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highest phase current output; and the a corporation organised and existing
under  means for comparing the sensed voltage and the laws of the State of
Delaware, United  current outputs with reference values and States of
America, of 4751 Harrison Avenue,  for generating an error signal comprises
a  55 5 Rockford, Illinois 61101 United States of  circuit operatively
connected to the average America, do hereby declare the invention,  voltage
sensing, high phase voltage sensing for which we pray that a patent may be
and high phase. current sensing means and. granted to us, and the method by
which it is  effective to generate the error signal when to be performed,
to be particularly des-  the generator's average output voltage varies 60
10  cribed in and by the following statement: -   from a predetermined
value or when the The invention relates  generally to elec-  high phase
voltage or high phase current ex- tronic voltage regulators and more speci-
ceeds predetermined limits. fically to such regulators for regulating the
Included in the above preferred  form voltage and limiting the current
output of  of the electronic voltage regulator of the 65 15 three-phase
generators.                  invention. are three circuits for measuring In
many practical  applications, including  the output of a.three-phase
generator. These aircraft generators  it is considered highly  circuits
include a circuit for measuring the desirable to provide  for essentially
zero-  average voltage output of the three phases, error steady state
voltage control while at a circuit for measuring the highest voltage 70 20
the same time being able to limit fault cur-  output of any one phase, and
a circuit for rents when the generator output voltage  measuring the
highest current output  of any goes very low and the current output is very
phase of the generator. Currents from these high for a short period until
the fault is  circuits representing the average phase volt- cleared or the
generator control relay trips  age  the highesh phase voltage and the 75 25
off. In addition, a voltage regulator should  highest phase current are
compared to cur- also provide critical damping of voltage  rents
representing a nominal value for the transients during load application and
re-  average voltage, a high phase voltage limit moval with a minimum of
power dissipa-  and a high phase current limit. The currents tion.
representing these values are provided by a 80 30    The invention provides
an electronic volt-  voltage reference source and  associated age regulator
for a generator having an ex-  circuitry  Responsive to the comparison of
citer field circuit, comprising means for sens-  the currents representing
the sensed volt- ing the voltage output of the generator, ages and current
and the currents repre- means for comparing the sensed voltage out-
senting the nominal values and limits, an  85 35  put with a reference
value, means for sens-  operational amplifier is provided to gener- ing the
current output of the generator,  ate a voltage which represents the
deviation means for comparing the sensed current out-  of the  average
voltage from the nominal put with a reference value, means respon- value or
the amount the phase voltages or sive to  the voltage and current comparing
currents, exceed the limits. The voltage from  90 40  means, for generating
an error signal, means  the operational amplifier representing the for
integrating the error signal over time, deviation or error from the nominal
values and means for controlling the exciter field  is preferably applied
to an integrating circuit circuit in response to  the integrated error
which  in turn integrates the error signal signal to regulate the voltage
and current  over time. Another operational amplifier 95 45  output of  the
generator.  Preferably the  circuit connected to the output of the inte-
means for sensing the voltage output of the  grator may provide the desired
gain and generator comprises  means for sensing the  compensation to the
integrated error'signal average voltage output and means for sens-     A
comparator circuit advantageously re- ing the highest  phase voltage
output; the  ceives the .output from the gain and com- 100 50 means for
sensing  the current' output of  pensation circuit and compares it to  a
signal the generator comprises means for sensing  received  from a
triangular wave generator.    1,544,302
2 The. output of the comparator is a pulse-  put amplifier circuit and the
exciter field 65 width modulated square wave wherein the  circuit. error
from nominal values is represented. by    A typical generator system, that
is suit- the width of the pulse.  The pulsewidth  able for use in aircraft,
is illustrated in the 5  modulated signal may be applied through  block
diagram  of Fig. 1. A  three-phase 



an optical coupler to an exciter field ampli-  generator 10, as shown in
Fig. 1,  would  70 fier circuit. This amplifier circuit may be  normally be
of synchronous construction for a switching current amplifier which applies
many applications including aircraft pow the waveform to the exciter field
to estab   supply generators. As is well understood 10  lish the exciter
field current.  Thus, the  the  art  a  synchonous generator having average
value of the exciter field current  three-phase output normally includes:
three  75 is a function of the pulsewidth modulated  or a multiple of
three, stator armature wind- signal;                                   ings
12  a main field winding 14 located on In addition the voltage regulator
prefer-  the rotor; and a rectifier comprised of the 15 ably includes  a.
negative feedback circuit  diodes 16 which in turn are connected to a
connected between the exciter field ampli-  group of exciter armature
windings 18 also 80 fier and the gain and compensation circuit  located on
the rotor  In addition, the three- The feedback circuit provides a voltage
phase synchronous generator  10 normally which represents the exciter field
current to  includes an exciter field   winding 20. The 20  the gain and
compensation circuit that serves  exciter field 20 is controlled by a
voltage to reduce transients during shock load re-  regulator 26. The
voltage regulator is sup- 85 movals
plied with power from a voltage source, here Reactive load division for
multi-genera-  indicated by [err] which may be obtained tor systems may
also be facilitated by the  from  any.  D-C voltage source such as a 25
provision for inputs from other generators,  permanent magnet generator
attached to the representing the reactive load division error, generator 10
rotor shaft.       .    90 at the inputs to the integrator circuit and
The stator armature windings  12 will the gain and compensation circuit.
normally be electrically attached to an elec- As  a result, by sensing the
average of  trical load 24. The voltages generated in 30  the three-phase
voltage output of the genera-  the stator armature winding 12 are repre-
tor, sensing the high phase voltage and  sented by VA VB, and Vc
95 sensing the high phase current, essentially   In order to control.the
voltage and limit zero error steady state voltage control and  the current
output of the generator 10 an limits on the phase voltage and current are
electronic voltage regulator, indicated by box 35  maintaind for the
generator by controlling  26, is included. in the system of Fig. 1. The the
exciter field current. In addition the  voltage regulator 26 responds to
the voltages 100 negative current feedback circuit between  [err] along
with inputs [err] the exciter field circuit and the gain and  and [err]
that represent the current output of compensation  circuit serves to
minimize  the generator 10. As is well-known in the 40  transients during
the application or removal art, current in the output lines from  the of
loads from the generator.              generator 10 can'be measured by
means of 105 The invention is hereinafter particularly  current
transformers such as those shown describled by way of example only, with
at 28 of Fig. 1. The voltage regulator 26 reference to the drawings of
which:      serves to control the voltage and limit the current output of
the generator 10. by regu- 45    Figure 1 is a block diagram showing a
lating the amount of current in the exciter 110 three-phase generator
connected to a load  field winding 20. Signals for accomplishing and a
voltage regulator.                this regulation are transmitted from  the
Figure 2 is a block diagram of the volt-  voltage regulator 26 to the
exciter field cir- age regulator;                            cuit 22 by
means of the lines 30. 50    Figure 3 is a schematic diagram  of an
Among the functions of the voltage regu- 115 average voltage sensing
circuit;          later 26 is the control of the generator volt- Figure 4
is a schematic diagram of a high  age output, [err] within specified phase
voltage sensing and limit circuit  '  limits for specified loads. For
example, in Figure 5 is a sch ematic diagram of a high  a generator having
an output with the nom- 55  phase current sensing and limit circuit;
inal value of 115 volts from line to neutral, 120 Figure 6 is a schematic
diagram of an in-  it is considered highly desirable in many ap- tegrator
circuit and a gain and compensation  plications to keep the output voltage
within circuit;                                 plus or minus one volt when
operating at . Figure 7 is a schematic diagram of a com-  rated capacity;
By the same token it is 60 parator circuit;
considered desirable to keep the output 125 Figure 8 is a signal chart
illustrating the  voltage within plus or minus one and one- operation of
the comparator circuit of Fig-  half volts when operating at a hundred and
ure 6; and                               fifty per cent of rated capacity
and two Figure 9 is a schematic diagram of the out-  hundred per cent of
rated capacity respec-    3
1,544,302 tively. In addition, these operating charac-  circuit 46 provides
an error signal, or volt- teristics shauld be achieved within specified
age, that represents the deviation of the time limits after the application
or removal  generator output from the desired or nom- of the electrical
load 24 from the generator.  inal values. This error voltage generated by 5
For example, in aircraft applications it is  the active gain circuit 46 is
input to the  70 



considered desirable to have the generator  summing junction 54 and thence
to an inte- output voltage within the desired limits  grator circuit 56.
The integrating circuit 56 within  approximately .02 seconds of the  serves
to integrate the error\ voltage over application of a load. Another
function of  time, resulting in the application to the sum- 10  the voltage
regulator 26 is to limit the cur-  ming junction 58 of a voltage that
repre- 75 rent output of any phase to a predetermined  sents the error
signal integrated over time. maximum. For instance, the rated per phase  A
gain and compensation circuit 60 receives output current [err] should not
the signal from  the summing junction 58 exceed approximately 2.0 times the
rated  and provides the desired gain and compen- 15  per phase current
output when the genera-  sating elements for the integrated error sig- 80
tor 10 is operating at normal voltage output  nal Responding to the output
of the gain and similarly, should not exceed 3.2 times  and compensation
circuit 60 is a comparator the rated per phase current output when  circuit
62 which generatees a pulsewidth the voltage output of the generator is
very  modulated waveform  wherein the pulse- 20  low. In order to achieve
these operating  width represents the integral of the error 85
characteristics and provide transient re-  in the generator output. The .
integrated sponse, the voltage regulator 26 has been de-  error signal as
modified by the gain and veloped.      compensation circuit 60, is received
at one A functional block diagram of the voltage  input of the comparator
circuit 62 and a 25  regulator 26 is provided in Fig. 2.  An  triangular
wave generator 64 provides to  90 average voltage sensing circuit 34
responds  the other input of the comparator 62. By to the inputs [err]by
generating  comparing the integrated error signal with a current that is
proportional to the average  the triangular wave generated by the genera-
voltage output of the three phases of the  tor 64, the comparator produces
the pulse- 30  generator 10. Areference current is gener-  width modulated
waveform which is utilized  95 ated in the average voltage sensing circuit
as input to an exciter field amplifier circuit 34 which is representative
of the desired or  66.  The exciter field amplifier circuit 66 nominal
average voltage output of all three  responds to the pulsewidth modulated
sig- phases of the generator. This reference cur-  nal from the comparator
62 and causes an 35  rent is made possible by means of circuitry
electronic switching element, such as a cur- 100 that responds to a
reference voltage pro-  rent switching transistor, to permit current vided
by a referene voltage source 36 over  from the voltage source [err] to flow
through line 38.          '                        the exciter field 20. A
negative, exciter field The voltage regulator 26 also measures  current
feedback loop 'is provided by an 40  the voltage of the highest phase of
the  exciter field current detector 68 which is 105 generator output
voltage by means of a high  connected between the exciter field amplifier
phase voltage sensing circuit 40. The high  66 and the summing junction 58
by means phase voltage sensing circuit responds to the  of the line 32. In
addition, reactive load geenrator output voltages [err]  division
capability with other generator sys- 45  by generating a current that
represents the tems is facilitated by means of the lines 70 110 voltage of
the highest phase voltage which and 72 which provide inputs to the summing
in turn is compared to a reference current 'junctions 54 and 58
respectively, thereby provided by the reference voltage source 36.
providing for alterations in the voltage out- Similarly, the highest phase
output current  put of the generator 10 in order to equalize 50  is
measured by a phase current sensing cir-  the reactive load on the various
generators. 115 cuit 42 which responds to the input [err]    The preferrel
embodiment of the inven- and [err]. The current representing the highest
tion will be 'set forth with a discussion of phase current is compared in
the phase'cur-  circuits for implementing the various func- rent sensing
circuit 42 to a reference cur-  tions indicated by the boxes in Fig. 2. For
55 rent representing the nominal value of the example, the average
voltagesensing circuit 120 highest phase current as provided by the  34 of
Fig. 2 is represented by a portion of reference voltage source 36.
the schematic shown in Fig. 3. Three parallel Signals indicating that the
average  volt-  diode-resistor combinations 74, 76, and 78 age output of
the generator exceeds the  serve to generate currents that are propor- 60
nominal value or that the high phase voltage tional to the phase voltage
outputs [err] 125 or high phase  current output of  the genera-  and
[err]of the generator 10. The three cur- tor exceeds predetermined limits
are trans-  rents produced by the diode-resistor com- mitted to the summing
junction 44 of the  binations 74, 76, and 78 are summed at active gain
circuit 46 by means of the lines  point 80 into a   current [err] which
represents 65  48  50, and  52 respectively. The active gain  the average
voltage output of the generator 130    1,544,302
4 10. The reference voltage source 36 provides, to a fault. Included  in a
feedback circuit in combination with a variable  resistor 82  connected
between the output of the opera- and resistance 84, a reference current
[err] tional amplifier 118 and the negative input that represents the
nominal or desired value  terminal is a diode 122. Diode 122 serves 5  of
the average generator voltage output. The  to clamp the output voltage of
the opera- 70 



reference voltage source as illustrated in  tional amplifier 118 to zero
when the cur- Fig 3 includes a zener diode 86 and a resis-  rent[err] is
less than the reference current [err] tor 88 that are connected between
ground  When the current [err] exceeds[err] indicating and a negative
voltage source connected  that an individual phase voltage has ex 10  to.
the terminal 0. The zener diode 86 pro-  ceeded the maximum desired value,
the out- vides a stable 'negative voltage reference. put voltage [err] of
the operational amplifier Connected to the  output of the average volt-
118 will be driven negative  A negative age sensing circuit 34 through the
summing  value of [err] will cause current to . flow junction 44 is the
active gain circuit 46. through a terminal or summing junction of 15  The
primary circuit element in the active  the operational amplifier 92 of the
active 80 gain circuit 46 is a differential operational gain circuit 46
shown in Fig. 3. A negative amplifier 2. When the average voltage out-
value of [err] will result in the relative poten- put of the generator 10
deviates from the  tial of the positive terminal of amplifier nominal value
and the values of the currents  92 being reduced, thus producing a reduced
20  [err] are thus unequal, current will positive or negative value of
[err] Therefore, 85 flow thorugh a feedback resistor 4 of the  it may be
appreciated that a value of one operational amplifier 92connected to the
of the phase voltages which exceeds the negative terminal of the
operational ampli-  reference value will cause the output volt- fier 92
thereby causing the - operational age of the active gain circuit 46 to
decrease 25  amplifier 92 to generate a voltage [err] at its  in amount
proportional to the excessive 90 output terminal which represents the
magni- phase voltage. It should be noted at this tude of the average
generator output voltage  point that since the high phase voltage error
error. The positive terminal of the opera-  signal is summed into the
voltage regulator tional amplifier 92 is connected to ground  before the
integrator circuit 56, the regu- 30  through a resistor 96. As a result,
the opera-  lator 26 will tend to  operate with zero error 95 tional
amplifier 92 will  generate the volt- in the steady state. The circuit
illustrated in age signal [err] which represents the devia-  Fig. 4 is also
provided with a capacitor 128 tion from the nominal value of the average
and a resistor 130 in the feedback circuits voltage output of the generator
10. It should  of the operational amplifier 118 which have 35 be noted at
this point, that since the voltage  the effect of a low pass filter,
thereby re- 100 waveforms of the generator output voltages  ducing the
effects of ripple voltages on the [err] are averaged over the half-  error
voltage [err] cycle, the circuit is substantially less sensi-   Operation
of the phase current sensing tive to generator waveform  changes than
circuit 42 issimilar inoperation to the high 40  peak sensing circuits.
This provides excel- phase  voltage sensing circuit 40.  In the 105 lent
steady state accuracy. .             phase current circuit 42, illustrated
in the A schematic of a circuit for implement-  schematic of Fig. 5, inputs
are received at ing the high phase voltage sensing circuit 40  the diodes
132, 134, and 136 which repre- shown in Fig. 2 is provided in' Fig. 4. The
sent the generator output currents [err] 45  generator output voltage
waveforms are  and [err] A capacitor 138 charges through 110 rectified by
the diodes 98, 100 and 102 and  a resistor 140 to a value which represents
operate to charge a capacitor 104 through  the peak of the positive
half-wave voltage a resistor 106 to - a value representing the
representing generator output current peak voltage output of the highest
phase  resistor 142 cooperates with the capacitor 50 voltage. A  resistive
network composed of  138 to produce a current [err] which in turn 115
resistors 108, 110 and 112 cooperate with  represents the peak phase
current. As with the capacitor 104 to create the current [err]  the circuit
in Fig. 4 the reference voltage that represents the highest phase voltage,
source 36 cooperates with a variable resis- A reference current [err]
produced by the  tor 144 and a resistor 146 to produce a 55  reference
voltage source 36 in combination  reference current [err] which  represents
a 120 with an adjustable resistor 114, is summed peak allowable phase
current For example; withthe  current [err]at the summing point or  this
peak allowable current could be selected the negative terminal of an
operational  to approximately 2.1 times the rated phase amplifier 118. The
positive terminal of the  current at the rated generator voltage output. 60
operational amplifier 114 is adjusted so that The currents [err] are summed
to- 12-5 the reference current [err] will be equal to [err]  gether at the
negative terminal of an opera- when the high. phase voltage is a specified
tional amplifier 148. The positive terminal value. For example, this value
mightbe 120  of the operational amplifier 148 is connected VRMS when -the
nominal value of the volt-  to ground by means of the resistor 150. A 65
age output of two phases is zero VRMS due  diode 152 is connected between
the output 130    5                                        1,544,302 and
the negative terminal of the operational  tional amplifier 172. The summing
junction amplifier 148 in order to clamp the output  58. of Fig. 2 is
formed by the connection of the operational amplifier when [err] is less
to the negative terminal of the operational than [err]. A resistor 154 and
a capacitor 156  amplifier 172 by the line 72 which is a reac- 5  are also
connected in the feedback network  tive load division input and the line 32
70 



of the operational amplifier 148 so as to pro-  which is the negative
feedback circuit for vide a low pass filter to reduce the effects of  the
exciter current The feedback network voltage ripple on the error signal AS
in the  for the operational amplifier 172 is com- circuit of Fig. 4, when
[err] exceeds [err] in-  posed of the capacitor 174 and the resistor
dicating that the peak current has exceeded  176 which serve to regulate
the gain of the 75 desirable levels, the voltage output [err] of  amplifier
172 and to provide a low pass the operational amplifier 148 will go nega-
filter characteristic. Resistor 178 serves to tive, causing current to flow
through a diode  connect the positive terminal to the opera- 158 and a
resistor 160 of line 52. This will  tional amplifier 172 to  ground.
Operation- 15  again cause the error voltage [err]  of opera-  ally, the
combination of the integrator circuit 80 tional amplifier 92 to become less
positive or  56 and the gain and compensation circuit 60 go negative as a
function of phase current  provide lead and lag compensation to the
deviation. Thus, the phase current sensing  system  and a specified gain to
the input circuit will cause the voltage regulator to  signal [err]. 20
effectively limit the maximum  generator    In Fig. 7 a schematic of the
comparator 85 phase current depending upon the genera-  circuit 62 is
provided. In the comparator tor output voltage, and therefore, the maxi-
circuit of Fig. 7 an operational amplifier mum shaft power required by the
generator  180 receives the output [err] from the circuit for symmetrical
and unsymmetrical faults.  60 through a resistor 182 at its negative 25
In summarizing the operation of the active  terminal. Output from the
triangular wave 90 gain circuit 46it is apparent from the fore-  generator
.64 is received through a resistor going discussion of the circuits in
Figs. 3, 4,  184 at the positive terminal of the amplifier and 5 that an
above-average voltage output,  180.  Operation of the comparator 62 is a
high phase voltage output or a phase cur-  illustrated in the signal chart
of Fig. 8. The 30  rent which exceeds nominal or desirable  output of the
triangular wave generator 64 95 values will cause the output of operational
is represented by a triangular waveform 186 amplifier 92 to generate a
negative voltage  in the upper portion of Fig. 8. A representa- [err]
Connected to the output of the active  tive output [err] of the gain and
compensation gain circuit 46  is the integrator circuit 56  circuit 60 is
represented by the waveform 35  which is presented in schematic form in
Fig.  188 in the middle of Fig 8. As can be seen 100 6. The primaryelement
of the integrator  from Fig 8, when the triangular waveform circuit 56 isa
differential amplifier 162 hav-  186 has a voltage greater than the signal
ing a feedback network composed of the  [err], the output represented by a
waveform resistor 164 and the capacitor 166 that  190 at the lower part of
Fig. 8 is produced 40  serves to integratethe error signal [err]   re-  at
the output [err] of the amplifier 180. The 105 ceived through a resistor
168  The positive  output [err] of the comparator 62 will be a termipal of
the operational amplifier 162 is  pulsewidth modulated wave wherein the
conected to ground through a resistor 170. width of the pulses represents
the variation The reactive load division line 70 is con- of the generator
output from  nominal or nected to the negative terminal of the opera-
allowable values. In normal operation, when 110 tional amplifier 162 along
with the feedback  the error signal [err] increases or ramps up- network,
thereby. providing the summing  wardly, the  ositive pulsewidth will
decrease junction  54 of Fig. 2. The values of the re-  and similar y, when
the error signal [err] de- sistors 168 and 164 and the capacitor 166
creases, the positive pulsewidth will in- 50 can be selected so as to
provide the desired  crease.                              115 time constant
by which the error signal [err]    In Fig. 9 of the drawings,. a schematic
is integrated and the value of the capacitor  diagram of the exciter field
amplifier circuit 166 and resistor 164 provide the time con-  66 and a
schematic diagram  of the exciter stant of the lead signal. It normal
operation  field 20 are,presented. In. the exciter field 55 a positive
error voltage [err] will cause the  amplifier 66 the pulsewidth modulated
signal 120 output voltage [err] of the integrator to ramp  from the
comparator 62 drives a transistor in a negative direction, and by the same
192 through a resistor 194 and a diode 196. token, when the error voltage
[err] is nega-  Current from  a voltage source through a re- tive, the.
output voltage [err] will ramp in a  sistor 198,'as contolled by the
transistor 60  positive, direction. For zero steady state  192, drives an
optical coupler represented 125 error, the error voltage [err] must be
zero.  generally within the dashed lines 200. The The integrated error
signal [err] is then ap-  optical coupler 200 serves to isolate the ex-
plied  to the gain and compensation circuit  citer field amplifier circuit
66 from  the rest The central element in the gain and  of the voltage
regulator, thereby making the circuit 60 of Fig. 6 is an opera  choice of
convenient voltagesand grounds 130    1,544,302
6 possible. The low voltage current switching   WHAT WE CLAIM IS-
transistor network composed of the transis-    1. An electronic voltage
regulator for tors 202 and 204, along with resistors 205,  a generator
-having an exciter field circuit 206, 208, 210 and 212, responds to a tran-
comprising means for sensing the voltage 5  sistor 214 in the optical
coupler .200 to con-  output of the generator, means for compar- 70 



trol, by means of line 30 the final current  ing the sensed voltage output
with a refer- switching transistor 216. In the preferred  ence value, means
for sensing the current embodiment a relatively high negative volt-  output
of the generator, means for compar age [err], for example on the order of
-105  ing the sensed current output with a refer- 10  volts, is applied to
the exciter field 20 and  ence value, means responsive to the voltage 5 the
exciter field amplifier circuit 66. In nor-  and current comparing means,
for generat- mal operation, when the current switching  ing  an error
signal, means for integrating the transistor 216 is turned on, current will
flow  error signal over time, and means for con- from  the ground  through
the exciter field  trolling the exciter field circuit in response 15
winding 20 wherein the winding's 20 resist-  to. the integrated error
signal to regulate the 80 ance is represented by a resistor 218 to the
voltage and current out ut of the generator negative voltage source [err]
Applying cur- 2. A voltage regulator according to rent to the exciter field
winding 20 will, of  claim 1, wherein the voltage output sensing course,
cause the generator 10 to output means comprises a circuit for generating a
20  voltage.  The exciter field- circuit 20 also  current representing the
generator voltage 85 provides an alternate current path composed  output;
and the voltage comparing means of the resistors 220 and 222 along with the
comprises a circuit for generating a current diode 224. so that when the
current switching  representing the voltage reference value, and transistor
216 is switched off, unacceptable  a comparison circuit for comparing the
cur- 25  high voltages created by the natural induct-  rent representing
the generator voltage with 90 ance of the exciter field winding will not be
the current representing the voltage refer- created. The diode 224 prevents
current flow  ence value. through the alternate path when the current    3.
A  voltage  regulator according  to switching transistor 216 is in a
conducting  claim 2, wherein the error signal generating 30  state.
Normally, when the transistor 192 of  means comprises an operational
amplifier 95 the exciter field amplifier circuit 66 responds  responsive to
the comparison circuit and to positive pulses from the pulsewidth modu-
effective to generate an error voltage rep- lated signal [err] by switching
on, the transis-  resenting the deviation of the sensed genera- tor 214 in
the optical coupler will  also switch  tor voltage output   from the
voltage refer- 35  on. When transistor 216 is in a conductive  ence value
-          100 state, transistor 202 will be switched off   as    4. A
voltage  regulator according  to will transistor 204.  The effect of having
claim.3, wherein the current output sensing transistor 204 in a
non-conductive state is to  means comprises a circuit for regenerating
switch off the current switching transistor  a current representing the
generator current 40  216, thereby removing the voltage [err] from  output;
and the current comparing means 105 the exciter field 20. The net effect of
the  comprises a circuit for generating a cur- circuitry provided in the
exciter field ampli-  rent representing  the  current  reference fier 66 is
to make the average current  value,and a comparison circuit for compar-
through the exciter field winding 20 approxi-  ing the current representing
the generator 45  mately proportional to the pulsewidth modu-  output
current with the current representing 110 lated waveform [err]. Since the
optical coupler  the current reference value. 200 has the effect of
inverting -the- pulse-    5. A  voltage  regulator according  to width
modulated signal [err] the smaller the  claim 4, wherein the comparison
circuit for pulsewidth, the greater the average current  comparing the
sensed current output with 50  will be through theexciterfield winding 20.
the reference value comprises a further115 Thus for example, if too high a
phase volt-  operational amplifier, operatively connected age -or phase
current is detected, the error  to  the operational amplifier in the error
signal [err] of the gain and compensation  signal generating means,
effective to vary the circuit 60 will cause the comparator 62 to  error
voltage as a function of the deviation 55  generate a pulsewidth modulated
signal [err]  of the generator current output from  the 120 having pulses
of a- greater width, thereby re-  generator output current reference value.
sulting in an effective reduction in the aver-    6. A  voltage regulator
according to age current through the exciter field tending  claim 5,
further comprising a circuit, respon- to reduce the current and/or voltage
output  sive to the integrated error signal  for gener- 60  of the
generator. In the exciter field ampli-  ating a pulsewidth modulated signal
repre- 125 fier  circuit 66 of Fig. 9, the resistor 220 senting the
integrated error signal. serves to provide a voltage representative   7. A
voltage  regulator according  to of the exciter field current and
therefore, is  claim 6, wherein the means for controlling equivalent to the
exciter field  current de  the exciter field circuit comprises at least one
65  tector 68 of Fig. 2. current switching transistor, responsive to 130
1,544,302                                         6 possible. The low
voltage current switching    WHAT WE CLAIM  IS: transistor network composed
of the transis-    1. An electronic voltage regulator for tors 202 and 204,
along with resistors 205,  a generator having an exciter field circuit,
206, 208, 210 and 212, responds to a tran-  comprising means for sensing
the voltage 5  sistor 214 in the optical coupler 200 to con-  output of the
generator, means for compar 70 



trol, by means of line 30 the final current  ing the sensed voltage output
with a refer switching transistor 216. In the preferred  ence value, means
for sensing the current embodiment a relatively high negative volt-  output
of the generator, means for compar age [err] for example on the order of
-105   ing the sensed current output with a refer 10  volts, is applied to
the exciter field 20 and  ence value, means responsive to the voltage 75
the exciter field amplifier circuit 66. In nor-  and current comparing
means, for generat- mal operation, when the current switching  ing an error
signal, means for integrating the transistor 216 is turned on, current will
flow   error signal over time, and means for con- from  the ground through
the exciter field  trolling the exciter field circuit in response 15
winding 20 wherein the winding's 20 resist-  to the integrated error signal
to regulate the  80 ance is represented by a resistor 218 to the  voltage
and current output of the generator. negative voltage source [er] Applying
cur-    2. A  voltage  regulator according  to rent to the exciter field
winding 20 will, of  claim 1, wherein the voltage output sensing course,
cause the generator 10 to output means comprises a circuit for generating a
20  voltage.  The exciter field circuit 20 also  current representing the
generator voltage 85 provides an alternate current path composed  output;
and the voltage comparing means of the resistors 220 and 222 along with the
comprises a circuit for generating a current diode 224 so that when the
current switching  representing the voltage reference value, and transistor
216 is switched off, unacceptable  a comparison circuit for comparing the
cur- 25  high voltages created by the natural induct-  rent representing
the generator voltage with  90 ance of the exciter field winding will not
be  the current representing the voltage refer- created. The diode 224
prevents current flow  ence value. through the alternate path when the
current    3. A  voltage  regulator according  to switching transistor 216
is in a conducting  claim 2, wherein the error signal generating 30  state.
Normally, when the transistor 192 of  means comprises an operational
amplifier 95 the exciter field amplifier circuit 66 responds  responsive to
the comparison circuit and to positive pulses from the pulsewidth modu-
effective to generate an error voltage rep- lated signal [err] by switching
on, the transis-  resenting the deviation of the sensed genera- 214 in the
optical coupler will also switch  tor voltage output from  the voltage
refer- 35  on. When transistor 216 is in a conductive  ence value.
100 state, transistor 202 will be switched off as    4. A  voltage
regulator according  to will transistor 204.  The effect of having  claim
3, wherein the current output sensing transistor 204 in a non-conductive
state is to  means comprises a circuit for regenerating switch off the
current switching transistor a current representing the generator current
40  216, thereby removing the voltage [err] from   output; and the current
comparing means 105 the exciter field 20. The net effect of the  comprises
a circuit for generating a cur- circuitry provided in the exciter field
ampli-  rent representing  the  current reference fier 66 is to  make the
average current  value, and a comparison circuit for compar- through the
exciter field winding 20 approxi-  ing the current representing the
generator 45  mately proportional to the pulsewidth modu-  output current
with the current representing 110 lated waveform [err] Since the optical
coupler  the current reference value. 200 has the effect of inverting the
pulse-    5. A  voltage  regulator according  to width modulated signal
[err], the smaller the  claim 4, wherein the comparison circuit for
pulsewidth, the greater the average current  comparing the sensed current
output with 50  will be through the exciter field winding 20.  the
reference value comprises  a  further 115 Thus, for example, if too high a
phase volt-  operational amplifier, operatively connected age or phase
current is detected, the error  to the operational amplifier in the error
signal [err]  of the gain and compensation  signal generating means,
effective to vary the circuit 60 will cause the comparator 62 to  error
voltage as a function of the deviation 55  generate a pulsewidth modulated
signal [err]  of the generator current output from  the 120 having pulses
of a greater width, thereby re-  generator output current reference value.
sulting in an effective reduction in the aver-    6. A  voltage  regulator
according  to age current through the exciter field tending  claim 5,
further comprising a circuit, respon- to reduce the current and/or voltage
output  sive to the integrated error signal, for gener- 60  of the
generator. In the exciter field ampli-  ating a pulsewidth modulated signal
repre- 125 fier circuit 66 of Fig. 9, the resistor 220  senting the
integrated error signal. serves to provide a voltage representative    7. A
voltage  regulator according  to of the exciter field current and,
therefore, is  claim 6, wherein the means for controlling equivalent to the
exciter field current de-  the exciter field circuit comprises at least one
65  tector 68 of Fig. 2.                        current switching
transistor, responsive to 130 11111111111111111111111111111    7
1,544,302 the pulsewidth modulated signal, for control-  the predetermined
high phase voltage limit ling the application of current to the genera-
effective to generate a voltage signal repre- 65 tor exciter field.
senting the amount by which the high phase 8. A voltage regulator according
to claim  voltage exceeds the predetermined  high 



5  7, wherein the means for controlling the ex-  phase voltage limit. citer
field circuit further comprises an op-    13. A  voltage regulator of claim
12, tical coupler inserted in the circuit between  wherein the means for
sensing the high  70 The pulsewidth modulated signal generator  phase
current output comprises a circuit for the current switching transistor.
generating a current representing the highest 10    9. A voltage regulator
according to claim  phase current output at any time, and the 8, further
comprising an exciter field current  means for comparing the sensed high
phase detector circuit connected to the integrating  current with a
reefrence value comprises a 75 means for providing a negative current feed-
circuit for generating a current representing back circuit.
the predetermined high phase current limit 15    10. A voltage regulator
according to any  and a third operational amplifier, responsive preceding
claim, wherein the means for sens-  to the currents representing the high
phase ing the voltage output of the generator com-  current output and the
predetermined high  80 prises means for sensing the average voltage  phase
current limit, effective to generate a output and means for sensing the
highest  voltage signal representing the amount by 20  phase voltage output
the means for sensing  which the high phase current exceeds the the current
output of the generator com-  predetermined high phase current limit.
prises means for sensing the highest phase    14. A  voltage regulator
according to  85 current output; and the means for compar-  claim  13
wherein the error signal circuit ing the sensed voltage and current outputs
comprises a circuit connecting  the first, 25  with reference values and
for generating an  second and third  operational amplifiers, error signal
comprises a circuit operatively  effective to combine the outputs of the
connected to the average voltage sensing,  operational amplifiers to
generate the error 90 high phase voltage sensing and high phase  signal.
current sensing means and effective to gener-    15. A  voltage regulator
according to 30  ate the error signal when the generator's  claim 14,
wherein the means for controlling average output voltage varies from a pre-
the exciter field circuit comprises at least determined value or when the
high phase  one current switching transistor connected  95 voltage or high
phase current exceeds pre-  between a voltage source and the generator
determined limits.                         exciter field circuit, and a
circuit, respon- 35    11. A  voltage regulator according to  sive to the
pulsewidth modulated error sig- claim 10, wherein the means for sensing the
nal, for controlling the current switching average voltage output comprises
a circuit  transistor.                              100 for generating a
current representing the    16. A  voltage regulator according to average
generator output voltage; and the  claim 15, wherein the pulsewidth
generating 40  means for comparing the sensed average  circuit comprises a
triangular wave signal voltage with a reference value comprises a
generator and an operational amplifier com- circuit for generating a
current representing  parator circuit, responsive to the triangular 105 the
predetermined nominal value of the  wave generator and to the integrated
error generator average output voltage and a first  signal 45  operational
amplifier, responsive to the cur-    17. A  voltage regulator according to
rents representing the average generator out-  claim 16, further comprising
a zener diode put voltage and the predetermined nominal  reference voltage
source operatively con- 110 value of output voltage, effective to gener-
nected to the first, second and third opera- ate a voltage signal
representing the de-  tional amplifiers. 50 viation of the generator's
output voltage    18. A  voltage regulator according to from the
predetermined nominal value.      claim 17 further comprising circuit
connec- 12. A  voltage regulator according to  tions to the integrating
circuit, for receiving 115 claim 11, wherein the means for sensing the
load division error signals from other genera- high phase voltage output
comprises a circuit  tors in order to facilitate reactive load divi- 55
for generating a current representing the  sion in a multi-generator
system. highest phase voltage output at any time;    19; A voltage
regulator for a generator, and the means for comparing the sensed
substantially as particularly described here- 120 high phase voltage with a
reference value  in with reference to the drawings. comprises a circuit for
generating a current 60  representing the predetermined limit of high
SERJEANTS, phase voltage, and a second  operational            Chartered
Patent Agents, amplifier, responsive to the currents repre-           25
The Crescent, senting the high phase voltage output and
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