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FOREWORD

The Chopper, sometimes referred to as a contact
modulaior, occupies a unique position in modern cir-
cuitry. It is the connecting link between low or zero
frequency, low level transducer and the amplifying sys-
tem designed to increase transducer output to a usable
value.

This first part is concerned with definitions, tech-
niques of measurement, general usage and standards
of test and terminology.

Airpax was instrumental in coining and bringing
into accepted usage many of the terms now applied
internationally to chopper technology.
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SECTION I
WHY USE CHOPPERS?

The name chopper is derived from the contact devices used to tone-
modulate CW when CW first replaced spark transmission. The contact
modulator or chopper came into widespread use about 1948, with the ap-
pearance of a wide variety of servo-mechanisms and DC amplifiers.

There ought to be something wrong with using electromechanical
devices to perform electronic functions., Or at least, this seems obvious
to many of us for whom moving devices are anathema. Also, there are
several other ways of performing the chopper function; and, it is fair to
ask, why use choppers at all?
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FIGURE 1. Null stability of various modulators.

Magnetic modulators, for example, provide probably the most reliable
substitute, the second harmonic type having considerably better zero sta-
bility than the fundamental type. Figure 1, compares various modulator
types. The bar chart compares three kinds of modulators. It makes the
assumption that the circuit impedance is 10,000 ohms, that the system
bandwidth is as wide as possible, that we consider only room temperature,
that we ignore size and ignore expense. Finally, it tries to compare chop-
pers (a component) with a magnetic modulator (a little system).
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With a second harmonic type magnetic modulator, under controlled
laboratory conditions, we can reach a null stability as low as 10 micro-
volts— but—the response time is less than 3 CPS, the impedance rather
low, the ambient temperature range is severely restricted, and the modu-

lator is larger, heavier and more expensive. At impedances of 100 ohms,
20 to 30 uv is a practical lower limit.

FIGURE 2. Frequency response limits of modulator
systems. A 400 cycle carrier is assumed.

FIGURE 3. Airpax magnetic modulator compared to Airpax chopper.

The chart in Figure 2, assuming a carrier frequency of 400 CPS,
shows the frequency response limits of various modulation methods.
We can make trades to improve a desired parameter of course, but
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the response is limited by the time constants of the input winding and input
resistance. Better frequency response is possible, at the expense of imped-
ance or gain. Figure 3, compares a magnetic modulator to a chopper.

The best in transistor choppers is depicted by Airpax Type 7000,
which exhibits a remarkable degree of isolation between drive and modu-
lation elements. In consequence, the noise level is down to about 35 uv at
relatively high circuit impedances of approximately 10,000 ohms.

FIGURE 4. Transistor chopper and a contact modulator.

FIGURE 5. Airpax Type AMS 34 DC Amplifier.

Magnetic and semiconductor components are considered solid state
devices. Magnetic amplifiers in particular, are stable and capable of very
long life. Transistor amplifiers are light, compact and require very low
power. Airpax produces magnetic amplifiers and transistor amplifiers, as
well as choppers. Where these devices can be applied and continuous unat-
tended service for years is a requirement, the magnetic amplifier would

be the logical choice.
There are other modulation devices, photo-electric, tube oscillator,

etc. Actually, the situation which arises is that the stability which can be
achieved with good DC amplifiers (without choppers) is about as good
as can be reached with other modulation methods.



It is now practical to design an unstabilized DC transistor amplifier,
solid state, which will hold to 1 or 2 millivolts at the output with a closed
loop gain of 10, at room temperature, and 3 to 4 mv over a wide tempera-
ture range. The Airpax AMS 34 is such an amplifier, Figure 5, and is a
good example of what is practical today without chopper stabilizing. As an
operational amplifier with a gain of 10, the response at 3 db down is about
5000 cycles. Better stability will demand choppers. At a bandwidth of 0 to
30 KC, a null stability of about 2 millivolts is possible over about 50 C and
a gain of 10, but more expensive components are required. Such an ampli-
fier is Airpax Type AMS 26, illustrated in Figure 6.

FIGURE 6. Airpax Type AMS 26 DC Amplifier.

The use' of a stabilizing chopper or of a carrier system becomes
necessary when: the gain must be greater than 10; still wider frequency
ranges become necessary; very low signals in the microvolt range must
be amplified; high impedance is needed; or when expense is important. It
is possible to improve performance somewhat beyond the DC amplifier
performance given, using several different modulator systems (thus a
transistor chopper will improve a transistor amplifier), but when the
limits of the state of the art must be reached only a mechanical chopper
will do.

Why? Well—it's fairly simple.2 Contact modulators are unique in one
special respect, their ability to switch between a very low resistance of
much less than 0.1 ohm to over 10,000 megohms, and in very short time
intervals.

'On the Design of Chopper Stabilized Amplifiers, The Contact Modulator Part II1.

-A Study of the Transfer Function of Contact Modulated Amplifiers. Krantz, Salati and
Berkowitz, AIEE Transactions, Paper No. 57-204.
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When should a chopper NOT be used? Obviously, the decision to use
a chopper, or not to use one, can only be made with a full knowledge of
the circuit requirements, however, some generalities can be discussed.

If life requirements for a piece of equipment call for over 10,000
hours of unattended use, a chopper may not be suitable, or at least, one
may have trouble convincing people a chopper can be used. Choppers
are supplied in plug-in types and can be replaced as easily as a vacuum
tube or similar plug-in component. Choppers have been observed to have
a life that evidently exceeds 25,000 hours, or roughly three years of con-
tinuous service. The difficulty of extensive life testing is obvious. At
present, Airpax rates Type 300, on which the most data is available, at
10,000 hours. If an exceedingly long life is a must, a magnetic amplifier,
such as an Airpax Ferrac or Preac, should be used. These devices have an
expected life of 100,000 hours.

FIGURE 7. Magnetic amplifier for temperature system.

Figure 7 shows such an amplifier designed for a maximum of life,
operating from an undersea temperature probe to obtain synoptic data of
ocean temperature.

If high input impedance and good null stability are required of a DC
amplifier, a chopper may be the only practical solution. At impedances of
around 1,000 ohms, and with not too much of a drift problem, diode or
transistor modulators can be used. In general, if good zero stability is
needed with nulls less than about 35 microvolts and impedances over a
few hundred ohms, a chopper is almost imperative. (However, it is also
quite practical with modern techniques to get pretty fair performance
without a modulator.)



The response time needed enters the problem. “Chopper Amplifier”
refers to an amplifier using a chopper to modulate the input DC; probably
also to demodulate. The response is limited to about Y the driving fre-
quency. “Chopper Stabilized Amplifier” means stabilizing the gain of a
DC amplifier with a chopper amplifier—in this case the possible response
can be up to a very high frequency. The term “DC Amplifier” means of
course, any amplifier having response to zero frequency.

The chart shown in Figure 1, described the minimum practical offset
obtainable from wvarious modulator types. No such chart can present a
full picture, obviously there are limits such as frequency response, circuit
impedance and temperature range. One of these limits was found in Figure
2. And, since these are minimums, the limits also depend on other engi-
neering interpretations. The closest approach to chopper stability, the sec-
ond harmonic magnetic modulator, is limited by slow response, about 1 to
3 CPS; by temperature changes, which give poorer stability; and by the
second harmonic in the power source, which causes offset.

The first question therefore, is whether or not a chopper is needed.
Other than modulation of DC, you may want to compare two DC signals,
to switch radio frequency signals, to provide a time sharing method, to
stabilize another amplifier, to provide a filter circuit, to demodulate or
rectify signals, or to sample data. With a problem in the zero frequency
region, a mechanical chopper is required if you need a combination of
these factors:

High impedance circuits, over 1,000 ohms.
Response time greater than 2-10 CPS.
Null stability better than 50 microvolts.

Or null stability better than 100 microvolts under wide tempera-
ture ranges.

Performance over about 85°C.

You are limited by space and weight.

You are limited by your budget.

Limited power.

Your system is exposed to atomic radiation.

The signal to be modulated has a very wide dynamic range.
Extreme linearity is demanded, as for digital conversion.
10,000 hours life expectancy is sufficient.

oo oo

= F e 50D

It is probably worth pointing out that a mechanical chopper is by
far the cheapest way of getting good null stability; and they were con-
sidered reliable enough to fly with John Glenn on our first manned space
flight. Even if choppers are avoided altogether by careful design, for mod-
erately good stability, the cost of the required components considerably ex-
ceeds the cost of the chopper and its entire system requirements.
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In both modulation and demodulation systems, there arises a need for
high stability and freedom from zero shift, or that characteristic which
results in an output signal when no input signal is present. The contact
device is unique in that it solves the problem of a stable minimum resist-
ance by being close to zero when closed, and presents a maximum resistance
which approaches infinity when open. And, in addition, it can be used
effectively at both low and high impedances.

Choppers suffer from one problem— there is some point at which the
contacts begin to wear. Ten thousand hours is a reasonable life expectancy
for a properly used chopper. We may expect more than that in some
circuits. Figure 8 shows internal and external construction of Airpax chop-
pers, Types 300, 370 and 40A.

FIGURE 8. Internal construction of Airpax
standard and balanced armature choppers.

There is an effective phase lag between contacts and driving signal
which may be between 20 and 100 electrical degrees, depending on fre-
quency and other factors. The lag is made up of two parts; lagging coil
current and a lag affected by mechanical constants. The majority of Airpax
choppers have a SPDT BBM (break-before-make) contact arrangement.
The construction of the chopper is such that there is no neutral position of
the moving arm when the chopper is not being driven, and the movable
contact will stop at random on either fixed contact when the drive is re-
moved. Contacts on the larger choppers carry a maximum voltage rating
of 100 volts and a maximum current rating of 2 milliamperes, for unity
power factor load, and are driven from the supply mains which are most
frequently 400 CPS or 60 CPS.



In summary, a mechanical chopper is an economical way of getting
high performance out of DC amplifiers., In fact, if you must have the
very best performance from your circuit, you have no choice left. Only a
mechanical chopper provides at one time the lowest stray noise, the ability
to work over environmental changes (as temperature, shock and vibra-
tion), the best response time, the simplest circuit, the smallest size and the
least weight. The dollar savings are a bonus, and you may have to put up
with life expectation of only 10,000 hours.

If you understandably prefer solid state and can tolerate a null sta-
bility (referred to the input) of perhaps 100 microvolts, and you must
save weight and size, a transistor chopper similar to Airpax Type 7000 can
handle the application. Quite a few transistor switches are available with
less performance, however as noted earlier, when you can accept null errors
as high as 1 to 10 microvolts, and there are many such applications, you
probably do not need a chopper at all. You can design some self balancing
into your DC amplifier and the result is likely to be almost as satisfactory.

When slow response time can be tolerated, as slow as one second or
an appreciable portion thereof, a magnetic modulator will provide a high
order of life expectancy, if of conservative design and quality production.



SECTION 1I
WHICH CHOPPER?

Mechanical choppers, as normally available, are of two general types.
Both use some form of polarization, usually a permanent magnet, are es-
sentially low Q devices, and therefore will follow a driving frequency. The
difference lies in the frequency of self resonance.

In Figure 8, Types 300 and 370 have a resonance at about 600 cycles,
at which point there is a rapid increase in phase after which the chopper
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stops operating. Type 300 pivots from one end, Type 370 is a balanced
structure. These types are similar in performance. They offer high contact
pressure, a high order of reliability and the benefits of many years of
production. They are quite a bit larger, of course, but are also quite cheap
and easily obtained from several companies. Other than size, they suffer
from the fact that their phase angle is not constant with frequency, Figure
9. A side effect is a change in dwell time with frequency, Figure 10.
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Model 40A differs, and can be considered as a rotating device with
contacts at right angles to the rotation. It has a self resonant point of sev-
eral thousand cycles, and as shown in Figure 9, does not exhibit as much

CHOPPER DRIVE

CONTACT ACTION OF I \

MODEL 40A

:

CONTACT ACTION OF
TYPE 300

FIGURE 11. The effects of asymmetrical drive.

phase change with frequency. Contact pressures are lower, the relative
dynamic contact travel is much less. The techniques to insure reliability,

such as the use of dust free assembly rooms, are of necessity more
sophisticated.
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FIGURE 12. Sine wave drive produces modified
square wave when using SPDT BBM chopper.

The mechanical motion of a chopper whose mechanical resonant
period is close to its excitation frequercy is approximately sinusoidal with
time. As might be expectéd, an armature resonant at a frequency much
higher than the driving signal tends to more closely follow the current
wave shape of the drive.
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This can be used beneficially, as when a non-symmetrical contact
dwell is desired. Here if the drive signal is of shorter duration on one-half
the wave, the contact dwell time will also be shorter. On the other hand,
when a square wave drive is used, this may not be desirable and here the
use of a chopper such as Type 300 permits ignoring the harmonic content
of the drive, Figure 11.

A chopper is best defined as being driven by a sine wave and deliver-
ing a modified square wave, as in Figure 12. Since you probably want
to drive from the power line, you will in all likelihood have either 6.3 or
110 volts available, at either 60 or 400 CPS.

31000 430002
O—9¢

6.3 VOLTS
400 CPS

\ \ \
15 VOLTS 1S VOLTS
9 400 CPS 400 CPS .06luF —¢
/
-,

65° PHASE ANGLE 30° PHASE ANGLE
| | 0° PHASE ANGLE

FIGURE 13. Type 300 chopper with 6.3 volt drive and 65° phase angle
can be adapted for 115 volt drive and will produce other phase angles.

Figure 13 illustrates a Type 300 chopper, SPDT, break-before-make,
65° phase lag, 147° dwell time, with a 6.3 volt 400 cycle drive, arranged
for three different drive methods. This is one of the choppers shown in
Figure 8, a popular stock model.

When the power line is not available the chopper can be driven from
a pair of transistors arranged in an inverter circuit, Figure 14. This is
sometimes done to provide a 400 cycle drive, even when 60 cycles is
available, since a higher frequency improves the response time of a carrier
system.

Type 175, illustrated in Figure 15, and Type 300, are identical in
external appearance. These two types are used in many chopper amplifier
applications, and hundreds of thousands of them are in service. These
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types mount in a seven pin socket, JAN TS102P01, with a miniature tube
shield, JAN TS102U02, securing the chopper in the socket.

FIGURE 14. Inverter circuit using the chopper coil.

FIGURE 15. Type 175 chopper uses a 6.3 volt 60 CPS
drive, has a phase angle of 20°, and a dwell time of 164°.

Life figures of 10,000 hours, or mounting and space considerations,
may make it undesirable to plug in the chopper. Often it is helpful to
solder connections directly, avoiding low level thermal junctions which
may appear in sockets. Figure 16 shows a variety of mounting possibilities.
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None of the standard types of Airpax choppers will be damaged if
subjected to vibration between 10 and 3000 cycles, or to white noise.
Where the chopper must operate disturbed by severe conditions of vibra-
tion, Type 370 may be used. See Figure 17.

FIGURE 16. Choppers are supplied in a variety of mountings for per-
manent connection. Bracket, top and bottom flange mounts are shown.

FIGURE 17. Balanced armature type chopper operates satisfactorily
while undergoing high frequency vibration.

The type of mounting shown in Figure 18 may be helpful in permitting
maximum shock and vibration resistance. The vibration resistant chopper
in this mounting is Airpax Type 371. It is also available in the mountings
shown in Figure 16. Also for vibration resistance, a popular mounting is
the wrap around bracket. Airpax Type 372 chopper is supplied with this
mounting.

13



Automatic direction finding equipment, used in the VHF portion of
the spectrum, customarily employs low frequency modulation of the RF
carrier. In subsequent demodulation the phase relationships present in the
receiving loop antenna are present in the low frequency signal, and can be
used to automatically orient the loop.

FIGURE 18. Type 371 uses special bracket to balance
external vibrational forces against the mount.

FIGURE 19. Coaxial chopper with DPDT contacts operating at 100
CPS, is used in VHF direction finding systems in the 100-400 MC band.

Figure 19 shows a coaxial chopper, Airpax Type 199, operating in the
100 to 400 megacycle range. This is a balanced armature structure de-
signed for 100 cycle operation. Contacts are DPDT, break-before-make,
with a dwell time of 160 and a phase angle of 30°. The standing wave
ratio is better than 1.2 over the specified operating range. Connection to
the chopper is made with miniature coax connectors. This chopper has
been used to modulate a VHF signal for VHF direction finding. Type 199
normally operates over the range of 95 to 105 cycles, it can readily be sup-
plied for 60 cycle operation.
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Multiple pole operation is readily possible by using duplicate chop-
pers. Choppers selected at random will have a high order of uniformity,
and phase angles and dwell times can be expected to track very closely
together, even when changes are forced by wide variations in ambient
temperature or drive voltage. If changes occur the choppers will stay

FIGURE 20. DPDT choppers with 60 or 400 CPS drives
permit complete reed isolation by using matched units.

close together, assuming contact operating conditions are reasonably simi-
lar. As can be expected, this is even more true if units are matched (by
adjustment). Somewhat surprisingly at first glance, multiple electrical
operation can be as accurate as a mechanical linkage. Type 600 is a 400
cycle version. Type 800 is designed for 60 cycle operation. Complete resis-
tive and capacitive isolation is provided with synchronous performance
and common coil connections. Figure 20 shows a Type 600 chopper with
pin connections.

FIGURE 21. Multiple contacts permit multiple inputs.

Since chopper amplifiers can use SPDT constructed choppers for both
modulation and demodulation, the need for multiple pole operation might
be questioned. Full wave demodulation does of course permit higher out-
put. However, a more likely requirement is input-output isolation, or mix-
ing of many signals, Figure 21, or freedom from polarity limitations (with
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full wave rectification either polarity is obtainable). If a DPDT chopper
is used in a carrier type system as a reversing switch on the input as in
Figure 22, improvement in circuit symmetry and a consequent improve-
ment in common mode rejection may result.

In Figure 23, if the gain of the amplifier is sufficiently high, positive
feedback may cause high frequency oscillation. Capacitive feedback may
occur at the socket, across the chopper contacts or circuit wiring. Positive
feedback assumes a non-inverting DC amplifier, ie., in phase. If we add or

! { 4 /}T
RO

FIGURE 22. DPDT chopper used as full wave modulator.

€in O—'VW‘?H AMPLIFIER % I—'VWT—O Cout

FIGURE 23. Modulation and demodulation with a SPDT chopper.

subtract one stage, the output polarity is inverting and the feedback will
be negative. However, when used to stabilize, the stabilizing chopper ampli-
fier must be non-inverting, ie, (—) input delivers (—) output. The best
choice, to avoid oscillation, is Model 40A, a very low capacity chopper.

Figure 24 shows one type of modulator circuit using a SPDT chop-
per. At high impedances, noise may be picked up inside the chopper or
from adjacent wiring. If the input resistance is high, considerable noise
may appear during the chopper off time.
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The circuit changes occurring during the relatively short contact
transit time (off time) lead some engineers to specify make-before-break.
This demands perfection from the chopper contacts and is not good design
practice. If any small discontinuity will disable the chopper system, it is
obvious the life and reliability are thereby radically limited. In spite of

FIGURE 24. A lull wave modulation system.

this, many systems dependent on MBB action have been built, which
speaks well for chopper reliability under adverse conditions.

As the users of choppers become more aware of the possibilities and
the limitations of chopper applications, the use of MBB types has reduced
— a desirable objective.

FIGURE 25. Micro-miniature double-pole
double-throw, Airpax Model 60.

Airpax Model 60 is an example of the latest in chopper development.
This is a micro-miniature size, as shown in Figure 25. It is also double-
pole double-throw, and the complexity of this can be realized by the fact
that it is difficult to bring so many wires through such a tiny header. The
moving poles are, in addition, completely insulated from each other. Fin-
ally, this is also a low noise chopper, like Models 30A and 40A.

The double-pole configuration is most often used in chopper ampli-
fiers of the high gain, limited bandwidth type, sometimes using transformer
input and output, with one set of contacts modulating the input and the
other demodulating the output. This and other circuits will appear in
detail in subsequent chapters.
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Noise in choppers, which we can define as that remaining when the
input reduces to zero, often is demodulated and presents itself as unwanted
DC offset. Quite obviously this limits the system or amplifier sensitivity.

Choppers of the kind illustrated by Types 175, 300 or 370, have noise
levels in the vicinity of 50 to 100 microvolts rms, when examined at a one
megohm circuit impedance and with a wide band amplifier. This is still
better than can be reached with other techniques, some of which approach
this low noise level, but not at a high impedance.

Airpax Models 36A and 46A are illustrated in Figures 26 and 27. In
these units the residual noise is somewhere around 1 or 2 microvolts at
high impedances, and it has become extremely difficult to decide when
one can believe the test equipment. Stray noise from the drive circuit, if
any exists, may be masked by the white noise generated by input resistors
and by the input semiconductor or tube. The effective capacity between
chopper coil and contacts is actually much less than 0.1 picofarad— some-
one has said, not even a pouf!

FIGURE 26. Models 36A and FIGURE 27. Model 36A complete,
46A, very low noise choppers. can off, inner shields off.

Model 36A is adjusted for optimum operation in the vicinity of 60
cycles, Model 46A for the vicinity of 400. Both have equivalent perform-
ance. It is important that extreme care be used in making electrical con-
nections to these choppers to avoid external contact potentials, that the
drive coil leads be twisted, well shielded and isolated and that the input
transformer, where used, be well shielded and balanced. If connections are
soldered special low contact potential solder is useful.

Figure 27 shows the internal assembly of Model 36A. This is the identi-
cal mechanism used to make Models 30A and 40A, except that the greater
space permits double shielding and better drive lead isolation. The design
of this unit is such that almost zero magnetic or static coupling exists be-
tween drive coil and contacts.

As of today, Airpax Model 36A can fairly be said to be the lowest-
noise chopper in the world. Likewise, as of today, Airpax Model 40A is
the smallest successful chopper in the world. Both are high performance
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units, and will meet the full range of severe military environment for all
conditions, as temperature, vibration, humidity, shock and corrosion, and
at the same time will provide long life and reliability.

For operation direct from battery sources, such as 24 volts DC, Figure
28 shows Type 220, a transistorized inverter designed to drive one or two
choppers. Type 220 supplies 6.3 volts at 400 CPS.

TYPE 220
CHOPPER DRIVER
INWASVOC
OUTPUTS 3V400%

FIGURE 28. Type 220, transistorized inverter, operates from a 24 to
26.5 volt DC source to produce 6.3 volts at 400 CPS for chopper operation.

FIGURE 29. Chopper types are available for oper-
ation from -65° to 100°C, 125°C, 150°C and 200°C.

As illustrated in Figure 14, the chopper coil of Model 46A can be
driven directly from a transistor flipflop. This is not as easily done with
the larger choppers. In addition, lowest noise circuits require a drive signal
balanced to ground, which is easily obtained from the internal transformer
output of the Type 220 inverter.
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Choppers are admirably suited to extremes of temperature. Almost
any chopper will not be damaged by 100 C and will function between
—65 C and 100 C. Insulation temperatures provide some limitation. The
use of high temperature wire and insulating materials extends this range
considerably. Thus Type 300 operates between —65 C and 100' C; Type
310 is rated up to 125 C; Type 320 up to 150 C; and Type 330, as illus-
trated in Figure 29, all the way up to 200 C.

There is little within the chopper likely to be contaminated by atomic
radiation, unless it becomes sufficiently high to seriously injure insulation
materials. Insulation in the contact circuits of most choppers is either glass
or ceramic, materials relatively unaffected by radiation.

Replacement types are of many shapes, Figure 30, and sizes. Stock is
carried on many part numbers, of our manufacture, and of other sources.
Contact our Cambridge Division, Cambridge, Maryland, and indicate
your desired replacement type.
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SECTION III
A GLOSSARY OF CHOPPER AND AMPLIFIER TERMS

Except where pertinent,
terms general to electronics are not defined.

ASYMMETRY
Lack of perfect balance between two halves of a square wave.

BALANCE
The difference in dwell time, of two halves of a square wave, the dif-
ference in closure time of two contacts opposite to each other.

BBM
Break-Before-Make.

BREAK ANGLE
The angle of contact opening, in degrees of a driving sine wave, re-
ferred to the zero axis cross-over from which Closure Angle is
measured.

CHATTER
A discontinuity of contact closure, a break in a square wave following
the original contact closing.

CHOPPER
An electromechanical switch for the production of modified square
waves of the same frequency as, and bearing a definite phase rela-
tionship to a driving sine wave.

CLOSURE ANGLE
The angle of contact closure, measured in degrees of the sine wave,
referred to the time of zero axis cross-over of a driving sine wave.

COMMON TIME
In a MBB chopper, the angle in degrees that the contacts are all
mutually closed.

CONTACT RESISTANCE
The appearance of apparent high resistance between contacts, actually
discontinuity caused by powder formation; if present to a serious
degree represents chopper failure or end of life.

DEAD TIME
Also “Off” time, in a BBM arrangement, the time neither contact is
closed, the converse of Common Time.

DRIFT
In a DC amplifier, the change in output with constant input, usually
measured in terms of the DC input signal required to restore normal
output; may be called out as microvolts or millivolts per hour.
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DRIVE
In a chopper, the power supplied to a coil to cause action, usually
measured in terms of voltage and frequency.

DWELL—DWELL TI‘ME—ON TIME
: The time in degrees during which a contact is closed, or time in
milliseconds, either referred to a driving sine wave.

MBB
Make-Before-Break

MASS—MASS COMPLIANT—MASS COMPLIANT SYSTEM

The weight, the weight and spring relationship, existing in the moving
structure of an electromechanical chopper.

MODIFIED SQUARE WAVE
As from a BBM chopper, with less than 180° dwell time per ¥2 wave.

MODULATOR
In a DC amplifier, a device for modulating DC and low frequencies
to permit amplification by a carrier amplifier; usually an electro-
mechanical chopper.

NOISE
In a chopper, that signal present across resistors between contacts
and ground with zero signal supplied. In general, output other than
the desired signal.

NULL
‘The condition of zero signal input.

NULL BALANCE
See also Offset—In a DC amplifier with zero signal input, the value
of DC required at the input to return the output to zero.

OFF TIME
The time in degrees of a driving sine wave, in a BBM chopper, during
which neither contact of an opposing pair is closed.

OFFSET
In a DC amplifier with zero signal input, the value, usually in micro-
volts or millivolts, of a DC required at the input to return the output
to zero.

PHASE ANGLE
Of a chopper, the angle in degrees between a driving sine wave and
the midpoint of the dwell time (the angle between the 90° point of
the sine wave and the sfjuare wave center).

PHASE SHIFT
Of a chopper, a change in phase angle from any cause, measured in
degrees of a driving sine wave.
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PHASE BALANCE
Of a chopper, the phase angle difference between positive and negative
halves of the square wave, the difference in degrees between 180° and
the measured angle between square wave midpoints.

RELATIVE PHASE
Of a chopper, the correct phase relationship between a driving sine
wave and the square wave, as compared to the 180° reversal of
either, best measured with DC on the drive coil.

SERVO LOOP
In a servo amplifier, the entire closed loop formed by feedback
from output to input. In a position servo, output position is compared
to a command signal at the input.

SPIKE NOISE
In a chopper, the static field noise caused by insulating material; can
be observed if the chopper is followed by a wide band amplifier.

SYMMETRY
See Balance.

ZERO SHIFT
See Offset.
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SECTION 1V
DEFINITIONS

The necessity of definition prior to measurement is obvious. It may
be less obvious that definition is necessary to even decide on the use of
choppers as compared to other methods. A chopper failure due to a sudden
open connection, or broken part, is extremely rare, and since Airpax con-
servatively rates choppers for 10,000 hours of life (actually over 25,000
hours is not unusual), some standard of performance becomes necessary to
judge the end point of life. Equipment like that shown in Figure 31 can be

FIGURE 31. Airpax Model TE-25 test set provides
measurement ol nearly all chopper parameters.

used to measure many of the parameters defined in the following pages.

Let’s first tighten up our definition of “chopper”.
A chopper is an electromechanical switch for the production of modi-
fied square waves of the same frequency as, and bearing a definite
phase relationship to a driving sine wave.

This covers 99% of the devices which are called choppers. We might

further restrict the subject, and confine our attention to devices handling

rather limited power levels.
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For evaluation purposes, the chopper will be considered to be
driven by a perfect sine wave which is repetitive in nature. Because, by
design, the contacts maintain a constant time relationship to the driving
waveform, it is possible to completely describe the operation of a chopper
by investigating one cycle. For convenience, we will speak of portions of
this cycle in electrical degrees, 360 degrees constituting one complete
cycle of operation. The output signal, for purposes of measurement, is
defined as the voltage developed across resistors connected to the
contacts and supplied with DC as in Figure 32.
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FIGURE 32. Contact action measurement circuit.

PHASE ANGLE
MAXIMUM OR
S0° POSITION MIDPOINT OF

OF SINE WAVE & SOUARE WAVE

7 \I

FIGURE 33. Phase angle is measured to midpoint of square wave.

TIME, as expressed in electrical degrees of the exciting frequency,
is used as the basis of most expressions. Consider one complete cycle of a
perfect sine wave used to drive the chopper, and reference all contact
action to that cycle.

PHASE ANGLE, the inherent phase lag, is defined as the angle
existing between the peak of the driving sine voltage and the midpoint
between contact make and contact break, expressed in degrees of the
driving wave, as in Figure 33. That is, phase angle is measured from the
90° (or 270°) point of the driving sine wave to the midpoint of the
on-time or period of closure. In a Type 300 Airpax chopper at 400 cycles,
this lag is roughly half electrical (the coil L/R relationship), and about
half electromechanical.
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The drawing, Figure 33, illustrates the nominal phase relationship
in a Type 300 chopper at 400 cycles; for the sake of simplicity, the
opposite half cycle is not shown.

DWELL TIME, also called on-time, etc, is the number of degrees
each contact is closed, expressed in relation to a driving sine wave, and
is illustrated in Figure 34. Obviously, it can be and sometimes is expressed

OFF TIME
—bl r— OWELL TiME

DWELL TIME —.I —.I LOFF TIME

FIGURE 34. Dwell time is FIGURE 35. Off time of a
the period of contact closure. BBM chopper is the period
when both contacts are open.

—.l FPHASE ANGLE

PHASE ANGLE 4] L

FIGURE 36. A phase difference may
exist between opposite wave halves.

in milliseconds, This is inconvenient for measurement unless the chopper
is used only at one frequency. At 400 cycles, a Type 300 chopper has a
nominal dwell time of 1.05 milliseconds; i.e., 147/360° x 2.5 ms.

BALANCE OR SYMMETRY. This is the difference between positive
and negative dwell times; thus, if one half were 145° and the other 140°,
the balance would be 5°. It is usually specified as a maximum (actually
a maximum unbalance).

OFF TIME, transit time, or dead time. The period, in degrees of
the driving sine wave, during which neither contact of a BBM (break-
before-make) chopper is closed. See Figure 35. It is about 0.23 ms for a
Type 300 chopper at 400 cycles, and would usually be expressed as 33°;
like dwell time, it occurs twice each cycle.
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PHASE BALANCE refers to the possibility that the dwell times
may not be perfectly symmetrical, and this might occur if the balance is
in serious error. Figure 36 will clarify this. Usually this does not become
a problem and choppers have phase balance within a degree or two
even if the dwell time is seriously unbalanced.

CORRECT POLARITY

r

WRONG POLARITY

FIGURE 37. Relative phase (polarity ) of a Type 300 chopper.

RELATIVE PHASE, or polarity. If one of many chopper polarities,
such as coil leads, is reversed, the chopper may appear 180° reversed.
This would prevent many servo circuits from functioning. This is illustrated
in Figure 37. Polarity is easiest to test and pretty definite if it is specified
in terms of DC on the coil. A chopper is of course, a polarized relay, thus

CLOSURE ANGLE

FIGURE 38. Contact closing time is called closure angle.

DC in one direction through the coil will always close the same pair of
contacts (if they happen to be open). When the sinusoidal drive voltage
is interrupted, an Airpax chopper armature comes to rest with the moving
contact against either one of the fixed contacts.

CLOSURE ANGLE is the angle between the sine wave and the
beginning of dwell time, as measured on the base line. See Figure 38.
This angle is not often used but is of importance in some circuits.
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BREAK ANGLE. This follows from the definition of closure angle. It
should be noted, if used, that this angle is governed by the dwell time.

COMMON TIME. In a make-before-break (MBB) chopper con-
nected as shown in Figure 39, the output square wave pattern will be
identical to the BBM type. In this figure, when all contacts are mutually
closed, the algebraic sum of the voltages across the resistors is zero,
identical with the condition when all contacts are open. Common time
measurement provides a more accurate and easily measured control of
balance. It is the converse of off time, and dwell time is actually the
square wave length plus the common time.

COMMON
1 [* TiME

FREE
— TIME [*

DWELL L_
™ TIME

FIGURE 39. In a make-before-break (MBB ) chopper the
sum of the common time plus free time is dwell time.

FIGURE 40. Chatter, exagger- FIGURE 41. Contact derange-
ated in the above figure is seldom ment is caused by vibration.
observed in Airpax choppers.

FREE TIME is a term used to describe the square wave length of an
MBB chopper connected as in Figure 39. Free time is that portion of dwell
time when one contact is open; ie, the operating contact is free of the
opposite contact.

CHATTER, or contact bounce, Figure 40, usually appears quite
close to the start or finish of dwell time; in fact, if it appears near the
middle, it would indicate something wrong with the chopper. Chatter is
rarely seen in an Airpax chopper; when it does appear, it will be found
to occupy only a few degrees and is generally harmless. Usually it will
appear only at a fixed frequency or a small range of frequencies.
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CONTACT DERANGEMENT refers to the phase modulation caused
by mechanical vibration. It is defined, per Figure 41, as the aggregate
of chatter, phase modulation and unbalance caused by vibration and is
measured in degrees. Any Airpax chopper withstands vibration without
damage; several types are designed to perform normally under extremes
of vibration.

NOISE is the undesired signal appearing between contacts and ground
across the load resistor. It does not necessarily result in offset of a DC
system, for one reason or another, as will be detailed in later sections. It is
measured in rms, or peak, or peak-to-peak values. See Figure 42.

A
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FIGURE 42. Noise is the undesired signal from the contacts.

Noise is not specified properly until we have defined the circuit, the
ground connections, specified the amplifier frequency range, defined the
value as peak, average, etc., specified the meter used, which may be peak
reading, average, or rms, and until we have called out the load resistance
values. Finally, noise is still not specified until we can measure the noise
originating in the chopper itself, and not in connecting leads or sockets
or in nearby amplifiers.

Noise is often confused with contact resistance, which is described
later. Since noise is correctly defined only in the absence of an operating
signal (i.e, it is that signal which remains when the input is removed),
the difference is clear. Contact resistance, of course, may result in a
random change of gain, since it alters the contact dwell time. If this
appears as a fluctuating output it may be erroneously described as “noise”.

OFFSET may be caused by the chopper, but is a function of the
amplifier using the chopper. It is usually measured in terms of the amount
of DC required at the amplifier input to return the amplifier output to
zero. Offset is shown in the transfer function of Figure 43. Noise does
not necessarily cause a zero offset, in fact it might reduce the offset.

CONTACT RESISTANCE is caused by the appearance of powder
between contacts, usually only when operated in a “dry”, ie., very low
level circuit. When viewed on an oscilloscope, the pattern fluctuates
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erratically as the apparent contact resistance changes. The resistance is
more likely to be a series of open circuits of very short time duration,
similar to Figure 44.

It is difficult to state whether or not a “resistance” actually appears.
If the oscilloscope used to view the effect has a sufficiently fast response,
it may be observed that the trace approaches the base line in a very
random fashion. Probably contact resistance is an open circuit whose time
interval lies in the micro-microsecond region.

OFFSET le—/

/
/

y

INPUT OC '/

~N
OUTPUT DC

FIGURE 43. Offset is measured as the DC
input required to “zero” the amplifier output.

FIGURE 44. Contact resistance shows as an erratic dwell pattern.

LIFE. This one important factor often determines the use of a
chopper. Choppers are sometimes regarded as unreliable, perhaps apt to
quit working without warning. Such is absolutely not true, at least with
Airpax choppers. Springs do break and coils do open up, but that kind of
failure is so remote as to approach zero quantity. In the absence of other
limits, a definition of the end of life is the time at which specification
limits, as of phase or dwell time, are reached. As might be expected, the
circuit used is important.

Contact resistance is by far the most frequent cause of failure in “dry”
circuits. When- appreciable currents of a milliampere or more appear
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continuously, or randomly, it appears to burn or vaporize the powder, and
contact resistance usually does not appear. This is why choppers often
work well in circuits subject to periodic high current, as in null seeking
servos, Continuous high current however, introduces an electrical erosion
which may in time erode contact surfaces, with a consequent gradual
reduction of dwell time and a slow increase of phase angle. The “dry” or
very low current circuit is usually the worst cause of chopper failure,
and except for special applications Airpax choppers are always life tested
with zero current. Periodic sampling is conducted, but at very low level
to avoid concealing the contact resistance defect.

TEST VOLTAGES from contacts to ground are usually limited by an
internal air gap to a maximum of 200 volts AC, but flashover causes no
damage. The coil test voltages vary considerably, from 1500 volts for
100-volt coils to 200 volts on 6-volt coils. Insulation resistance is very high,
being limited primarily by leakage across glass at the pins.
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SECTION V
MEASUREMENT

Measurement of chopper parameters is usually done oscilloscopically.
Unfortunately, most of the available phase meters depend on zero axis
cross-over to measure phase. (The wave to be measured is converted to a
square wave.) The comparison of sine wave to step wave leaves these
meters somewhat frustrated.

There are three possible means of measurement. We can display the
pattern in rectilinear fashion and measure lengths with a ruler as in
Figure 45; arrange the pattern in a circle, Figure 46; or mix a marker pip
with the signal, Figure 47.
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FIGURE 45. Trace is several degrees in width.

The rectilinear display of Figure 45, is the least desirable. The
accuracy of the method obviously depends upon the linearity of the sweep
circuit employed as well as the measurement of lengths.

Assuming a 5-inch scope tube is used with a trace 4 inches long, then
1 degree equals 4”/360° or .011 inches. If an accuracy in the order of 1
degree is to be obtained, it is necessary to make a linear measurement on
the face of the scope tube accurate to .01 inch.
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This is rather impractical if the curvature of the tube face and parallax
error are to be considered. Also most sweep circuits employed in oscillo-
scopes are not completely linear. Therefore if an oscilloscope is used, it is
essential first, that the representation of 1 or 2 degrees be of a sufficient
dimension to allow accurate measurement, and second, that the sweep
be linear.

FIGURE 46. Polar presentation provides a longer scale.

FIGURE 47. Marker pips permit measurement of chopper parameters.

Polar presentations provide a reading length T times longer, and also
permit a 180° phase reversal to minimize error due to distortion and
imperfect deflection accuracy. If a circle of 5-inch diameter is used, a trace
length of 15.7 inches represents 360 degrees so that 1 degree equals
15.7/360° or .044 inch. This represents a minimum distance which can be
practically read on a scope tube face. The linearity requirement can be
readily fulfilled by using low distortion amplifiers, and obtaining an
accura