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METHOD OF CONTROLLING A VARIABLE SPEED
CONSTANT FREQUENCY GENERATOR

5 FIELD OF THE INVENTION

This invention relates generally to engine-driven, electrical generators, and in

particular, to a method for controlling a variable speed, constant frequency, stand-by

electrical generator.

10
BACKGROUND AND SUMMARY OF THE INVENTION

Electrical generators are used in a wide variety of applications. Typically, an
individual electrical generator operates in a stand-by mode wherein the electrical power
15 provided by a utility 1s monitored such that if the commercial electrical power from the
utility fails, the engine of the electrical generator is automatically started causing the
alternator to generate electrical power. When the electrical power generated by the
alternator reaches a predetermined voltage and frequency desired by the customer, a

transfer switch transfers the load imposed by the customer from the commercial power

20 lines to the electrical generator.

Typically, electrical generators utilize a single driving engine coupled to a
generator or alternator through a common shaft. Upon actuation of the engine, the
crankshaft rotates the common shaft so as to drive the alternator that, in furn, generates

25  electrical power. As is known, most residential electric equipment in the United States is
designed to be used in connection with electrical power having a fixed frequency,
namely, sixty (60) hertz (Hz). The frequency of the output power of most prior electrical
generators depends on a fixed, operating speed of the engine. Typically, the
predetermined operating speed of an engine for a two-pole, stand-by electrical generator

30  1s approximately 3600 revolutions per minute to produce the rated frequency and power

1
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for which the unit is designed. However, in situations when the applied load is the less
than the rated kilowatt load for which the unit is designed, the fuel-efficiency of the
engine will be less than optimum. As such, it can be appreciated that it is highly
desirable to vary the operating speed of the engine of an electrical generator to maximize
fuel efficiency, and thus reduce CO, emissions, of the engine for a given load. Further,
operation of the engine-driven, electrical generator at its predetermined operating speed
can produce unwanted noise. It can be appreciated that reducing the operating speed of

the engine of an electrical generator to correspond to a given load will reduce the noise

assoclated with operation of the engine-driven, electrical generator.

Therefore, it is a primary object and feature of the present invention to provide a

method for controlling a variable speed, constant frequency, stand-by electrical generator.

It 1s a further object and feature of the present invention to provide a method for
controlling a variable speed, constant frequency, stand-by electrical generator that

maximize fuel efficiency of the engine for a given load.

It 1s a still further object and feature of the present invention to provide a method
for controlling a variable speed, constant frequency, stand-by electrical generator that is

simple and that reduces the overall cost of operation of the generator.

It 15 a still further object and feature of the present invention to provide a method
for controlling a variable speed, constant frequency, stand-by electrical generator that

minimizes the noise associated with operation of the generator.

In accordance with the present invention, a method of controlling an engine-
driven, electrical generator is provided. The generator generates an output voltage at a
frequency with the engine running at an operating speed. The method includes the steps

of connecting the generator to a load and varying the operating speed of the engine to

2
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optimize fuel consumption in response to the load. Thereafter, the frequency of the

output voltage is modified to a predetermined level.

The step of modifying the frequency of the output voltage includes the additional
steps of calculating the difference between the frequency of the output voltage and the
predetermined level and providing the difference as an adjustment frequency. The
frequency of the output voltage is modified by the adjustment frequency. The generator
includes a rotor having windings and stator having an output. The output of the stator is
connectable to the load. In addition, the output of the stator is operatively connected to
an input of an inverter. The inverter receives the output voltage at the frequency. The
output of the inverter is operatively connected to the windings of the rotor. The inverter
supplies power to the rotor windings at the adjustment frequency. The stator has a main
winding and a quadrature winding, and thé inverter includes a DC link. The sensing
input of the inverter is operatively connected to the main winding and power for the DC
link is operatively connected to the quadrature winding. It is contemplated for the
predetermined level of the unmodified frequency to be in the range of 40 to 75 hertz and

for the engine to have a minimum operating speed of approximately 2400 revolutions per

minute.

In accordance with a further aspect of the present invention, a method of
controlling an engine-driven, electrical generator including a rotor and a stator having an
output 1s provided. The generator generates an output voltage at a frequency at the stator
output with the engine running at an engine speed. The method includes the steps of
connecting the output of the stator to a load and adjusting the engine speed in response to

the load. The difference between the frequency of the output voltage and a

predetermined level is calculated and the difference is provided as an adjustment

frequency. The frequency of the output voltage is modified by the adjustment frequency.
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The generator includes a rotor having windings and the method includes the
additional step of operatively connecting the output of the stator to an input of an
inverter. The inverter receives the output voltage at the frequency. An output of the

inverter is operatively connected to the windings of the rotor. The inverter supplies

power to the rotor windings at the adjustment frequency.

The stator has a main winding and a quadrature winding, and the inverter includes
a DC link. The input of the inverter is operatively connected to the main winding and the
DC link is operatively connected to the quadrature winding. It is contemplated for the
predetermined level of the frequency is in the range of 40 to 75 hertz and for the engine

to have a minimum operating speed of approximately 2400 revolutions per minute.

In accordance with a still further aspect of the present invention, a method of

controlling an engine-driven, electrical generator including a rotor having rotor windings
and stator having an output is provided. The generator generates an output voltage at a
frequency at the stator output with the engine running at an engine speed. The method
includes the steps of connecting the output of the stator to a load and adjusting the engine
speed in response to the load. Slip power is supplied to the rotor windings to adjust the

frequency of the output voltage to a predetermined level.

The step of supplying slip power to the rotor windings includes the additional
steps of calculating the difference between the frequency of the output voltage and the
predetermined level and providing the difference as an adjustment frequency. The slip
power has a frequency generally equal to the adjustment frequency. The output of the
stator is operatively connected to an input of an inverter. The inverter receives the output
voltage at the frequency. An output of the inverter is operatively connected to the

windings of the rotor. The inverter supplies the slip power to the rotor windings at the

adjustment frequency.
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The stator has a main winding and a quadrature winding, and the inverter includes
a DC link. The input of the inverter is operatively connected to the main winding and the
DC link is operatively connected to the quadrature winding. It is contemplated for the
predetermined level of the frequency is in the range of 40 to 75 hertz and for the engine
to have a minimum operating speed of approximately 2400 revolutions per minute. The

engine speed is adjusted to optimize fuel consumption in response to the load thereon.
BRIEF DESCRIPTION OF THE DRAWINGS

The drawings furnished herewith illustrate a preferred construction of the present
invention in which the above advantages and features are clearly disclosed as well as

others which will be readily understood from the following description of the illustrated

embodiment.
In the drawings:

Fig. 1 is a schematic view of an engine-driven, electrical generator system for

performing the method of the present invention.

DETAILED DESCRIPTION OF THE DRAWINGS

Referring to Fig. 1, an engine-driven, electrical generator system for performing
the methodology of the present invention is generally generated by the reference numeral
10. Generator system 10 includes generator 20 defined by cylindrical rotor 30 rotatably
received within stator 32. By way of example, rotor 30 includes three-phase windings
31a-31c supplied by inverter 34, as hereinafter described. Stator 32 includes a plurality
of electrical windings (e.g. main winding 14) wound in coils over an iron core and an
excitation or quadrature winding 46 shifted 90 degrees from main winding 14. Rotation
of rotor 30 generates a moving magnetic field around stator 32 which, in turn, induces a

voltage difference between the windings of stator 32. As a result, alternating current
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(AC) power is provided across outputs 33a-33c of stator 32. Outputs 33a-33c of stator 32
are connectable to load 36 for supplying AC power thereto.

Generator system 10 further includes engine 22. As is conventional, engine 22
receives fuel such as natural gas or liquid propane vapor through an intake. The fuel
provided to engine 22 is compressed and ignited within the cylinders thereot so as to
generate reciprocating motion of the pistons of engine 22. The reciprocating motion of
the pistons of engine 22 is converted to rotary motion by a crankshaft. The crankshaft 1s
operatively coupled to rotor 30 of generator 20 through a shaft such that as the crankshatt
is rotated by operation of engine 22, the shaft drives rotor 30 of generator 20.

As is known, the frequenéy of the AC power at outputs 33a-33c of stator 32 1s
dependent upon the number of poles and the rotational speed of rotor 30 which
corresponds, in turn, to the speed of engine 22. The engine speed corresponding to a
particular frequency is called the synchronous speed (N;) for that frequency. By way of
example, the synchronous speed for a two pole rotor producing AC power at 60 hertz at

outputs 33a-33c of stator 32 is 3600 revolutions per minute.

It is noted that engine 22 of generator system 10 does not operate at a fixed,
constant speed, but rather, operates at a speed that varies in accordance with the load
magnitude. In other words, at low loads, where relatively little current is required by load
36 from generator 20, the engine speed is relatively low. At higher loads, where greater
current is drawn from generator 20, the engine speed is higher. While it can be
appreciated that the speed of engine 22 can be readily adjusted to optimize the fuel
consumption and reduce the noise level associated with operation of engine 22, these
changes in the engine speed, in turn, cause the frequency and voltage at the output of
generator 20 to change. However, in all cases, the frequency and voltage of the AC
power produced at outputs 33a-33c¢ of stator 32 must remain relatively constant and
substantially within pre-established upper and lower limits (e.g., 56-60 Hz, and 108-127

Vs )- As such, voltage and frequency regulation, as hereinafter described, 1s provided.

6
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Generator system 10 further includes controller 16 operatively connected to a
current transformer (not shown) and to the throttle actuator of engine 22. The current
transformer measures the magnitude of load 36 and supplies the same to controller 16. It
is intended for controller 16 to calculate the optimum fuel consumption for engine 22 for
a given load 36. It can be appreciated that minimum fuel consumption typically occurs at
approximately 2/3 of the synchronous speed (Ng) of engine 22. As such, for a two pole
rotor producing AC power at 60 hertz at outputs 33a-33c of stator 32, the minimum fuel
consumption occurs at an engine speed of 2400 revolutions per minute. In response to
instructions received from controller 16, the throttle actuator coupled to engine 22
increases or decreases the speed of engine 22 to optimize the fuel consumption of engine.
It 1s also con'templated for controller 16 to receive various additional inputs indicative of
the engine operating conditions and provides additional control commands (e.g., an

engine shutdown command in the event oil pressure is lost) to the engine 22.

Inputs 35a and 35b of inverter 34 are operatively connected to the stator windings
through outputs 33a and 33c¢, respectively, of stator 32 via lines 37 and 39. In addition,
DC link 44 of inverter 34 is operatively connected to quadrature winding 46 of stator 32
via lines 48 and 50. In a signle phase application, the input input from quadrature
winding 46 to DC link 44 is rectified to provide DC link 44 with current. In addition, the
AC power supplied to DC link 44 from stator 32 is converted by a three phase bridge to
three phase AC power with a controllable frequency across lines 40a-40c. Lines 40a-40c
are operatively connected to rotor windings 31a-31c, respectively, of rotor 30 via, e.g.
slip rings, to supply three phase currents thereto. As hereinafter described, it is intended
for the three phase currents to produce a traveling wave of magnetic flux relative to rotor

30 so the speed of rotor 30 relative to stator 32 is maintained at the synchronous speed

(Ns) of engine 22.

Given the rotor speed (N,), the traveling wave of magnetic flux produced by the

three phase currents supplied by inverter 34 relative to rotor 30 1s equal to the difference
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between the synchronous speed (Ns) and the rotor speed (N;). As such, stator 32 “sees”
the magnetic flux wave travelling at the synchronous speed (Ng) independent of the rotor
speed (N;) and will produce a constant frequency at outputs 33a-33c thereof. For a rotor
30 having two poles, the required frequency for the AC power supplied by inverter 34 to
rotor windings 31a-31c¢ to produce a traveling wave of magnetic flux that causes the

outputs of stator 32 to have a constant frequency may be calculated according to the

equation:

Ns — Nr
60

Equation (1)

finverter =

wherein: finverter is the frequency of the AC power supplied by inverter 34 to rotor

windings 31a-31c; Nsis the synchronous speed; and Nr is the rotor speed.

In order to deliver constant voltage and current at outputs 33a-33c of stator 32, the

AC power supplied by inverter 34 may be calculated according to the equation:

Ns — Nr

m Equation (2)

Pinverter = Pstator X

wherein:  Pinverter is the AC power supplied by inverter 34 or slip power; Pstator is the

AC power at outputs 33a-33c and quadrature winding 46 of stator 32: Ns is the

synchronous speed; and Nr is the rotor speed.

In view of the foregoing, it can be appreciated that by controlling the magnitude
and the frequency of the AC power supplied to rotor windings 31a-31¢ by inverter 34, the
frequency and voltage of the AC power produced by generator 10 at outputs 33a-33c of
stator 32 remains relatively constant and substantially within pre-established upper and

lower limits. In operation, engine 22 is started such that generator 20 generates electrical
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power at outputs 33a-33c of stator 32, as heretofore described. Controller 16 monitors
the magnitude of load 36 and calculates the optimum fuel consumption for engine 22. In
response to instructions received from controller 16, the throttle actuator coupled to
engine 22 increases or decreases the engine speed (up to a maximum of 3600 revolutions
for a two pole) to optimize the fuel consumption of engine. Independent of load 36,

controller 16 maintains the speed of engine 22 at minimum 2400 revolutions per minute
since the minimum fuel consumption of engine 22 occurs at an engine speed of 2400

revolutions per minute.

In order to maintain the frequency and voltage of the AC power produced by
generator 10 at outputs 33a-33c of stator 32, controller 16 determines the frequency and
magnitude of the slip power to be supplied to rotor windings 31a-31¢ by inverter 34.

Thereafter, under the control of controller 16, inverter 34 converts the AC power supplied

at the inputs thereof to the slip power having the desired magnitude and desired
frequency.

When rotor 30 is rotating at synchronous speed (Ns), inverter 34 must provide a
stationary wave relative to rotor 30 in order to produce the same magnetomotive force as
produced by a normal constant speed alternator. In this manner, inverter 34 behaves as a
automatic voltage regulator behaves in a conventional alternator which has to provide a
magnetizing magnetomotive force, as well as, a component to oppose the armature
reaction. Further, it can be appreciated that in single phase applications, utilizing
quadrature winding 46 of stator 32 to power DC link 44 of inverter 34, the main windings
of stator 32 1s kept free of harmonics which occur as a natural result of DC link 44. This,

in turn, eliminates the need for additional filtering or for power factor correction

upstream of DC link 44.
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Various modes of carrying out the invention are contemplated as being within the

scope of the following claims particularly pointing out and distinctly claiming the subject

matter that is regarded as the invention.

10
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CLAIMS
We claim:
1. A method of controlling an engine-driven, electrical generator, the

generator generating an output voltage at a frequency with the engine running at an
operating speed, the method comprising the steps of:
connecting the generator to a load;
5 varying the operating speed of the engine in response to the load; and
modifying the frequency of the output voltage to a predetermined level.

2. The method of claim 1 wherein the step of modifying the frequency of the
output voltage includes the additional steps of:

calculating the difference between the frequency of the output voltage and the
predetermined level and providing the difference as an adjustment frequency; and

5 modifying the frequency of the output voltage by the adjustment frequency.

3. The method of claim 1 wherein the generator includes a rotor having

windings and stator having an output, the output of the stator being connectable to the
load.

4, The method of claim 3 comprising the additional steps of:

operatively connecting the output of the stator to an input of an inverter, the

inverter receiving the output voltage at the frequency; and

operatively connecting an output of the inverter to the windings of the rotor, the

5  mverter supplying power to the rotor windings at an adjustment frequency.

5. The method of claim 4 wherein the adjustment frequency is the difference
between the frequency of the output voltage and the predetermined level.

11
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6. The method of claim 4 wherein the stator has a main winding and a

quadrature winding and wherein the inverter includes a DC link, the input of the inverter
being operatively connected to the main winding and the DC link being operatively

connected to the quadrature winding.

7. The method of claim 1 wherein the predetermined level of the frequency 1s

in the range of 40 to 75 hertz.

8. The method of claim 1 wherein the engine has a minimum operating speed

of approximately 2400 revolutions per minute.

12
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9. A method of controlling an engine-driven, electrical generator including a
rotor and stator having an output, the generator generating an output voltage at a
frequency at the stator output with the engine running at an engine speed, comprising the

steps of:

connecting the output of the stator to a load,;

adjusting the engine speed in response to the load;

calculating the difference between the frequency of the output voltage and a
predetermined level and providing the difference as an adjustment frequency; and

modifying the frequency of the output voltage by the adjustment frequency.

10.  The method of claim 9 wherein the generator includes including a rotor
having windings and wherein the method includes the additional steps of:

operatively connecting the output of the stator to an input of an inverter, the

inverter receiving the output voltage at the frequency; and

operatively connecting an output of the inverter to the windings of the rotor, the

inverter supplying power to the rotor windings at the adjustment frequency.

11.  The method of claim 10 wherein the stator has a main winding and a
quadrature winding and wherein the inverter includes a DC link, the input of the inverter
being operatively connected to the main winding and the DC link being operatively

connected to the quadrature winding.

12. The method of claim 10 wherein the predetermined level of the frequency

is in the range of 40 to 75 hertz.

13.  The method of claim 10 wherein the engine has a minimum operating speed

of approximately 2400 revolutions per minute.

13
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14. A method of controlling an engine-driven, electrical generator including a
rotor having rotor windings and stator having an output, the generator generating an
output voltage at a frequency at the stator oufput with the engine running at an engine
speed, comprising the steps of:

connecting the output of the stator to a load;

adjusting the engine speed in response to the load;

supplying slip power to the rotor windings to adjust the frequency of the output

voltage to a predetermined level.

15. The method of claim 14 wherein the step of supplying slip power to the

rotor windings includes the additional steps of:

calculating the difference between the frequency of the output voltage and the
predetermined level and providing the difference as an adjustment frequency; and

generating the slip power having a frequency generally equal to the adjustment

frequency.

16.  The method of claim 15 comprising the additional steps of:

operatively connecting the output of the stator to an input of an inverter, the

inverter receiving the output voltage at the frequency; and

operatively connecting an output of the inverter to the windings of the rotor, the

inverter supplying the slip power to the rotor windings at the adjustment frequency.

17. The method of claim 16 wherein the stator has a main winding and a
quadrature winding and wherein the inverter includes a DC link, the input of the inverter
being operatively connected to the main winding and the DC link being operatively

connected to the quadrature winding.

18.  The method of claim 14 wherein the predetermined level of the frequency

1s 1n the range of 40 to 75 hertz.

14
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19.  The method of claim 14 wherein the engine has a minimum operating speed

of approximately 2400 revolutions per minute.

20.  The method of claim 14 wherein the engine speed is adjusted to optimize

fuel consumption in response to the load thereon.

15



CA 02767977 2012-01-12

PCT/US2010/036391

WO 2011/008350

1/1

avol

ot

bt

qGe

14>

EARENY)

o1

d31104H1INQD

N0V

r--------

‘---------------

INIONA

¢

SUBSTITUTE SHEET (RULE 26)



20

36

LOAD

PSTATOR —P INVERTER
33c

33a

I VR

l" INVERTER
39

i PSTATOR —

46

GEEE ik ik SEE: SEEE Bpes SMEE EEER R ANER GEEE Amm Smh aEEn .

40a

22

INVERTER

3ab

40c¢

34

-----------~--------------‘------‘

CONTROLLER

FIG. 1

16



	Page 1 - abstract
	Page 2 - abstract
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - claims
	Page 14 - claims
	Page 15 - claims
	Page 16 - claims
	Page 17 - claims
	Page 18 - drawings
	Page 19 - abstract drawing

