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(57) Abstract

Frequency control apparatus, or simply frequency control, for an AC system, adapted to be connected in parallel with
another system, with particularap phcauon to variable speed constant frequency (VSCF) systems. Each system has an individual
frequency control which receives an input signal (72) that corresponds to the difference in operating frequency and/or phase, of
the plural systems. Each individual frequency control contains a reference frequency oscillator (60) which operates at fixed fre-
quency, a signal controlled oscillator(71), and a feedback loop (62-70) which compares the frequencies of the two oscillators (60,
71). When the input signal (72) is present, the frequency of the controlled oscillator(71) is varied accordingly, ultimately toa fre-
quency which is the average of the natural frequencies of the plural systems. In the absence of input signal (72), the controlled 0s-
cillator (71) operates at the frequency of the reference oscillator (60). ;
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FREQUENCYCONTROLAPPARATUS
FOR AC MACHINE

BACKGROUND OF THE INVENTION

Field Of The Inventicn

The present invention relates generally to frequency

control for AC machines and, more particularly, to
s £reguency cqntrol of alternating current systems having

individual reference oscillators. The present invention-

is appliczble for matching the frequencies of parallel

connected alternating- current generators, and forx

adjusting the frequency of an AC motor in accordanceg
10with a frequency control signal.

The present invention has partlcular aonllcatlon in
the field of variable speed constant fregquency generator
systems used in any aircraft environmeﬁt. The present
invention allows the generator systems to be connected

15 in parallel so as to generate output signals having a
frequency which is the average of all +he individual’
frequencies of the generator systems. The present
invention may also be used to control the prime mover
speed in conventional generating systems so as.to adjust

20 frequency of the output of each machine when the outputs

are connected in parallel.
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Desciiption Of The Prior Art
. The phase lock loop is a commonly used method of

frequency control. In such phase lock loop systems, a
master oscillator sets the system frequency, and all

5 individual machines are then phase shifted with respect
to this master oscillator in order to share the load.
In this conventional method, the system maintains the
master frequency. Such phase lock loop master oscil-
lator systems work well during normal operiticn of

10 parallel generatdr sfstems.

A major disadvantage of phase lock loop master
oscillator systems is that if for any reason the master
oscillator malfunctions, the entire system freguency
will be lost. If this malfunction should occur in

15generator systems generating in parallel, such as a
variable speed constant frequency (VSCF) system, there
must be some backup means for providing a new master
oscillator signal. When the master oscillator fails,

- however, logic circuitry must be provided to decide

éowhich of the oscillators of the other parallel systems
is to become the new master oscillator for controlling
the frequency of the entire parallel connected system.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 illustrates in block diagram form two
2s5generator systems of the VSCF type connected in parallel
in accordance with the present invention.

Figure 2 shows an embodiment of the circuitry of
the load division and synchronization circuit 12 of
Figure 1 which generates a control signal proportional

30to the circulating current present in the parallel con-
nected systems.

Figure 3 presents a bleock diagram of a frequency
control having a reference oscillator and signal con-

trolled oscillator.
3ukEAU
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Figure 4 illustrates an embodiment of the freguency
control circuit of Figure 3. -
Figure 5 shows another embodiment of the f*equency
control circuit of Figure 3 and includes an additional
.5 counter start pulse circuit.
. Figures 6A and 6B plot the wave forms which occur
at the various stages of the circuit shown in Figure 4,
with the vertical axis of each plot representing ampli-
tude and with the horizontal axls of each plot repre-

10 senting time.

SUMMARY OF THE INVENTION

In order to control the frequency of each parallel
AC system in accordance with the average of all iﬁdi—
vidual systens, the fregquency control of each system in

15 accordance with the present invention is provided with 2
. signal control oscillator in addition to its reference
oscillator. W¥hen not in parallel, the signal controlled
oscillator is forced +0 the same frequency as the refer-
- ence oscillator. The output of the signal conbrolled
20 oscillator ‘is used to control the frequency of the AC
system or generator. .

When two or more systems are paralleled or synchro—
nized, a control s;gnal is provided to the signal con-
trolled oscillator. A control loop is provided in

25 accordance with the present invention to adjust the
‘frequency of the signal controlled oscillator up or down
in accordance with whether the signal controlled oscil-
lator output is faster than or slower than the refer-
ence oscillator output.

30 The frequency control of the present invention can

determine whether the signal controlled oscillator
output is faster or slower than the reference oscillator
output. The absolute frequency difference between these

two signals is determined by means of a discriminator.
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‘The frequency control of thé present invention
aQerages all of the natural frequencies of the individual
systems. Since none of the oscillators of the paralleled
systems act as a master oscillator, there is no need for

5 the present invention to select a new master oscillator
if one of these oscillators should fail. The parallel
connected systems in accordance with the present inven-—
tion will automatically average the frequencies of the
remaining systems.

10 The présent invention may also be used to adjust
the frequency of motors. A reference oscillator main-
tains the nominai speed} and speed adjustment is accom-
plished using a second control signal applied to the
frequency control loop.

15 The actual determination of whether the reference
oscillator or the voltace controlled oscillator is
faster or slower is determined in the preferred embodi—
ments by phase shifting the output of the reference

’ oscillator.. The reference oscillator ocutput and the

90 phase shifted reference oscillator output are each
discriminated with respect +o the output of the signal
controlled oscillator. Determination of which of these
signals is leading determines which oscillator has 2

higher frequency-

25 DETAILED DESCRIPTION OF  THE INVENTION

In Figure 1, there are shown two generators con—
nected in parallel which utilize frequency controls in
accordance with the present invention. In the system
shown, the circulating currents between phase A of gen-

30 erator GEN 1 and phase A of generator GEN 2 are detected.
These circulating currents along with the reference
oscillator associated with each generator are then used
+o control the freguency of each generator. More speci-

fically, with respecttngamrﬁorGEqu there is shown 2
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current transformer 10a connected to the phase A output,

and a similar current transformer 10b connected to the

phase A output of generator 2. A differential arrangement

D extracts from the transformer 102 and 10b a different- X
5 ial- circulating current, and applies two voltages propor-

tional to this circulating current to the load division

and sync circuitsi2a and 12b via respective lines 17a and 17b.

Eaéh load division and sync circuit 12 generates a
control signal, e.g.. voltege, which is proportional
10to a phasor portion. of the circulating cur*ent, and this
control signal is applied via a line 20 to a frequency

control 13. For purposes of explanation, the control
Slgnal on line 20 is referred to as a cont:ol voltage
signal,-but tnis control signal could also be a control

T 15 current signal. Each frequency control 13 has associated
with it a reference oscillaix'vr(R-Ol ,R-02) which is represented bya
.gircuit block 213. - The frequency control 13 adjusts. the
controlled frequency output on a line 14 in accordance
with the reference oscillator 13: and the control vol-

20 tage on line 20. A wave generator 15, such as that
which is used on a variable speed constant frequency
generator of the type shown in U.S. Patent No. 3,873,928,
-entltled "Reference Wave Generator Using LOglC Circuitry
for Providing Substantially Slnu501dal Qutput,™ to

25 David L. Lafuze, and assigned to the General Electric
Company, receives on line 14 the controlled frequency
signal from freguency control 13.

In the case of a VSCF system, such as that shown in

U.S. Patent No. 3,902,073, entitled "Starter Generator

30 Electrical System utilizing Phase Controlled Rectifiers
to Drive a Dynamo-Electric Machine as a Brushless DC
Motor in the Starter Mode and to Provide Frequency Con-
version for a Constant Frequency Output in the Generating
Mode," to David L. Lafuze, and assigned to the General

. 35Electric Company, it is known that the impedance of the

generator is at approximately 45° lagging or in the

BUREAY
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inductive direction. In. the instance of a VSCF generator}

the wave generator, such as wave generator 15, will
produce a substantially 45¢ leading signal along with
many other signals necessary for generator c:;ntrol and

5 operation. This 45° leading signal is the reference’sig-
nal on a respective line 16 which is fed back to its load divi-
sion and sync circuit 12. This reference signal enables
each load division and sync circuit 12 to produce itg
control voltage signal on line 20 by selecting a phasor

10 port:.on of the circulating current, the difference
signal f*om the transformer control loop 17.

Also shown in Figure 1 are 1ines 18a and 18b, which
feed back to the load division and sync circuitsl2 the
terminal voltages present at generator 1 phase A and

15 generator 2 phase A, respectively. These tarmlnal val-
B tages are used in the initial synchronization of the
two generators. Synchronization of the generators is
initiated by closure of a control switch 201. This couples a SYNCH
signal to, and activates a phase lock loop system within each load divi-
20 sion and sync circuit 12. This generator synchronization is
necessary to prevent High transient currents which would
otherwise occur when the ''paralleling" contactor 21 is closed.
As has been done even up to this point, a recital of
typically "frequency céntroi 13" implies that the description
25 applies to both the frequency controls 13a and 13b.

Thus an identical control system in accordance with the
present invention to +hat used for phase A of generator
1 is shown in Figure 1 for phase A of generator 2. In
structure, the two control systems are identical and,

30 consequently, the just indicated convention for describing both

systems, will be continued. Tn terms of operation, the
circulating current signal derived by current’
transformers 10 is of opposite polarity for the two

control systems. Thus, the control system for phase A
350f generator 2 operates inversely to the operation of

the control system for rhase A of generator 1. That is

%UP\EA
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to say, if the control system for phase A of generator 1
causes generator 1 to- speed up, the control system for
phase A of generator 2 causes generator 2 to slow down
correspondingly, and vice versa. It should also be

5 understood that any number of generaéor systems can be
controlled by controlled systems of the present inven-
tion in an analogous fashion so .as to operate all of
these systems in parallel.

In Figure 2, there is shown in detail a load divi-

10 sion and sync circuit 12 which may be used for initial
synchronlzatlon, and the production of the control fre-
quency s;gnal for: the frequency control 13. As stated
above, there is a separate load division and sync cir-
cuit 12 associated with each of the generators of the AC

15systems connected in parallel. In operation, the gener-
ators are synchronized, and once the synchronization is
complete, the polyphase contactors 21 are closed, causing the
generators of the systems to be operating in parallel.
Upon the closing of the contactor 21 (Figure 1), the

20terminal voltage on feedback lines 18 are iden-.
tical because generators 1 and 2 are in parallel. Thus,
the signals at inputs 30 and 31 of the load division
and sync circuit 12 of Figure 2 are identical so that
the comoarlson signal, whlch is a function of the dif=-

25 ference between the signals at mputs 30 and 31 (18a and 18b of Fig.1),
which -are normally different during synchronization,
goes to zero after closing of contactor 21. Thus, once
contactor 21 is closed, the présent invention controls
the parallel-connected systems in accordance with the

30 voltage signal for each phase of each generator, each
voltage signal being p;opoftional to the circulating
component in that phase of the total parallel-connected
system. ' .

The top porticn of Figure 2 shows the synchroniza-
35tion circuit of the lecad divisién and sync circuit 12a

used for initial synchronizationof the two generators GEN 1
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and GENZ2.Applied o inputs 30 and 31 are the terminal volages of phase’A of genera-

tors 1 and 2. respectively, as these generﬁtors are operafing {ndependently of each
other. With switch 201 (Fig.1) closed, the SYNCH signal (s applied viz 2n amplifier 214

to

the + inputofa comparator amplifier 33,to enable for operation in the manner bbe

5 immediately described, the following: comparator amplifier 33,another comparator am-

plifier 32.2 pair of flip-flops 34 and 35,and an operational amplifier 36. The amplifier

36 {s enabled by the SYNCH signal additionally, in the sense of connecling {ts output to

line 20a (Figs.1and 2),via an {nverting amplifier 215 and a resistance 216.Were the

SYNCH signal absent, l.2. switch 201 open -~ this condition usually obtalns upon inifizl
10 start-up of the generators GEN1 and GEN2 --, the units 32 to 368 would be disabled.

The terminal voltage signals on inputs 30 and 3l arefed o the comparator ampli-

fiers 32 and 33 which convert these two signals into square waves In accordance with
their zero crossings. Thege square wave sigmals are supplled, respectively, to the filp-
flops 34 and 35, which measure the phase difference between these two signals.Wwnen

15 the square wave glgml at the output of comparator 32 is leading e square wave slg-
nal at the inputof comparator 33,the Q output of flip-flop 34 indlcates this phase diffe-

rence and is applied via a scaling resistor to the non-inverting input of the operational

amplifier 36 connected as a differential 3mpliﬁer.Converse1§,when the square wave

wave sipnal at the input of comparatar 32 is lagging the square wave signal at the input

20 of comparator 33, the Q output of flip-flop 35 indicates this phase difference and 1s 2p~
plied via 2 scaling resistor o the inverting input of the operational amplifier 36. Tha
output signal from operational amplifter 36 goes negative when generator 1 phase A
leads generator 2 phase A (which effectively causes the Irequehcy of generator 1

25

to be decreased) and goes positive when generator 1
phase A lags generator 2 phasa A (which effectively
causes the frequency of generator 1 to be increased) .

The signal at. the output of amplifiex 36, which i=
tha voltage control signal on line 202 of Figqure 1, is
the output of a phase discriminator of a phase lock leop
rmade up of the voltage controlled oscillator of fre-
quency ‘control 13a, the wave generataor 15a and generator
1. This phase lock loop brings the frequency and pha&a
of pnase A of generator 1 into alignment with the fre-
cuency and phase of phase A of generatoT 2. Once this
frequency and phase synchronization {s achieved, con-=

tacter 21 1s closed, connecting generators 1 and 2 in
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parallel. Once the generators are in parallel, the phase dis-
criminator made up of comparators 32 and 33 and flip-flops

34 and 35 no longer provides a phase difference signal because the -

terminal voltage signals at the inputs of comparators 32 and 33 are

‘the same. Thereafter, the lead division circuit shown in the

bottom part of Figure 2 takes control of the frequency and phase of

the generators by generating the control signal on line 20a proportional'
to a component of the circulating current, which effectively adjusts

the frequency and phase of generator 1. '

The lower part of Figure 2 illustrates the load-division~circult-
parts of the blocks D, 12a and 12b of Figure 1. Of these parts, those
associated with block D (identified by. reference numerals 37 to 42) are
shared by the blocks 12a and 12b. The block D includes the secondaries
37,38 of the current sensing transformers 10a and 10b, which are shunted

by respective burden resistors 39 and 40, and also by respective

primary windings 41 and 42 of isolation transformers 43a and 43b.

The primaries 41 and 42 are neross—coupled! in the manner shown.
The secondaries 44a and 44b develop substanfially equal voltages, each
one proportional to the phasor-difference -- this term is explained

“pelow - of the currents delivered by phase A of generator GEN 1and

phase A of generator GEN 2. Moreover the secondaries 44a and 44b

‘are each center—tapped, and hence two pairs of outgoirg lines 17al,

1722 and 17bl, 17b2 are shown. These palrs correspond respectively

to the lines 17a and 17b of Figure 1. The pair of lines 17al and

and 17a2 feed a s&stem, applicable to the generator GEN 1, which

is further described below, and tﬁe lines 17bl and 17b2 feed a duplicate

such system, applicable to the generator GEN 2.The individual gstem Ix

the generator GEN 1 begins with the input line 16a, which carries the

reference signal of the wave generator 15a of Fig. 1;that individual

system includes components bearing reference numerals 45 and higher.
It should be understood at this point that only one load division
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circuit (for generator 1) is shown in Figure 2 because it is assumed
that generator 1 is 2 symmetrical, three-phase system with phases B
and C being displaced 1209 and 240°, respectively; therefore, if phase A
of the total system is effectively controlled, then phases B and C will be
correspondingly controlled. However, if improved load division between
the pamllel—connected generators 1is desired, each phase of the total
system can be measured and controlled using a similar load division
circuit as that shown-in Figure 2.
The purpose of transmission gates 45 and 46 connected to the

respective leads 17 a1l and 17a2 of the secondary 443 is o prcrvidé the
system. with phase sensitivity. Transmission gaies 45 and 46 essential-
ly act as on/off switches, which are controlled by the reference signal
16a from the wave generator 15a. The purpose of the transmission
gates or discriminators 45 and 46 is to provide that portion of the
circulating current phasor which is used to control the frequency of -
phase A of the total system. Ina conventional synchronous generator
system, when two generators are comnected in parallel and the generat-
ed voltages are equal in amplitude and frequency, but are slightly
displaced in phase, “the phasor difference voltage of the two generated

rvolta.ges is substantially at 90 relative to the system terminal volizge .

This phasor differences voltage applied to the inductwe source mpedance
of the generators results in a circulating current in phase with the

system terminal voltage. This circulating current signal is used by

the present invention to control the speed of the generators and hence

the frequency of the power pmduced thereby so as to reduce the
circulating current to substantially lzero.

In comparison, in a VSCF system, when two generators are Con~

nected in parallel and the generated voltages are equal in amplitude and

frequency but slightly dlsplaced in phase, the phasor difference voltage
of the two generated voltages is substantially at 90° relative to the

system terminal voltage. HoweverT, because the source

' jmpedance of the VSCF is only 45°
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~lagging, the airculating éurfent ls displaced from the
phasor difference voltage by 45° as opposed to 90° in
the conventional generator system. This circulating
current signal 1s thus displaced 45° from the system
5 terminal voltage and is.used by the present invention to
control the frequency of the power generated by the
cycloconverters so as to reduce the circulating current -
to substantially zero. . ‘
Referring again to Figure 2, in the case of a VSCF
10 System, theé 45° leading signal from wave
generator 152 is brought in on line 16a. If the proper
desired 45° leading signal cannot be furnished by wave
generator 15a, it may be generated by introducing a 45°
phase lead to the phase A voltage from generatoxr 1. In
15 the case of a conventional genarator system, tha signal
- applied on line 16a would be merely in phase with the
system terminal voltage for phase A. The explanation
given below for the load division circuit is for the
VSCF application, but is egqually applicable to the ccn-
20ventional generator application if the signal on linel6a
is in phase with the system terminal voltage.
The control signal on line l6a is essentially a
square wave, and is used to switch the transmission
_gates 45 and 46. The transmission gates 45 and 46 in
95 conjunction with secondary winding 44a can be thought of
as operating similar to a full-wave rectifier controlled
by the control signal on line 162 from the wave gener-
ator l5a.
It is through the selection of one phasor part of
30 the total difference current signal of phase A that it
is possible for the load division circuit effectively
to adjust the frequency of the power generated by the
cycloconverters. When two systems are connected in
parallel (Figure l)l.the frequency correction caused by
35 the load divisicn circuit in one system is in a first
direction and the frequency correction produced in the
. . ! m
OMPI
/f'/rp:\,r,l??‘ n\.x‘b\
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second system will be in the opposite direction. This
frequency correction can be understood by assuming that
the reference oscillators of the parallel-connected
generator systems ‘are different in frequency. If the

5 reference oscillator 213a of generator 1 is lower in
frequency than the reference oscillator 218bh of gené&—
ator 2, then the circulating current will tend to drive
generator 1 to a greater frequency, while at the same
time tending to drive lower the- frequency of generator

10 2. Inverter 47 merely acts to provide the inversion of
the square wave signal on input 16a applied tortransmis—
sion gate 46 to produce.thé full-wave phase discrimina-
‘tion action of the two transmission gates 45 and 46.

Once the desired phasor portion of the circulating
" 15 current has been derived at the commonly connected out-
puts of transmission gatés 45 and 46, it is applied to
an inverting input of an amplifier 49, which acks as a
buffer stage. The output of amplifier 49 is supplied to
- the inverting‘inbut of amplifier 36 discussed above.

20 The output of amplifier 36 constitutes the frequency
control voltage applied to frequency control 13a to
readjust the frequency of the electric power generated
by the cycloconverter of generator 1 phase A in accor-

~ dance with the selécted'phasor pertion of -the circu-

25 lating current. The output of amplifier 36 is a DC
signal having an amplitude proportional to the selected
phasor portion.

Figure 3 shows in block diagram form a preferred
embodiment of the frequency control l3a. This embodiment

30 is equally applicable to frequency control 13b. Each fre-
quency control 13 jrcludes a reference oscillator 60 and
a voltage controlled oscillator 71. (Reference oscil-
lator 60 is'designated.as block 213 in Figure 1.} The
signal supplied to a.line 72 is the output signal from

35 amplifier 36 of the 1oad division and sync circuit 13,
and this signal is a@plied to the inverting input of an-

amplifier 70. Line 72 corresponds to line 20 of Figure 1.
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Within frequency control 13 is a control loop con-
sisting of phase shift 62, discriminators 62 and 63,
£i{lters 64 and 65, flip-flops 66 and 67, amplifier 70,
voltage ~ontrolled oscillator 71, and a line 73. This

5 control loop in cooperation with the load division and
sync circuit 12 loop produces averaging of the frequen-
cles of the reference oscillator 60 and the corresponding
reference oscillator of the other system connected in
parallel. If the frequency control 13 is used in con-

10 nection with a speed control of a motor, then a signél
is applied to line 72 which causes a readjustment of the
frequency control loop of this speed control.

The determination of any frequency difference
between the voltage control oscillator 71 and the refer-

15 ence oscillator 60 is straightforward. This determina-

- +ion involves the use of a discriminator, such as dis-
criminator 63, wherein the output of voltage controlled
oscillator 71 is phase discriminated against the output
of reference oscillator 60. The output of discriminator

2063 is a series of pulses, the filtered average of which
is indicative of any difference in ffequency. For
example, reference - oscillator 60 produces a high fre-
gquency output signal having 2 fixed frequency in the

-3 ﬁggahertz rapge. ' |

25 There must be additional-circuitry'beyond that
necessary to determine the frequency difference in order
to determine whether the frequenéy of the output of
voltage controlled oscillator frequency 71 is less than
or greater than the output of reference oscillator 60.

30 The relationship of the fregquerncy of ﬁhe output from
voltage controlled oscillator 71 to the freguency of the
output from reference oscillator 60 is determined by the
present invention through the use of two discriminators
as follows. The output of one of the oscillators, in this case that of

35voltage controlled oscillator 71, is applied as adirect
input to both discriminators €2 and 63, while the other
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oscillator, in this case referenEe oscillator 60, isnot
applied directly as an input to discriminator 63, but is
phase shifted by a preselected amount by phase shift 61
pefore being supplied as an input to discriminator 62.

5 The use of the phase shifting allows the determipation
of the freéuency relationship between the two frequency
signals. That is to say, the phase of one of the dis-
criminator output envelopes IeVEISES with respect to
the other discriminator output envelope when the fre-

j0 quency of the voltage controlled oscillator goes from
being greater than to less than the frequency of the
reference oscillator. It should be noted that the phase
shift produced by phase shift 61 may be any amount, SO
long as it is not close to zero or 180°. A phase shift

15 of 90° is easily obtainable with digital technigues, and
is used in the preferred embodiments.

The output from discriminator 62 and +he output
from discriminator 63 are filtered and converted to square waves, by fl-

. ters 64-and 65, respectively. This filtering and

20 squaring operation is necessary in order to obtain
respective square wave signals indicative of both the
frequency and +he phase relationship of the envelope
outputs of discriminators 62 and 63. That is to say.
the cycle time of either of the sguare waves is-indica-

25tive of t+he - absolute frequency difference between the

" outputs of the two oscillators, and the phase relation—
ship between the two square wWaves is indicative of the
actual freqnency.relationship between the two oscillator
outputs. This analysis of the sgquare waves is performed

30 by flip-flops 66 and 67.

Flip-flops 66 and 67 are used to compare the sguare
wave signals at the outputs of filters 64 and 65 tO
establish the phase relationship between these twO
square wave gignals. The f1ip-£flop having the sguare

3swave from one of the filters applied to i{ts data (D)

input which goes positive prior to the other square wave
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applied to its clock (CL) input is toggled and indicates
.that the square wave at its data input is leading the
sqguare wave at its clock input. The other flip-£flop,
however, is cross-connected and does not toggle because

5 {+s data input is low when the square wave applied to
its clock input goes high. Thus, the outputs of flip-
flops 66 and 67 indicate the actual frequency relation-
ship between the two oscillator outputs.

The output of the toggled flip-flop is applied

10 either to the nén—invertipg or inverting terminal of
amplifier 70, whose output drives voltage controlled
oscillator 71 up oxr .down 'in frequency depending on which
of fllp—flops 66 or 67 is toggled. Tor example, the
output of flip-flop €6 is connected to the non-inverting

15input of anollfler 70, and the OLtDut of flip-flop 67 is
connected to the inverting input of amplifier 70. When
flip-flop 66 is toggled, the output of amplifier 70 cgoes
_positive, which indicates that the fregquency of the
reference oscillator 60 is greater than the frequency of

20the voltage controlled oscillator 71. The toggling of
flip-flop 67 ﬂndlcates the opposite condition.

As stated above, the toggling of either flip-£flip

66 or 67 indicates only the direction of the frequency
error and does not indicate the frequency difference,

25wh1ch must be known- Either of the flip-flops 66 or
67 is toggled for each cycle of the frequency differ-
ence. The outnuts of flip-flops 66 and 67 are provided
as inputs to an OR gate 68, whose output goes high for
each toggle. This output signal is applied to the reset

30(R) input of a counter 63, and allows counter €9 to
count when this output signal is high. Counter 69 also
has applied to its clock (CL) input the output signal
from the reference oscillator €0. Therefore, counter 69
will count a given number of reference oscillator cycles

35before the count is terminated by the output Q of
counter 69 going high, which resets flip-flop 66 or 67.
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The average voltage at the Q outputs of either of
the £flip-flops 66 or 67 is indicative of the frequency
difference and is equal to the flip-flop high voltage
times the ratio of the measured time divided by the

5 period of the difference frequency. The gain of the -
frequency difference detector can be made as high as is
desired by increasing the number of counts of counter
9. For example, if it is desired to control the output
frequency to plus or minus 10% of the reference oscil-

10 1ator frequency, the following approach may be used.
Counter 69 is set to count eight.frequency reference
periods. If the high state of the flip-flops is
12 volts, a 10% freguency error will be indicated by a
9.6-volt signal to the input of amplifier 70, which is

15 eight times twelve divided by ten. o

Reference oscillator 60 is set to a high frequency
value, for example, 3 megahertz. BY running reference

. pscillator 60 at a much higher frequency then the geperator (GENL,
GEN2) output; the response of the fregquency control loop

20is rapid. The frequency control will introduce negli-
gible phase shift in the load division loop when, for
example, the frequency of . the generator output is 400 Hz.

Referring now to Figure 4, there is shown a

' detailéd circuit of- a first embodiment of frequency

25 control 13 of the present invention. In this embodiment,
the frequency of the output on line 74 (line 14 of Flg 1)from the voltage
controlled oscillator is 3.06 megahertz when there is no
control signal on ijine 72. The embodiment of Pigﬁre 4
is constructed using CMOS components. CMOS components

30 have been found to be advantageous in VSCF aircraft
applications because of their low power consumption and
high noise immunity. ' '

The reference oscillator consists of a 6.12 mega-
hertz crystal 80, capacitors 81 and 82, resistors 83 and

3584, and an inverter 85. The output of the oscillator
appears on line 86 and is applied to the clock (CL)
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terminal of a flip-flop 87. Flip-flop 8? produces at
its Q output the logic state of its data (D) input when
a clock input is received. Flip-flop 87 is a divide by
t+wo counter in that its D input is connected to its Q

5 output. The Q and g outputs of flip-flop 87 are conse—
quently at 3.06 megahertz. Linie 88 is connected to the
g output of flip-flop 87, and line 90 is connected to the
Q output.

Figure 6A plots the waveforms present at various

10 points in the frequency control circuit 13 of Figure 4,
with the vertical axis of each trace representing ampli-
tude and with the horizontal axis of each trace repre-~
senting time. The horizontal axis of each trace is
consistent.

15 A flip-flop 92 is connected as a divide by two
counter and produces at its Q output connected to a line
89 a signal whose frequency is one-half of the frequency

.of thé signal applied to its clock input from flip-flop
87. The waveform of the output signal on line 89 is

20shown on Figure 6A, and is a 1.53 megahertz sguare wave.
This signal is applied to the D terminal of a flln—Flop
93 and to an input of an exclusive OR aate 94, Exclu-
sive OR agate 94 produces the same function as discrimi-
nator 63 of Figure 3. . '

25 The 90° phase shift necessary for determining
whether the voltage controlles oscillator is faster or
slower than the reference oscillator is produced by
flip-flop 93. Line 90 is connected to its clock input.
Flip-flop 93 produces at its Q output termiﬂal a sguare

30wave signal that is lagging by 90° the signal on line
89. The output signal on the Q terminal is applied via
a line 91 to an input of an exclusive OR gate 95. The
waveform on line 91 is shown in Figure 6A. Exclusive
OR gate 95 produces the same function as discriminator

3562 of Figure 3.
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Both exclusive OR gates 92:and 95 have applied to
+heir other inputs a signal on a line 97 repreéentative
of the voltage controlled oscillator output. .The fre-
guency of the voltage controlled oscillator is 3.06

5 megahertz. A flip-flop 96 is connected as a divide by
two counter and has its clock input connected to the
output of the” voltage controlled oscillatof via a line
131. Hence, the frequency of the signal at the Q of
flip-flop 96 is at 1.53 megahertz, and is applied via

10 line 97 to exclusive OR gates 394 and 95.

. For purposes of illustration, the signal on line
97 is first assumed to be slightly iagging the signal
on line 89, the reference oscillétor signal, as shown
in Figure 6A. When this lag occurs, a series of rela-

15 tively wide pulses appear on line 98, as labeled in
F;gﬁre 6A as line 98 lag. Similar traces are shown for
the state where the signal on line 97 is leading the
signal on line 83. The pulses from discriminators 95
and 94 are of widths determined by.the phase relation-

5g ship between the voltage controlled oscillator signal
97 and the reference oscillator signals 91 and 89,
respectively. )
7 The pulse train shown' in Figure 6B is representative
of the outputs of discriminators 95 and 94 and shows the

o5 condition where +he frequency difference is large, as
shown by the fact that there are only a few pulses® per
cycle of frequency difference. Figqure 6B plots the
envelopes of the pulse trains that appear on lines 98
and 99 during such a condition.- The curve marked "fre-

3p0quency difference™ represents the output that appears onb
line 99 since it is merely the voltage controlled oscil-
lator output discriminated against the reference oscil-
lator output. The curve labeled "VvCO fastexr™ is the
envelope of the pulses that appear on line 98 when the

35 frequency of the VCO signal is higher than the frequency

of the reference oscillator. Similarly, the curve
*A s the irequency difference approaches zero, the number of such pulses in-
creases rapidly,but then suddently collapses to zero at zero frequency diferexe
: ' BUREA,
QMPI
\..20




WO 80/02776 R : : U L/ USOUIUU0 s

_1.9"‘
marked "VCO slower™ is the envelope of the pulses that
appear on line 98 when the frequency of the VCO is
lower than the frequency of the reference oscillator.
A comparison of the signals on lines 98 and 33 determine
5 whether the frequency of the VCO is higher or lower than
the frequency of the reference oscillator. -
The transformation of the pulse trains at discrimi-
nator outputs 98 and 99 to corresponding square waves
is accomplished by a filtering and Schmitt triggering
ooperatlon, as shown in Figure 4. The filter, Schmitt
trigger circuit Wthh shapes the output signals on line
99 includes a resistor 101, a resistor 102, a capacitor
100, and an amplifier 103. Similarly, the output on
line 99 is transformed to a corresponding sguare wave
_15by the circuit ccomprising a resistor 105, a resistor
106, a capacitor 104, and an anplifier 107.
The waveform of the signal on line 109 is plotted
‘in Figure 6B. The signal on line 109 represents the
absolute frequency difference. The operation of flip-
20 flops 110 and 111, whixch correspcnd respectively to
flip-flops 66 and 67 Of the embodiment of Figure 3, is
understood best if it is assumed that the signal on line
108 is leading the signal: on line 109, as is shown in
Figure 6B. When this condition is present, the fre-
25 quency of the VCO is highex than the frequency of the
reference oscillator. -
Referring again to Figure 4, when the smgnal on line
108 leads the signal.on line 109, flip-flop 110 always
remain low because its clock (line 108) goes high
30 before its data input (line 108) goes high. Con-
versely, flip-flop 111 will trigger once each cycle, and
will trigger on the leaﬁing edge of the pulses on line
109 because its data input (line 108) is high at that

time.
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The outputs of flip-flops 110 and 111,for the case of the
signal on line 108 is leading the signal on line 109,are
plotted in Figure 6B. Similarly, the outputs of flip- flops 110 and
111, for the case of the signal on line 108 lags the

5 signal on line 109,are also plotted in Figure 6B.

Connected to Q output of flip-flop 110 and Q outéut
of flip-flop 111 are the two inputs of an exclusive OR
gate 112. Exclusive OR gate 112 is functionally equiva-
lent to OR gate 68 of Figure 3.  The output of exclusive

100R gate 112 is high when either (but not both)the Q
output of flip-flop 111 is high or the Q output of flip-
flop 110 is high. The output of exclusive OR gate 112
is connected to the reset termiﬂal of a counter 113.

The clock input of counter 113 is connected by a lead 90
15 to the output signal from the reference oscillator. The
output Q of counter 113 is fed back to the reset inputs

of flip-flops 110 and 1l11. The number of counts of
~ counter 113 specifies the periods that £lip-flops 110 or
" 111 remains in the Q high state. The Q output of f£lip-

20 flop 110 is supplied via a iine 114 to one of the inputs
of an amplifier 116, and the Q output of flip-flop 111
is furnished via line 115 to the other imput of ampli-
fier 116. 7

Also applied tb.the'invertipg input of amplifiexr -

25 116 connected to line 114 is the control voltage signal
supplied via line 72 from the load division and sync
control circuit 12 of Figure 2. A capacitor 121 (con-—
nected between the output and the inverting input of
amplifier 1l1l6)and a capacitor 120 (connected between the

30 non-inverting input and ground)cause amplifier 116 to
provide at its output a signal which is an integral of
the pulse train signals being provided at its inputs.
This output signal from amplifier 116 is used to drive
the voltage controlled oscillator.

35 The voltage controlled oscillator comprises NAND

gates 124 and 125 and buffer amplifiers 126, 127 and
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128. The output of the voltage controlled oscillatox
_appearing on line 74 has a-centér frequency of 3.06
megahertz when there is no signal on l1ine 72, and this
output signal is fed to the wave generator 15 of
Figure 1 for frequency control of the system.

5 In Figure 5, another embodiment of the frequenc§
control of the present invention is shown. The refer-
ence oscillator includes a multi-stage counter 150 which
divides the frequency of the basic oscillator and pro-
vides at its Q2 and Q3 outputs frequency signals to the

10 inputs of an exclusive OR gate 151. Exclusivé OR gate
151 producés the ?hase shift réquired'for determining.
whether the frequency of the voltage controlled oscil-
lator is higher or lower than the reference oscillator
frequency. Thus, exclusive OR gate 151 produces the

. 15 same function as flip—flop 93 of Figure 4. The inputs
of an exclusive OR gate 152 axe connected to the output
of exclusive OR gate 151 and the output of the voltage
controlled oscillator 180 on line 74. Exclusivé OR gate
152 performs the same function as exclusive OR gate 95

o0 of Figure 4. The inputs of an exclusive OR gate 153 are
connected to the Q3 output of counter 150 and the output
of voltage controlled oscillator 180 and it performs the
same function as exclusive OR gate 94 of Figure 4.

The filtering and squaring function is performéd in

95 the embodiment of Figure 5 by resistors 154 and 155,
capacitors 156 and 137, and.NAND'éata 158. NAND 158
includes an internal Schmitt trigger. These components
produce the same function as buffer amplifier 103 and
its associated components in Figure 4.

30 Resistors 159 and 160, capacitors 161 and I62 and
HAND gate 163 perform the same filtering and squaring
function for the outpﬁt signal of exclusive OR gate 153.
These componenté thus produce the same function as do
buffer amplifier 107 and its associated components in

35 Piqure 4.
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Flip-£flops 164 and 165 perform the same functions
respectively as produced by flip-flops 110 and 11l of
Figure 4. An exclusive OR gate 166 produces the inverse
function as produced by exclusive OR gate 112 of
Figure 4, but because of the inversion produced by NAND

5 gate 168, the output of NAND gate 168 is analogous to
the output produced by exclusive OR gate 112.

The embodiment of Figure 5 also jincludes additional
circuitry used to eliminate any ambiguity which occurs
when the period of +he count time of the counter exceeds

10 the period of the frequency difference between the
reference oscillator output- and the output of the
voltage controlled.oscillator.' 1f the count time of the
embodiment of Figure 4 exceeds the frequency difference
t+ime, counter 113 will continue to count into the next

15 cycle. This interval overlap produces an ambiguity. &S
can be seen from the trace labeied flip-flop 111 (line
108 lead) of Figure 6B, 1f the period of counter 113
extends into the period of the next count, the flip-£flop
111 will not return to its reset state until after its

20 clock pulse is received. When flip-flop 111 returns to
its reset stata; it will go low and remain so until the
next clock signal is received. Thus, when the period of
- +he counter 113 exceeds the frequency difference, the
output of £flip-flop 111 will go low rather than remain

25at the proper high level. The same ambiguity problem
exists with respect to fl1ip-flop 110. In order to
correct this ambiguity problem in the embodiment of
Figure 4, additional circuitry has been added to the
embodiment of Figure 5.

30 NAND gates 167 and 168 and 2 capacitor 1683 and a
resistor 170 are the sdditional circuitry added to the
embodiment of Figure 5 to prevent the ambiguity condi-
tion. This circuit produces & negative-going transient®
at the input of NAND gate 168 whenever the output of

35 both NAND gates 158 and 163 goes high. NAND gate 168
* gee the last waveshape in Figure 6B
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inverts the negative—goipg transient at its input. In
this way, a positive transient is always applied to the
reset input of counter 171 to restart its counting
cycle. Thus, when the frequency error is great, and the
time period of counter 171 exceeds the time period-of )

5 the frequency difference, the Q outputs of flip-£flops
164 or 165 applied to the voltage control oscillator via
amplifier 172 will remain at their high‘state rather
than being reset to the low state for part of every
other frequency difference cycle.

10 In the embodiment of Figure 5, amplifier 172 and
its associated components perform the same function that
is produced by amplifier 116 and its associated compo-
nents of Figure 4.

The voltage controlled oscillator of the embodiment

15 of Figure 5 is indicated by reference numeral 180.
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CLAIMS

1. Apparatus for freguency adjusting an alter-

nating current machine comprising:

a) a reference oscillator having an output.(213,60)
b) a signal controlled oscillator (71) for producing -
5 2 controlled output frequency signal (74),havirg

an input and an output effectively connected
to said alternating current machine; _

c) flrst means (63, 65,67) for producing a signal propor-
tional to the freguency difference between

10 . 7 said reference oscillator output and said
controlled output frequency (14);

d) second means (61,62,64, 66)for providing 2 sigpal indicative
of whether said controlled output freguency is
above or below the frequency of said reference

15 oscillator output; and

e) means (68-70) for supplying 2 drive signal to said
input of said 'signal controlled oscillator in
response to said signal of said first means

and said signal of said second means.




WO 80/02776 PUL/USBUIOUO L

~95-
2. Apparatus according to Claim 1, wherein sald first

means comprises:

a) . fHrstdiscriminator means (63) for furnishing an

output signal proportional to the phase differ-

(94

ence between said reference oscillator output
and said controlled output frequency signal;
and |

b) first filter means (65) for producing é.filtered ver—
sion of said output signal of said first

10 discriminator means (63).

/’VTr
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3. Apparatus according to Claim 2, wherein said second
means comprises: -
a)  phase shift means (61) for introducing 2 desired
phase shift to said reference oscillator (70)
output;
b) second discriminator means (62) for supplying an
output signal inputs .connected proportional to
the phase difference between said phase-
shifted reference oscillatoxr output and said
10 _ controlled ocutput freguency signal (74);
c) second filter means (64) for providing a filtered
version of said output signal of said second
discriminator means (62); and
a) means (66-69) for generating an output signal indi-
cating the phase relationship between said
output signal of said first filter means and
said outpdt signal of said second filter

means (64).
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4 Apparatus according to Claim 3, wherein said means

e

for generating an o{ltput signal indicating the phase
relationship comprises:
a) a first flip—~flop (67) having a clock input effec-

.5 tively connected to said output signal of
said first filter means, a data input effec-
tively connected to said output of said.
second filter means, and an output; and

b) a second flip-flop (66) having a clock input effec-
10 tively connected to said output of said

second filter means, a data input effectively "~
connected to said output of said first filter

means, and an output.
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S. Apparatus according to Claim 4, wherein said means
for supplying a drive siénal comprises:
a) an amplifier (70) having inputs effectively con-
nected to said outputs of said first and
5 second flip-flops, and an output effectively
connected to said input of said signal con-
trolled oscillator;
b) logic means (68) having inputs eﬁecﬂvely
connected to said outputs of said first and
10 . second f.lip—floigs,' and an output; and
- c) counter means (69) having a reset input effectively
connected to said output of said logic
means, a clock input effectively connected to
said reference oscillator output, and an
fs output effectively connected to set or reset

inputs of said flip-flops (66,67).
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8. Apparatus for prbducing a controlled fre-
quency output, for use for an AC machine, comprising:
a)  a reference oscillator (60) having an outpui;
b) first dlseriminator means (63) for producing an
5 . output signal proportional to the phase dif-—
ference between said reference oscillatpr‘(GO)
output and a signal present at an input;
c) phase shift means (61) for introducing a desired
phase shift to said reference ‘oscillator (60)
10 ocutput;

d) second discriminator means (62) for providing an
output signal proportional to the phase dif-

ference between said output of said phase
shift means and a signal present at an inputs
15 e) first filter means (65) for furnishing a filtered
version of said output of said first discrimi-
nator means (63);
£) second filter means (64) for supplying a filtered
version‘of said output of said second discrimi-
20 nator means (62); |
g) a first flip-flop (67) having a clock input ef:Eeo—
tively connected to said output of said first
filter means and an input effectively con-
nected to said output of said second filter
25 : means (64);
h) a second flip~flop (66) having a clock input effec-
tively ‘connected to said output of said first
filter means and an input effectively con-
nected to said output of said first =~ filtex
30 means (65);
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Claim 6 (continued)

logic means (68) having a.first input effec—
tively connected to.said output of said first
flip-flop (67), a second input effectively con-—
nected to said output of said second logic
flip—flop (66), and an output;

counter means (69) having a reset input effectively

_cohnected to said output of said logic

means, a clock input effectively connected to
said reference oscillator output, and an
output effectively connected to set or reset
inputs of said first and secaond flip-flop (67,66);
an amplifier (70) having a first input effec—
tively connected to said output of said first
flip-flop (67) , @ second input effectively con—
nected to said output of said second flip-flop (66)
and ar output;

control signal input means effectlvely con—
nected to one of said inputs of said amplifier
(70); and

a controlled osc:.llator (71) having aninpui’ effec—

tively connected to said output of said ampli-

‘fier .(70) and having an output effectively

connected to said :anuts of said first dis-

. criminator means and second dlSCIJ.IlllnatOI.‘

means, its output providing a controlled

frequency signal (74).
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7. . Apparatus for connecting alternating current
systems in parallel having individual frequency controls (13)
with independent reference oscillators ('R-:O » R-0,)
comprising: .

5 a) contactor means (21) for connecting the outputs. of
said alternating current systems in parallel;

b)  means (10,11,D) for determining a desired circulating

component of the current between the outputs
of said parallel-connected systems; and
-~ 10 c) means(12) for adjusting the individual fregquency
control of each parallel-connected alternating
current system in accordance with said
desired circulating current comporlent and in
accordance with an output signal of said indi-
15 vidual refetrence oscillator associated with

said individual frequency control (13).
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