ‘Pancake’ is the equivalent term in the U.S.A.. As the name suggests, these devices
have a large diameter compared with the width. A typical unit may have an overall diameter
of 2.6 inches (66 mm) and a width of 0.45 inches (11.4 mm), although they can go down in
size to 1.2 inches (30.4 mm) with a width of 0.25 inches (6.35 mm). Most synchros and
resolvers of this type are custom built to fit a particular requirement and as such are often
supplied as a separate stator and rotor, the mounting and the bearings being provided by the
end user. A classic example of this, is in the use of such components as the angular pickoffs
on gyro gimbals. One of the largest manufacturers of Pancake components claims to have
over 4000 custom designs in their engineering files. However, most of the manufacturers do
offer a fairly comprehensive range of standard units, either as complete housed devices or as
a set containing separate rotor and stator.

In general, the winding connections are taken directly off the rotor without the need for
sliprings and brushes, as in most applications, for example gyro gimbals, a full 360 degree
movement is not required. However electromechanical brushless types are available.

Most Slab devices operate on standard synchro and resolver voltages and frequencies and
therefore present no problem as far as converting the output to digital form is concerned.
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Fig. 1-20 A two speed Slab Resolver Fig. 1-21 A Slab Resolver supplied as
complete with housing and bearings. separate stator and rotor,

Multipole or Electrically geared Synchros and Resolvers

In cases where it is required to improve the accuracy of a synchro or resolver chain, it is
possible to use a two speed or coarse-fine system of transmission.

The traditional method is to transmit the data via two synchros. One synchro (called the
coarse synchro) is coupled directly to the main shaft whose angular position is to be
transmitted. Another synchro (called the fine synchro) is driven by a step-up gear train, the
ratio of which is normally 9:1, 18:1 or 36:1.

Coarse-fine systems are often to be found in applications where an accuracy higher than
that obtainable with single speed systems is required and a much more detailed explanation
is given in the next section,

However, the traditional method of using a mechanical gearbox to provide the coarse and
fine synchro signals suffers from many disadvantages. A much more satisfactory method is
to use a multipole Synchro or Resolver. In such a device, one set of windings are wound such
that as the shaft is rotated through 360°, the voltage pattern goes through N cycles as though
it was a single synchro fitted on the fine shaft of a gearbox with a step-up ratio of N:1. The
other set of windings produce a normal synchro output when the shaft is rotated through
360 degrees. Thus the coarse and fine synchro signals are produced electrically without the
need for any mechanical gearing. The advantage of these devices is that they overcome the
backlash and gearwheel wear associated with mechanical systems. See Figs. 1-20 and 1-21.

Multipole Synchros and Resolvers are available in any of the common gear ratios
normally found in mechanical two speed systems. Because of the number of windings
required, they normally come in Slab or Pancake form, although it is possible to obtain
them in standard size 18 Synchro frame sizes or larger. Multipole Synchros and Resolvers
are normally available with the standard Synchro and Resolver voltage and frequency
options, and as such their outputs are very easy to convert into digital form, making them
one of the most cost effective and reliable methods available for measuring angular position
with accuracies in the order of seconds of arc.

More information on converting the output of coarse fine synchro systems into digital
format is given later in this book.

Inductosyns” and Rotary Inductosyns”

The Linear Inductosyn was developed by Farrand Controls Inc. for the accurate
measurement and control of linear distances. It has proved to be one of the most accurate
transducers of its type available (0.0001 inches as standard) and is now used by the majority
of Numerical control and Machine tool companies for axis control and measurement.

The Rotary Inductosyn, as its name implies, is an angular measurement and control
transducer based on the same principles as the Linear Inductosyn. It is generally known as
being the most accurate angular transducer available with achievable figures of 0.5 Arc
Seconds for accuracy, 0.1 Arc Seconds for repeatability and 0.05 Arc Seconds for sensitivity
(resolution).
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Both Linear Inductosyn and Rotary Inductosyn lend themselves very well to conversion to
digital format and over the past few years high speed tracking Inductosyn to Digital
converters have been developed which further extend the usefulness of these high accuracy
transducers. In this chapter we shall examine the basic principles of Inductosyns and their
traditional role, and deal with Inductosyn to Digital conversion in Chapter V. In order to
understand the principle of operation, it is best to examine first the Linear Inductosyn.

The Linear Inductosyn

The Linear Inductosyn system consists of two magnetically coupled parts and is similar in
operation to a resolver. One part, the scale, is fixed to the axis along which measurement is
to take place (eg. the machine tool bed). The other part, the slider, is arranged so that it can
move along the scale in association with the device to be positioned (eg. the machine tool
carrier). .

The scale consists of a base material such as steel, stainless steel, aluminium etc. covered
by an insulating layer. Bonded to this is a printed circuit track forming a continuous
rectangular waveform. (In actual fact the scale is usually made up of 10 inch sections which
have to be joined together.) The cyclic pitch of the waveform is usually 0.1 inch, 0.2 inch or
2 mm and is formed from two conductive poles.

The slider is normally about 4 inches in length and has two separate identical printed
circuit tracks bonded to it on the surface which faces the scale. These two tracks are formed
from a waveform of exactly the same cyclic pitch as on the scale but one track is shifted '3 of
a cyclic pitch from the other, ie. 90°.

The slider and the scale are separated by a gap of about 0.005 inches and an electrostatic
screen is placed between them. A diagram of the relationship between slider and scale is
shown in Fig. 1-22.

o 83 O Jsuipen

TWO WINDINGS SHIFTED BY
% PERIOD (30 DEGREES)

Fig. 1-22 The relationship between the Linear
Inductosyn scale and slider.

The principle of operation is not dissimilar from that of the resolver. If the scale is excited
by an AC voltage (which is normally between S KHz and 10 KHz) V Sin w t, then the outputs
from the slider windings will be:

2nX
S

2nX
S

V Sinwt Sin

and V Sinwt Cos

where X is the linear displacement of the slider and S is the cyclic length.

Therefore the slider voltages are proportional to the sine and Cosine of the distance
moved through any one pitch of the scale. The output signals derived from the slider are the
result of averaging a number of poles, and therefore the effect of any small residual errors in
conductor spacing is compensated. This is one of the reasons why such a high accuracy can
be achieved. The magnetic coupling between the slider and the scale is not nearly so high as
the coupling between rotor and stator in a resolver, and for this reason the transformation
ratio from input to output is very low giving rise to relatively small output signals. A
photograph of a Linear Inductosyn scale and slider is shown in Fig. 1-23.
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Fig. 1-23 A linear Inductosyn scale and slider.
(Acknowledgements to Inductosyn International Corporation.)

There are three basic ways of using the Linear Inductosyn.

Firstly, it may be used in a Transmitter and Receiver mode in much the same way as a
Resolver control chain. In this case, an AC single phase voltage is applied to the scale and
the Sine and Cosine voltages appearing on the slider are fed to the slider of the Receiver
Inductosyn. The error voltage which is detected on the Receiver scale becomes zero when the
transmitter and receiver are in alignment. Thus this error voltage can be used by a servo
system in order to drive the slider to the demanded position. Because the Inductosyn consists
of a large number of cycles, some form of ‘‘coarse’’ control is necessary to avoid ambiguity.
The usual method of providing this is to use a resolver or synchro operated through a rack
and pinion or a lead screw.

The second method is to use a resolver with the Inductosyn. This system is shown in Fig.
1-24.

TO NULL INDICATOR
OR SEAVO CONTROL

SCALE )

MERERS

o= SLIDER

\
> RESOLVER

Fig. 1-24 A method of using a resolver with a Linear Inductosyn.

In this method a vernier is attached to the resolver shaft and the stator windings of the
resolver are fed to the slider windings of the Inductosyn. As the resolver is turned an error
signal will be formed across the scale track depending on the position of the slider in any one
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cyclic pitch of the scale, ie. one full revolution of the resolver is equivalent to one cycle of the
scale. Thus as the resolver is rotated a servo control system can use the error signal from the
scale track in order to move the slider to the demanded position. This method means that
positions along the scale can be set to an accuracy of 0.0001 inches. Once again this method
is not absolute, ie. if the power is removed and the slider shifted N periods along the track
and the power then reconnécted, the same error signal will remain. This can be overcome by
having a synchro or resolver on a lead screw acting as the coarse control.

The third method is to use the Inductosyn as a linear transducer in order to provide a digital
output for use by a display or a processor. The scale is excited with the AC reference voltage
and the slider voltages are fed to an Inductosyn to digital converter which can then be used
to drive a display or interface with a processor. Inductosyn to digital converters have now
been developed which can handle the high slider speeds which may be demanded and the
system can be made absolute by storing the digital positional information in a battery
powered random access memory. Thus if the main power supply is interrupted, the
information will not be lost. This use of Linear Inductosyns is becoming very common
where it is required to replace the existing vernier readouts of machine tools by a digital
display in order to increase the accuracy. This use of Inductosyns and Inductosyn to digital
converters is also very useful where a digital processor is required to form part of the servo
control loop. This will be dealt with in Chapter V.

The Rotary Inductosyn
The stator of a Rotary Inductosyn which corresponds to the slider of the linear device, has
the two separate rectangular printed track waveforms arranged radially on a disc. The sine
track is made up of a number of sections which alternate with the cosine track. In this way
the whole of the stator disc is covered in track and any errors in spacing will be averaged out.
This gives the Rotary Inductosyn its exceptionally high accuracy. ‘

The rotor of the device corresponds to the scale of the Linear Inductosyn and is a disc with
a complete track of near rectangular printed track waveform. The coupling from the rotor
to the outside world can be either by sliprings and brushes or by a rotating transformer as in
the case of an electromagnetic brushless resolver.

Rotary Inductosyns come in diameters of 3 inches, 7 inches and 12 inches and have either
256, 360, 512, 720, 2000 or 2048 poles (2 poles=1 cycle).

The units can be supplied as separate stator and rotor disc or as a complete mounted and
assembled unit.

A photograph of the stator and rotor discs is shown in Fig. 1-25.

Fig. 1-25 A Rotary Inductosyn rotor and stator.
(Acknowledgements to Inductosyn International Corporation)

When the rotor of the Rotary Inductosyn is excited by the AC voltage, V Sinwt,
(normally 5§ KHz to 10 KHz), the stator voltages will be
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N
V Sinwt Sin —3'9—

N
and V Sinwt Cos —2—9—

where 8 is the angle of rotation of the rotor with respect to the stator and N is the number of
poles of the rotor.
The Rotary Inductosyn is used in the same three ways as the linear Inductosyn.

Firstly the transmitter and receiver mode in which an AC supply voltage is applied to the
rotor of the transmitting Inductosyn and the resulting stator voltages are applied to the
stator of the receiving Inductosyn. The output of the receiving Inductosyn rotor is the
position error signal, and is zero when the transmitter and receiver rotors are at
complementary positions. Since there are N poles per revolution, there will be N null
voltages per revolution. Therefore, to avoid ambiguity, it is necessary to provide a coarse
indication of the Inductosyn position as well as a two speed servo system. A conventional
synchro or resolver can be used to give the coarse output and a mounting for such is
provided in the standard Rotary Inductosyn assembly.

The second method is to use the unit with a resolver as in the case of the Linear Inductosyn.
Thus one revolution of the resolver shaft will produce an angle equal to the Inductosyn
cycle. The error signal produced on the rotor of the Inductosyn can be used by the servo
system to drive the unit to the demanded angle.

The third method is to digitally encode the output of the Rotary Inductosyn in order to
provide information for a digital display or processor. As in the case of the linear
Inductosyn, high speed tracking Inductosyn to digital converters have been developed which
can exploit fully the inherent accuracy of the device. This will be dealt with in Chapter V.,

COARSE-FINE SYNCHRO AND GEARED SYSTEMS

When it is required to transmit data more accurately than with a conventional single speed
Torque or Control Chain, a two speed or coarse-fine system can be used.

Coarse-Fine Synchro Torque Chains

Consider for example a Torque chain where information is being transmitted from a Torque
Transmitter to a Torque Receiver driving a pointer. Such a system is shown in Fig. 1-26.

S1 .

TORQUE TORQUE
TRANSMITTER RECEIVER
(TX) (TR)

INPUT MOTION POINTER

REFERENCE
INPUT ~ o
(POWER SOURCE) = o

Fig. 1-26 A Torque Chain driving a pointer
In such systems, often used in aircraft and ships instruments, the accuracy of data
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transmission will be around 1%. In applications where this would be excessive, a second
display system called the ‘‘fine system’” may be employed, geared up relative to the first
shaft which is then called the ‘‘coarse’’. A common gear ratio for such an application would
be 36:1 and the coarse-fine system would then appear as in Fig. 1-27. '

StFINE
“S2FINE~
S3FINE__  ©
FINE ?ggous
TORQUE REFERENCE FOREVER REFERENCE
TRANSMITTER INPUT INPUT

_‘_(POWER SOURCE) (POWER SOURCE)
Cal N\

FINE
POINTER

N:1
GEARING
COARSE COARSE
COARSE POINTER TORQUE
\) TORQUE \) RECEIVER
TRANSMITTER
iNPUT MOTION S1COARSE
S2 COAR& o
s3coamse,

Fig. 1-27 A Coarse-Fine Torque Chain

In Fig. 1-27, a transmitted angle of 173.6° would therefore appear on the coarse dial as
being between 170 and 180°, while the fine dial would read 3.6°.

Because of the high gear ratio used in such a system, the acceleration and speed of the
input shaft must be kept within reasonable limits. :

It is quite common for systems of this type to be updated by replacing the coarse-fine
pointer system with a digital display. This requires the outputs from the coarse and Fine
Torque Receivers to be digitised and combined together to provide one digital word
representing the input shaft angle. More information on coarse-fine digital systems is
provided in Chapter III.

A technique which is often found, for example, in older radar equipments, is to gear up
(say at 36:1) from the main shaft (say the radar antenna) and use it to drive a Torque
Transmitter at 36 times the main shaft speed. At the receiving end, (say the radar display) a
Torque Receiver uses this information to gear down and so reproduce the original main
shaft motion. The advantage of this system is that it reduces the error due to the load torque
by N? where N is the gear ratio. This increases the accuracy of transmission. The
disadvantage of such a system is the maximum main shaft angular velocity is restricted

1 . C .
to N Also if the reference supply is interrupted, ambiguities can arise because there are N

possible line up positions. This is overcome in radar systems by having a switch on the
antenna which is activated once per revolution, usually at North. This ‘North Marker’ or
‘North Align’ switch closure is used by the radar display to avoid any ambiguities. A system
such as this is shown in Fig. 1-28,

TORQUE
TRANSMITTER I
N:Y @‘QA
GEARING 77X
()

INPUT MOTION OUTPUT MOTION

REFERENCE

)

REFERENCE
INPUT
(POWER SOURCE)

(POWER SOURCE)
RECEIVER

GEARING

Fig. 1-28 A geared system where the fine information only is transmitted.
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Coarse-fine Synchro control chains

A technique similar to that used in coarse-fine Torque chains can be applied to Control
chains.

In these systems, two CX’s are geared together at ratios which are commonly 9:1, 18:1 or
36:1 in order to transmit the synchro information to 2 CT’s which are geared together at the
same ratio. A diagram of a coarse-fine synchro control chain is shown in Fig. 1-29.

SIFINE

SZ2FINE__~ COARSE/FINE
S3FINE_ CHANGEOVER
o1 conmse SWITCHING
) 52 COARSE
FINE CX REFERENCE || | FINE CT
INPUT
INPU < ERROR AMPLIFIER |
PHASE SENSITIVE
DETECTOR
INTEGRATOR
Nt O SERVO AMPLIFIER
GEARING >
Comrse Nt 3 COARSE CT
ox GEARING \ O ¥ REF.
INPUT N
MOTION Q SERVOMOTOR

OUTPUT MOTION
Fig. 1-29 A coarse-fine synchro control chain.

In a system as shown in Fig. 1-29, the servo motor is controlled by the rotor output of the
coarse CT until the misalignment (ie. the difference between demanded angle and the
present angle as represented by the coarse CT) falls below a certain limit. At this point a
switchover takes place and the servomotor is then controlled by the fine CT until the
demanded angle is reached. During the latter stage, the system is said to be under ‘Fine
control’. The misalignment angle at which the coarse-fine changeover takes place is usually
set to between 3° and 15° as referred to the coarse shaft. The most common method of
controlling the coarse-fine changeover is by an amplifier and a relay which are permanently
connected to the coarse CT rotor. Such a changeover system is shown in Fig. 1-30.

RELAY

s1 mr_-A

FINE CONTROL TRANSFORMER

COARSE CONTROL TRANSFORMER

S3

S1

STATOR

STATOR

—
TOSERVO

ELECTRONICS
(SEE FIG 129}

A2 L .

ROTOR AMPLIFIER

Fig. 1-30 A relay method of Coarse-fine changeover.

With coarse-fine systems such as this, it is possible to transmit angular information
representing the motion of the coarse shaft to an accuracy which, in practice, is only limited
by the backlash and non-uniformity of the gears referred to the coarse shaft. This means
that the synchros used do not need to be of a particularly high precision. To illustrate this
further consider the coarse and fine CX’s and their gearing. The final positioning of the
system depends on the fine synchros only, so let us imagine that we can hold the fine CX
rotor fixed. The amount that we can then turn the input shaft will therefore represent the
backlash in the gears, say B,.

Chapter I 19



Assume also that the cyclic errors present in the CX gearing with respect to the input shaft
are C,.

If the fine CX has an accuracy of S, and the coarse-fine ratio is N, then the accuracy of
transmission will be: ‘

S,

B +C + N

At the receiving end, assume that we hold the fine CT rotor fixed and measure the backlash
in the gears B, by detecting the movement on the output shaft.

Assume also that the cyclic errors present in the output gearing with respect to the output
shaft are C,.

Then if the accuracy of the fine CT is S, the accuracy at the receiving end of the control
chain will be:

S,
B.+C, + T

Therefore the accuracy of the system is:
1
B+C +B, +C,+ N (S, +58S)

The advantage of a coarse-fine control chain can be easily seen therefore by substituting in
the above equation typical values.
+6 Arc Mins.
B, = + Y Arc Min.
C,= C,= '35 Arc Min,
N = 36:1

[¢]
aQ
W

I

w

]

-

b i N R ol S N = +1.83 Arc Mins.

The use of anti-backlash gears would make the backlash figures negligible and make the
overall system error:

+0.83 Arc Mins. or 50 Arc Secs.

This result is considerably better than could be achieved using a single speed method of
angular transmission with a CX and a CT each of +6 Arc Mins. accuracy which would give
a total error of + 12 Arc Mins. The accuracy of the system could be increased even more by
using a Multipole Synchro as the CX. Multipole Synchros are described earlier in this
chapter and have overall accuracies typically of 20 Arc seconds with zero backlash.

A disadvantage of coarse fine control systems where an even gear ratio, c.g. 8:1, 16:1,
32:1 or 36:1, is used, is that the system will be susceptible to “‘false nulls’’. This means that
the servo can in certain cases take up a position 180° away from the angle demanded. This is
due to the fact that with an even ratio, the voltage gradient produced by the rotor of the fine
CT will be in the same direction as at 0° with respect to the coarse shaft, as it is at 180°. This
is shown in Fig. 1-31.

This means that an unstable coarse null at 180° will be accompanied by a fine stable null.
Because the system will be under fine control at 180°, the output will remain stable at this
point and therefore 0° and 180° are possible as null positions.
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Fig. 1-31 Stable and Unstable Nulls for even ratio coarse fine systems.

This cannot occur with an odd ratio as shown in Fig. 1-32.
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Fig. 1-32 Stable and Unstable Nulls for odd ratio coarse fine systems.

One method of overcoming the false null situation with even ratio systems is to add an AC
voltage (called the ‘‘stick off’’ voltage) into the rotor signal of the coarse CT and
compensate by repositioning the stator of the CX or the CT by an amount equivalent to 90°.
of the fine rotation. This means that the coarse CT still passes through the same null at 0°
but a different null at 180°.

Coarse fine control systems such as those described above are very often found in large
servo mechanisms which require a high order of accuracy. Such servo systems would
typically be found controlling gun turrets, missile launches or tracking radars.

SYNCHRO AND RESOLVER PARAMETERS

Reference voltages and frequencies

Synchros are usually available for either 60 Hz or 400 Hz operation. The 60 Hz types
normally operate with 115 volt r.m.s. reference system while the 400 Hz units are available
with 26 volt r.m.s. or 115 volt r.m.s. references.

60 Hz Synchros are not available in sizes less than size 15 (1.5 inches diameter) because of
the larger windings required, and are most often found in older systems particularly in Naval
use.
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A 115 volt reference voltage normally gives rise to a 90 volt r.m.s. line to line signal
voltage.

For example a 115 volt reference applied to 115 volt Synchro control transmitter (CX) will
produce outputs between S, S,, and S, of 90 volts r.m.s. max.

A 26 volt reference voltage normally gives rise to an 11.8 volt r.m.s. line to line signal
voltage.

Synchro reference frequencies of 512 Hz and 1 KHz are sometimes encountered.

Part Numbers
The symbols used for the various types of Synchros and Resolvers are shown in Fig. 1-33.

Number of Number of

Windings Terminals
Type Designation (see note 1) (see note 1)
Torque Synchros
Torque Transmitter TX 1R/38S 2R/3S
Torque Receiver TR 1R/3S 2R/3S
Torque Differential Transmitter TDX 3R/3S 3R/3S
Torque Differential Receiver TDR 3R/3S 3R/3S
Control Synchros
Control Transmitter CX 1R/3S 2R/3S
Control Transformer CT IR/3S 2R/3S
Control Differential Transmitter CDX 3R/3S 3R/3S
Resolvers
Resolver Transmitter RX 2R/2S 4R/4S
Resolver Differential RD 2R/2S 4R/4S
Resolver Control Transformer RC 2R/28S 4R/4S
Transolvers TY 2R/3S or 4R/3S or
3R/28 3R/4S

Notel: R = rotor S = stator

Fig. 1-33 Synchro and Resolver symbols.

Synchros and Resolvers have standard type designations (sometimes called military or
government designations) which are known and used by all Synchro manufacturers.
The standard type designation is constructed as follows: ‘

(Size) (Type Symbol) (Reference frequency) (Modification State)

4 = 400 Hz a, b,c,dore
6 60 Hz

1

This assumes 115 volt reference operation. If the unit is 26 volt, then 26V precedes the part
number.

For example:

An 11CT4b isa size 11 (1.1 inch diameter) 115 volt, 400 Hz control
transformer to a modification state b.

A 26V11CX4c is a size 11, 26 volt, 400 Hz control transmitter to a mod state c.

In addition to these numbers, all Synchro manufacturers have their own catalogue numbers.
For example in the case of an 18CT4c (size 18, 400 Hz, 115 volt control transformer mod
state ¢.) The Muirhead Vactric Ltd part number is 18M2C1Q and the Vernitron corporation
number is VCT18-4N1.
Synchros and Resolvers have been well proven as very reliable, robust instruments and
they have therefore found their way into many military applications. Because of this many
synchros have been allocated, in addition to their other part numbers, NATO stock

22 Chapter I



numbers, US Government drawing numbers and Military Specification numbers (see next
section).
Impedances

One of the most important parameters of synchros are the various impedances. The
following definitions are universally used and are applied to all synchro devices.

Z., Rotor impedance, stator open circuit
Z, Rotor impedance, stator short circuit
Z, Stator impedance, rotor open circuit
Z, Stator impedance, rotor short circuit

For these measurements the rotor is positioned at zero, Z,, and Z, are measured at normal
voltage. Z,, is measured with the same current in the rotor as in the Z,, measurement. A
similar procedure applies to Z ... ,

When the term ‘stator impedance’ is used it means that impedance which will be measured
between one terminal and the other two shorted together. Thus Z. is shown in Fig. 1-34.

Z5, = PER LEG IMPEDANCE

Fig. 1-34 Diagram showing the meaning of Z,,, Z' . and Z,, .
Other impedances which are used are:

Z',Z', etc. meaning the per leg impedance

Z,., is used to denote the impedance between any two lines with the other line
open. (This impedance should be qualified according to the rotor
condition)

Z, is the impedance of each arm in the delta equivalent circuit

The relations between these impedances are shown in Fig. 1-35.

Accuracy

The angular error of a control transmitter is defined as the difference between the rotor
position and the angle as defined by the stator voltages. For standard size CX’s (ie. Size 08,
11, 15, 18, 23) this error is normally in the range + 6 Arc Mins. to + 10 Arc Mins. depending
on the type.

The angular error of a control transformer is defined as the angular amount by which the
rotor has to be moved from the angular position as defined by the stator voltages, in order to
produce a minimum output. For standard size CT’s, this error is normally in the range +6
Arc Mins. to +8 Arc Mins. depending on the type. A typical Synchro error curve for
standard Synchros is shown in Fig. 1-36.

Other types of Synchro (e.g. TR, CDX etc.) have broadly similar accuracies though in
general control Synchros are more accurate than Torque Synchros.

It is possible to have higher accuracy units available in standard sizes and some
manufacturers offer standard Synchros selected for +2 Arc Mins. error.

One manufacturer in particular offers a whole range of size 23 control Synchros with
accuracy options of 10 or 20 Arc Seconds.
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Fig. 1-36 Synchro error curve for standard Synchros.

However, in general to achieve high accuracies with the single speed devices, it is necessary
to use Slab or Pancake Synchros or Resolvers for which accuracies of 20 Seconds are normal
and 3 Arc Seconds is achievable.

A table, of the main electrical parameters for all common synchros is contained in
Appendix A.

SYNCHRO AND RESOLVER RELIABILITY, ENVIRONMENTAL TESTING
AND MILITARY SPECIFICATIONS

Reliability

Synchro and Resolver manufacturers are very reluctant to publish figures for the M. T.B.F.
(Mean Time Between Failures) of their devices. This is probably understandable as the
failure rate depends on many different factors beyond their control. For example, it is clear
that a Brushless Resolver making small infrequent angular movements in an ambient
temperature of 25°C and a relatively vibration free environment will obviously experience a
much lower failure rate than a brush and slipring type resolver rotating at 100 R.P.M. in a
50°C ambient temperature environment where a large amount of vibration also exists.
The best guide we have therefore to synchro reliability is contained in the USA
Department of Defense MIL-HDBK 217A where section 7.8.1 states that many of the
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factors affecting synchro and resolver failure rate are not normally known to the user.
However, the Handbook does define a method of estimating failure rate which takes into
account the following factors:

Ambient temperature

Temperature rise of the unit

Type of winding insulation

Size of unit (i.e. Size 11, 15, 18 etc.)
Number of brushes

Type of application
(e.g. Ground, Vehicle mounted ground, shipboard, Airborne, Missile)

These factors influence the calculation to such a degree that it is not possible to state an
- average M.T.B.F. figure for synchros and resolvers and each case must be treated
individually. The following are examples of M.T.B.F. calculations using the method
outlined in MIL Handbook 217A section 7.8.3.2 which demonstrate the extremes.

Example 1

An 11CX4e with class A insulation windings in a 50°C ambient Ground environment,
assuming a temperature rise of 20°C would have a calculated failure rate of 3.2 failures per
million hours or an M.T.B.F, of 312,500 hours or 35 years.

Example 2

An 18CX4d with class A insulation windings in a 25°C shipboard environment assuming a
temperature rise of 20°C would have a calculated failure rate of 0.325 failures per million
hours or an M.T.B.F. of 3,076,923 hours which is 351 years!

Environmental Testing and Military Specifications

There are two main basic specifications which govern the manufacture and type testing of
synchros. These are the U.S.A. MIL-S-20708C and the U.K. DEF-STAN 59-27 (Part 90).
These specifications are almost identical, the slight differences being quoted later,

MIL-S-20708C has a different part for each type of synchro approved. These parts are
indicated by slash numbers.

For example:
MIL-S-20708/33B is the spec corresponding to an 18CX6C
and MIL-S-20708/2B is the spec corresponding ta an 11CXde.

DEF-STAN 59-27 (Part 90) has different supplements corresponding to each synchro. These |
supplement numbers, fortunately, correspond numerically to the MIL-S-20708C slash
numbers.

For example:
DEF-STAN 59-27 (Part 90) /033 is the spec corresponding to an 18CX6C
and DEF-STAN 59-27 (Part 90) /002 is the spec corresponding to an 11CXd4e.

The following information regarding type testing, shows the environmental extremes under
which a military specification synchro can operate, and is based on DEF-STAN 59-27 (Part
90) /002 for an 11CX4e.

In order for a manufacturer to become an approved supplier of this part, four samples
have to be submitted for Qualification Approval Tests. If the tests are successful, then a
Qualification Approval Certificate is issued and the manufacturer becomes an approved
supplier of synchros to this specification. These tests are very rigorous and although the
synchros are required to be in a fully working condition afterwards, the full sequence of tests
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could not be used for production testing purposes.

For Production Acceptance purposes, a selection of the Qualification Approval Tests are
carried out on 100% of the production synchros. These test requirements cover the basic
electrical and mechanical parameters of the synchro and do not include for example the
shock, vibration, altitude, temperature and endurance tests.

In addition to the production testing a certain number of each batch of production
synchros are submitted to a selection of the Qualification Approval Tests not being used for
Production Acceptance purposes. ‘

The Qualification Approval Tests are very detailed and it is only possible here to give a
brief summary.

1. The synchro is mounted in the centre of a vertical square metal plate of dimensions 4
inches by 4 inches by 0.1875 inches. This plate is firmly fixed onto a horizontal base
plate of dimensions 6 inches by 6 inches by 0.375 inches. (See Fig. 1-37.)

Fig. 1-37

2. Brush contact resistance
The synchro is energised from a constant current source and the brush contact
resistances are checked against the specification.

3.  Mechanical dimensions and finishes
The synchro is examined to determine whether dimensions and the finishes conform to
the particular supplement number data sheet for the unit.

4,  Shaft bearing tolerances
The shaft radial play of the synchro is checked with a 0.228 Kg load hanging on the
shaft. The shaft end play is checked by applying a 0.453 Kg load axially on the shaft in
both directions.

5.  Shaft Breakaway torque
The mechanical breakaway torque of the shaft is also checked.

6. High voltage insulation
A 900 volt r.m.s. 50 Hz voltage is applied between the windings and the frame for one
minute to check the insulation. The insulation resistance is then checked at —55°C and
at +125°C.

7.  Electrical parameters
The unit is then energised and the current, power, transformation ratio, phase shift,
electrical zero marking (+ 10°), electrical error, null voltage etc. are checked to verify
that they conform to the specifications.
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10.

1.

12.

13.

14.

15.

16.

17.

18.

Terminal stress
The terminals are checked by exerting a force of 5 pounds upon them and then
examining for damage or movement.

Impedances ‘
The electrical impedances in the various impedance configurations are then checked.

Temperature rise
Temperature rise after a period of energisation is measured. In the case of the 11CX4e
this is 20°C max.

Voltage and frequency variations
The specification relating to variation in voltage and frequency is then verified.

Electromagnetzc Interference
The synchro is rotated at 1150+ 50 R.P.M. and checked under load condmons for
radiated and conducted electro magnetic interference.

Vibration

The synchro, on its mounting plate, is energised and an aluminium disc of 2 inch
diameter and 0.1875 inches thickness is attached to the shaft. The unit is then subjected
to a harmonic vibration of 0.06 inches (1.5 mm) peak to peak amplitude, of peak
acceleration of 15 g whichever is the lesser over the range of 10 to 2000 Hz in each of 3
mutually perpendicular planes, one of which is the synchro shaft axis, for a period of 4
hours in each plane. The vibration cycle of 10 to 2000 Hz and return to 10 Hz is
traversed in 20 minutes. Any detectable resonance in the brush gear is noted. At the end
of this.test, the unit is examined for loose or damaged parts.

Low impact shock

The synchro, still energised and on the mounting plate and fitted with the aluminium
disc is then subjected to 5 blows in both directions along 3 mutually perpendicular axes
one of which is the synchro shaft axis. Each impact is of 50 g peak acceleration and of
an 11+ 1 mS duration.

Altitude, high and low temperature

Altitude tests are then carried out on the unit at a s1mulated altitude of 100,000 ft and
at temperatures of —55°C and + 125°C. During these extreme conditions, the synchro
is required to pass the tests involving brush contact resistance, shaft radial and end
play, mechanical breakaway torque, torque gradient and high voltage and winding
insulation resistance.

Endurance

An endurance test is carried out on the synchro which involves rotation for 1200 hours
at 1150 R.P.M. whilst under energisation. The tests involve both clockwise and counter
clockwise rotation and on completion it is subjected to the basic mechanical and
electrical checks. -

Extremes of ambient temperature

The unit is energised and allowed to stabilise at ‘an ambient temperature of — 55°C.
Whilst at this temperature its basic electrical parameters are checked against the
specification, The test is repeated in an ambient of + 125°C.

Moisture resistance
The moisture resistance tests are very detailed and can only be summarised here as
foliows:

The energised synchro is subjected to 10 consecutive 24 hour cycles of varying
ambient temperature and relative humidity. During the last part of each cycle, the
synchro is maintained at 25°C and at a relative humidity of between 90 and 98%. At
the end of each of these periods in the cycle, the temperature of the environmental
chamber is lowered to — 10°C for 3 hours. During this time it is vibrated for 15 minutes
with an SHM motion of amplitude 0.06 inches and frequency of 10 to 55 Hz. The
synchro is then returned to the ambient of 23°C +2°C and a relative humidity of 98%
before commencement of the next 24 hour cycle. At the end of the 10 cycles, the unit is
taken and dried by wiping and shaking but it is not dismantled. It is then left for 24

Chapter 1 27



hours in an ambient temperature of 25°C before being subjected to all of the test
requirements in the Qualification approval tests.

19. High impact shock
The high impact shock test involves the synchro being energised and fitted along with
the aluminium disc into the special mounting. The mounting is then subjected to 3
blows from a weight of 400 lbs (181 Kgs) falling from a height of 1 ft, 3 ft and 5 ft
respectively. A similar test is then carried out by back blows on the mounting from the
400 Ib weight falling from the 3 same distances.

20. Mould growth and salt spray
The testing is completed by performing standard mould growth and salt spray tests.

Assuming that all of the above tests are completed satisfactorily the synchro type is then
given its Qualification Approval Certificate.

The differences between this Qualification Approval and that of MIL-S-20708C is that the
latter calls up 2000 hours of rotation at 1150 R.P.M. in the endurance test. There are also
slight differences in the electro magnetic interference test.

OTHER ANGULAR TRANSDUCERS

The evolution of the Synchro and Resolver stemmed from military equipment requirements
and, as has been shown, the modern units meet the most stringent military specifications.
This means that the Synchro and Resolver are unsurpassed as cost effective high reliability
angular transducers,

However, other angular transducers do exist and are worthy of mention.

Optical Encoders

Incremental encoders

Incremental encoders consist of a disc divided up into alternate optically opaque and
transparent sectors, which is driven by the input shaft. A light source is positioned at one
side of the disc and a light detector at the other side. As the disc rotates the output from the
detector will switch alternately on and off depending on whether an opaque or transparent
sector is between the light source and the detector. Thus a stream of square wave pulses is
produced, the sum of which at any time indicate the angular position of the shaft. The
resolution of the encoder is governed by the number of opaque and (ransparent sectors and
usually falls between 100 and 6000 counts for one complete revolution of the input shaft.

Most incremental encoders feature a second light source and detector, the output of which
is phased in such a way in relation to the main detector output, that the direction of the input
shaft can be determined. Many encoders also feature a third light source and detector which
acts as a once per revolution marker.

Although the output of most encoders such as this are in square wave form, certain types
are available with a sinusoidal output from the detectors. This means that the resolution can
be increased up to 100 times by interpolation of the sine wave outputs. The construction of
an incremental encoder and its associated disc is shown in Fig. 1-38.

Incremental encoders come in sizes ranging from 1 inch diameter (25.4 mm) to 32 inches
diameter (88.9 mm). They are also available in all types of external construction ranging
from plastic, which is suitable for low cost commercial applications, to stainless steel where
the required specification is more rigorous.

While this type of encoder may be useful in some applications it has the disadvantage of
having the angular information stored in an external counter. If the information in this
counter is lost (for example if the power supply was temporarily interrupted) there is no way
of knowing the shaft angle. Also at initial switch on, there is no way of determining the shaft
angle until it has been rotated through the revolution marker.

Absolute encoders

These problems are overcome in the absolute optical encoder. In this device, the disc is
divided up into N sectors, each sector also being divided up along its length into opaque and
transparent sections forming a digital word with a maximum count of N, The sectors are
arranged such that the digital word formed by each set of opaque and transparent sections,
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Fig. 1-38 Construction and Incremental Disc of an Incremental Optical Encoder.

increments in value from one sector to the next. A set of N light sources are arranged radially
on one side of the disc and corresponding detectors are positioned on the other side such that
a parallel word representing the input shaft angle can.be obtained at any one of N angular
positions. The construction of an absolute optical encoder is shown in Fig. 1-39.
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Fig. 1-39 Construction and disc of an absolute optical encoder.

Therefore the data available at initial switch on immediately gives an unambiguous

representation of the shaft angle.
Absolute optical encoders come with resolutions of 6 to 16 bits in Gray code, binary or
BCD and their sizes vary from 2 inches (50.8 mm) to about 7 inches (177.8 mm) in diameter.
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Multiturn Optical Encoders

Optical encoders are available where a high resolution is obtained by gearing together two
absolute encoder discs.

For example, if a 6 bit disc (ie. max. count N =64) driven directly by the input shaft, is
geared up at 64:1 to drive a 10 bit disc (max. count N= 1024), then 64 turns of the input
shaft will create a full count, on the output, of 65536 (16 bits).

These units are suitable in applications where the function to be converted into digital
format cannot be accomplished in one turn of the input shaft.

Multiturn encoders are available in many sizes, gear ratios and resolutions.

Brush or Contact Encoders

 Contact encoders work on a similar principal to absolute optical encoders. However, instead
of using a disc where the sections forming the digital word are opaque or transparent, it uses
conducting and insulating surfaces in conjunction with brush contacts. This provides a
parallel digital word as the output. Obviously this type of encoder is not capable of sustained
high rotational speeds and is only suited to applications where the shaft movement is small
and infrequent.

Although single speed contact encoders are available with full counts up to 29 (1024),
most of them work on the same multiturn principle as is used in multiturn optical encoders,
such that a number of turns of the input shaft are required to provide a full count on the
digital output.

Contact or Brush encoders vary in size from 1.1 inches (27.9 mm) diameter to 3.3 inches
(83.8 mm).

Potentiometers

As the name suggests, these angular transducers require a stable DC voltage as the reference
input in order to provide an output voltage which is proportional to angle. As in the case of
the contact encoders, the system of integrity of potentiometers relies on brushes making
contact with the resistive track and therefore their performance is limited by wear and other
mechanical and electrical noise uncertainties.

Both single speed and multispeed potentiometers are available.

Rotary Induction Potentiometers or Linear Transformers

These devices are remotely related to synchros and consist of a rotor with one winding and a
stator with one winding. The rotor or the stator can act as the primary which is excited with
the AC reference voltage. The output voltage is proportional to the rotor angle. The
maximum usable rotor movement is limited to +85°.

COMPARISON BETWEEN SYNCHROS/RESOLVERS
AND OTHER ANGULAR TRANSDUCERS

In comparing Synchros and Resolvers (strictly speaking Synchro and Resolver Transmitters)
with the other types of angular transducers, it is necessary to include in the assessment the
associated electronics required to produce data in the form acceptable for modern control
and monitoring systems, that is digital data. All of the transducers considered need some
form of interface electronics and this is taken into account in the comparisons.

For example:

Synchros and Resolvers (and Rotary Inductosyns) require an AC reference voltage as well as
some electronics to convert from the AC analog output signals into a digital format.

Encoders require external electronics, including registers and buffers, as well as common
mode rejection circuits to maintain accuracy despite ground loops and induced low
frequency noise. Incremental encoders require in addition to this, up-down counting logic.

Potentiometers require a highly regulated power supply as well as Analog to Digital
conversion on the output.
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Cost Comparison
The relative costs can only be meaningfully compared at a given level of resolution, say 12
bits (5.3 Arc Mins.). It is meaningless to compare absolute costs.
The order of decreasing costs will then be:
Absolute optical Encoders
Synchros and Resolvers
Potentiomelers

Contact Encoders

Resolution and Accuracy

The approximate maximum attainable accuracies of angular transducers and their
associated electronics are shown in the following table.

Type of transducer Accuracy

Rotary Inductosyns 1.5 Arc Secs
Multipole Synchros/Resolvers 7 Arc Secs
High Accuracy (10 Se¢) Synchros/Resolvers 20 Arc Sces
Absolute Optical encoders 23 Arc Sccs
Sclected (2 Arc Min) Synchros/Resolvers 3 Arc Mins
Standard Synchros/Resolvers 7  Arc Mins
Potentiometers* 7  Arc Mins
Incremental Optical Encoders 11 Arc Mins
Contact encoders 26 Arc Mins

*Assuming 14 bit resolution

Note: In the above table, mechanically geared coarse fine
synchro/resolver systems have not been included.

Static and Dynamic Mechanical Loading

All shaft angle transducers will present a certain degree of static and dynamic friction to the
input shaft. This is much less in the case of the optical encoders and the Synchros and
Resolvers (particularly the brushless types) than in the case of the potentiometer and the
contact encoders where the friction of the brushes has to be taken into account.

Another factor to contend with is the moment of inertia which the transducer adds o the
shaft. In this respect, the miniature synchros and resolvers (size 05, 08 and 11) arc far
superior to the shaft encoders which require relatively large discs to provide high resolution.

Environmental Considerations

In this comparison, Synchros and Resolvers are unsurpassed. The combination of synchro
and its associated electronics meet more stringent temperature, humidity, shock and
vibration specifications than any other shaft angle transducer. This is one of the main
reasons why Synchros and Resolvers are preferred for Military and Acrospace applications.
The other transducers (which are all markedly inferior in this respect) are, in descending

order of performance, as follows:

Optical encoders

Potentiometers

Contact encoders

Noeise immunity

In most systems involving shaft angle transducers with digital outputs, the processor which
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requires the data will be separated from the actual shaft where the transducer is fitted. This
distance can sometimes be considerable.

In the case of an optical or contact encoder, the digital data will either have to be transferred
as a parallel word or transmitted serially and reconstituted at the processor end. Digital data
transmitted in this way is very susceptible to corruption by noise. For example there have
been cases where digital turning data transmitted from an encoder on a radar antenna to the
radar processing equipment has suffered from microwave interference.

Synchros and Resolvers need not suffer from such problems as the 3 or 4 wire analog
information is capable of being transmitted over very long distances (up to 2 Km with
suitable cable) before being converted to digital format in the vicinity of the processor. If
true transformer isolation is used at the conversion end, the line will withstand high common
mode voltages and because the conversion will be ratiometric in principie, a very high degree
- of noise immunity is attained.

As can be seen, Synchros and Resolvers in association with suitable conversion electronics
provide the logical choice for angular data measurement and control. the rest of this book
therefore is dedicated to the study of the electronics associated with Synchro, Resolver and
Inductosyn to Digital conversion and vice versa.
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