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DESCRIPTION

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional Patent Application No. 62/299,744,
filed February 25, 2016.

TECHNICAL FIELD

[0002] The present disclosure relates to alternating current power generators and, more
specifically, to a system and method for an integrated control system for a diesel generating
set.

BACKGROUND ART

[0003] Generating sets (gensets) are used to provide electricity for distributed power
generation systems which include prime power, standby generation, and network support. De-
regulation of electric utilities has resulted in many customers utilizing their standby diesel
gensets to improve power quality or avoid peak electricity tariffs. US 2016/025023 A1
describes a system and a method for a load anticipation feature and its tuning method for a
generating set. Said generating set includes a diesel engine, a generator having a terminal
voltage, an exciter having an exciter field voltage, a speed governor having a generator speed
reference and a first communications interface, and an automatic voltage regulator having a
generator reference voltage and a second communications interface. A load anticipation
control (LAC) adds a feed-forward signal proportional to the change in the real power load to
the speed governor error summing point.

[0004] US 2006/082936 A1 describes anti-islanding protection systems for synchronous
machine based distributed generators. According to this document a filtering of the measured
voltage and speed is beneficial for quickly detecting changes due to load disruptions.

[0005] A genset often consists of a diesel engine, a synchronous machine, and two controllers:
a speed governor and an automatic voltage regulator. The synchronous machine employs a
salient-pole rotor. Figure 1 illustrates a prior art system 20 genset arrangement. Basic
components of system 20 include components also indicated in Figure 2 by the same
numbers. Those components include a generator 28, an exciter 26, an automatic voltage
regulator, (AVR) 22, an amplifier 24, a speed governor 30 and its related fuel pump 32. The
governor 30 has been used to maintain constant generator speed w 52. Governor 30
responds to changes in generator speed w 52 to act as a feedback controller to control the fuel
rate of the fuel pump 32 to thereby minimize deviations by a sudden change in the genset's
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real-power load.

[0006] In Figure 1, Vgt 34 is a generator voltage reference, V; 36 is the generator terminal

voltage and Efd is exciter 26 field voltage 37. P 40 represents the real power load, determined

from Vt2/ R, where R is a resistive load. Further, in 1/2H 42, H represents the total moment of
inertia of the diesel engine and generator rotating parts, T, 44 represents mechanical torque
as to the diesel engine and generator rotating parts, T¢ 46 represents friction torque the diesel
engine and generator rotating parts, Tax 48 represents maximum torque as to the diesel
engine and generator rotating, and w 50 is the generator speed reference, and w 52

represents the generator speed. The "s" in the 1/s block 54 is the Laplace operator (also
sometimes shown throughout the Figures as "S").

[0007] The AVR 22 maintains constant generator terminal voltage by controlling the field
current to the exciter 26 through feedback control by summing 56 the generator terminal
voltage V; 36 with the generator voltage reference Vg 34. The generator terminal voltage V;

36 is determined by multiplying 58 the generator output voltage with the generator speed w 52.
Some modern microprocessor-based AVRs are implemented with Proportional, Integral, and
Derivative (PID) control for stabilization and various supplemental control systems. Such known
digital regulators have used a PID controller 23 in the forward path as shown in the Figure 1
prior art system 20 illustration. Such a PID control can be implemented within the AVR. Such
prior art gensets such as shown in Figure 1 include limiters, a var/power factor controller,
tuning functionality, protection, and monitoring features, as disclosed in the article: K. Kim, M.J.
Basler and A. Godhwani, "Supplemental Control in a Modern Digital Excitation System", IEEE
Power Engineering Society Winter Meeting 2000, Singapore.

[0008] The real power load Pe 40 is fed to the speed control loop through the 1/ w 52, shown
as block 60. The nominal value of the generator speed w 52 is 1.0 per unit. The 1/ w block 60
clarifies the unit conversion from electric power to torque for the speed control loop. The speed
control loop provides feedback control of the generator speed w 52 by subtracting 62 the
generator speed w 52 from the generator speed reference wgs 50.

[0009] Unlike large generators, many gensets are expected to change operation from no load
to full load in a single step-load application. This can cause large changes in generator speed
w 52 or stalling of the engine.

[0010] A sudden increase in the genset's real-power load causes an increased load torque on
the engine. Since the load torque exceeds the engine's torque and the engine governor cannot
respond instantaneously, the generator speed w 52 decreases. After detecting this
deceleration, the governor increases the fuel supplied to the engine. Since the generated
voltage is proportional to generator speed w 52, the generator output voltage decreases due
to armature reaction and internal voltage drops. The voltage regulator compensates by
increasing the machine's field current. Figure 1 shows simplified genset models with cross
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coupling when resistive load is applied, through the interaction between voltage and speed
control.

[0011] International Standard 1SO8528-5, "Reciprocating Internal Combustion Engine Driven
Alternating Current Generating Sets - Part 5: Specification for Generating Sets", 1993, is used
to assess diesel genset performance. A genset is classified based on a series of key
performance indicators. For modern gensets with a G2 classification, the maximum voltage
deviation from the nominal setpoint for a sudden load acceptance shall not exceed 20%. The
maximum electrical frequency deviation shall not exceed 10%. Voltage recovery time must be
less than six seconds and frequency recovery time must be less than five seconds. Since real
power is proportional to the square of the voltage, a fast acting AVR significantly impedes
generator speed w 52 recovery by quickly recovering the voltage; hence, placing more load on
the engine.

[0012] Acommon way to reduce generator speed w 52 drop is to provide an additional voltage
dip during speed drops. This allows faster engine recovery by reducing real power. Various
voltage setpoint adjustments (under-frequency schemes) are used in modern AVRs. A Load
Adjustment Module (LAM) is also suggested in the article: K.D. Chambers, D.J. McGowan, and
D.J. Morrow, "A Digital Load Relief Scheme for a Diesel Generating Set". IEEE Transactions on
Energy Conversion, Vol. 13, No. 2, June 1998, incorporated herein fully by reference, which
temporarily reduces voltage during a transient, and therefore aids generator speed w 52
recovery. However, the governor's reaction to a change in generator speed w 52 is much
slower than a change to real power. Furthermore, the voltage loop is affected by the speed
response because generator voltage is proportional to generator speed.

[0013] As noted above, in genset control systems the AVR 22 provides voltage regulation and
the governor 30, controls the speed of the engine when the genset is operating in an island
mode. However, a conventional design practice is to design the AVR and governor
independently even if there is an interaction between voltage and speed control as shown in
Figure 1. Thus, it is common to have situations where this creates problems such as during a
factory-load acceptance test for a manufactured genset.

[0014] Engine performance is nonlinearly affected by changes in operating speed and load. A
supervisory control to consider the smoke and torque limit map was introduced, such as
discussed in the publication A.R. Cooper, D.J. Morrow and K.D.R. Chambers, "Development of
a Diesel Generating Set Model for Large Voltage and Frequency Transients”, |IEEE
Transactions on Energy Conversion, Vol. 13, No. 2, June 1998. Generator speed w 52
response to large real load is nonlinear, and it is also affected by voltage regulator response,
as discussed in the said Cooper publication, and in Seung-Hwan Lee, Jung-Sik Yim, Joon-
Hwan Lee and Seung-Ki Sul, "Design of Speed Control Loop of A Variable Speed Diesel
Engine Generator by Electric Governor," Industry Applications Society Annual Meeting, 2008.
IAS '08. IEEE, pp. 1-5, 2008.

[0015] When a large real-power load is applied, the generator speed is reduced, and
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consequently so is the generator voltage. Thus, the governor increases engine fueling to
maximum, and the AVR increases the excitation to maintain the terminal voltage at rated value.
The reaction of the AVR deteriorates the speed dip and recovery.

[0016] A conventional control system and method implements various under-frequency
characteristics to improve speed performance by coordinating a trade-off between generator
speed w 52 and voltage deviation. Unfortunately, it is not easy to obtain the parameters for this
approach to achieve the required performance. The AVR is designed based on linear fashion,
even if the genset control systems become nonlinear as a result of interaction of the generator
voltage and the generator speed w 52 loop. Thus, using control outputs based on the linear
fashion can cause overshoots in both the generator speed and voltage regulation loops.

SUMMARY OF THE INVENTION

[0017] This Application discloses an integrated control system and method which decouples
the cross-coupling terms between voltage and speed control loops when rated load is applied
or removed. The integrated control system disclosure comprises a Feedback Linearizing
Control (FLC) subsystem that removes the cross coupling term into the voltage regulation loop.
The integrated control system and method integrate the FLC subsystem with a Load
Anticipation Control (LAC, also known as LAF) subsystem and method. The LAC subsystem
and method acts integrally with the FLC to reduce the generator speed w 52 deviation
effectively. The invention is set out in the independent method claim 1 and the independent
apparatus claim 7. Preferred embodiments are defined in the dependent claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018]

Figure 1 shows simplified genset models of prior art with cross coupling when a restrictive load
is applied,;

Figure 2 illustrates a block diagram of a computer system suitable for use with the integrated
control systems and methods, according to various embodiments of genset control systems,
disclosing the invention, including the signal paths for the Feedback Linearizing Control (FLC)
subsystem integrated with a Load Anticipation Control (LAC) Subsystem, according to an
exemplary embodiment;

Figure 3 (a) shows a schematic diagram comprising a computer system suitable for use with
the integrated control systems and methods, according to various embodiments of the
invention, illustrating an example of the FLC subsystem, according to an exemplary
embodiment;

Figure 3 (b) shows a schematic diagram comprising a computer system suitable for use with
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the integrated control systems and methods, according to various embodiments, illustrating an
example of the Load Anticipation Control (LAC) Subsystem, according to an exemplary
embodiment;

Figure 4 (a) is a graph illustrating voltage responses in a test wherein a real-power load and
0.8 PF load were applied, and a 5% voltage step was applied, illustrating the cross-coupling
effect creation of oscillations in the voltage loop, according to an exemplary embodiment;

Figure 4 (b) is a graph illustrating voltage responses in a test wherein a real-power load and
0.8 PF load were applied, and a 5% voltage step was applied, illustrating the cross-coupling
effect creation of oscillations in the speed loop, according to an exemplary embodiment;

Figure 5 (a) illustrates a cross coupling effect in a test when a speed step of 2% was applied
with various loads, with Figure 5 (a) showing oscillatory responses observed in the voltage
loop, according to an exemplary embodiment;

Figure 5 (b) illustrates a cross coupling effect in a test when a speed step of 2% was applied
with various loads, with Figure 5 (b) showing oscillatory responses observed in the speed loop,
according to an exemplary embodiment;

Figures 6 (a) and 6 (b) show comparisons of genset responses with occasion of a 100kW load
applied with Figure 6 (a) showing voltage responses and Figure 6 (b) showing speed
responses, (identified as "PROPOSED"), according to an exemplary embodiment;

Figures 7(a) and 7(b) illustrate a comparison of generator voltage and generator speed w 52
responses to a 100kW sudden-load rejection with the conventional AVR scheme and proposed
integrated control scheme including the FLC and LAC, (identified as "PROPOSED"), according
to an exemplary embodiment;

Figures 8 (a) and (b) illustrate a comparison of generator voltage and generator speed w 52
responses to a 100kW sudden-load application with a conventional AVR scheme, and three
different novel control schemes - the conventional AVR with the FLC only, with the LAC only
and with the FLC and the LAC (identified as "PROPOSED") , according to an exemplary
embodiment;

Figure 9 is a block diagram of a computer system suitable for use with the systems and
methods using the FLC and LAC subsystems and methods disclosed herein according to
various embodiments.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0019] The inventors have developed an effective system and method to coordinate and
integrate the interactions between the voltage and speed control loops to minimize the cross
coupling terms. This Application discloses an integrated control system 70 as shown in Figure
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2, which decouples the cross-coupling terms between voltage and speed control loops when
rated load is applied. Figure 2 shows that the integrated control system 70 measures the
change in real power and adds a feed-forward signal, proportional to the change in real power,
to the governor error summing point during transient conditions.

[0020] Figures 2 and 3 illustrate schematic diagrams comprising a computer-implemented
integrated control system 70 suitable for use with the integrated control systems and methods
of the invention. Each block in Figures 2 and 3 represents a transfer function in the Laplace
operator form. In the description that follows for Figs. 2-3, the transfer function block(s) that
are described are referenced by the part or a function or effect of the physical system, or by
the function of software, that those blocks represent.

[0021] Figure 2 illustrates a Feedback Linearizing Control (FLC) subsystem 72, to remove the
cross coupling term into the voltage regulation loop and a Load Anticipation Control (LAC)
subsystem 74, to reduce the generator speed w 52 effectively. Figure 2 shows the signal paths
for the said FLC subsystem 72 and LAC subsystem 74 integrated with one another, and a
conventional voltage and speed control system. The integrated control system 70 can be
operated alone, in combination with the FLC subsystem 72, in combination with the LAC
subsystem 74, or in combination with the FLC subsystem 72 and the LAC subsystem 74.

[0022] Generally, the FLC subsystem 72 referenced in Figure 2, and Fig. 3(a) is used to
remove the nonlinearity of the voltage regulation loop, since the generator voltage, V; 36, is

proportional to generator speed w 52 with constant excitation. Nonlinearity caused by
generator speed w 52 is eliminated if the voltage deviation caused by a change in generator
speed w 52 is eliminated. This goal can be accomplished if the AVR 22 feedback signal is used
with the sensed generator voltage V; 36 divided by the generator speed w 52 in per-unit. The

sensed generator voltage Vi 36 can be determined by any means known in the art. Because

the voltage and speed control loops are decoupled by the FLC subsystem 72, a linear
response can be obtained from the voltage regulation and speed loop.

[0023] The FLC subsystem 72 is implemented by modifying the generator voltage for the AVR
22 feedback path, as illustrated in Fig. 3 (a). The generator voltage V; 36 is proportional to the

generator speed w 52 when constant excitation is applied. Thus, the voltage deviation caused
by a change in generator speed w 52 is eliminated if the AVR 22 feedback signal is used with
the generator terminal voltage, V; 36, is divided by the measured generator speed w 52 in per-
unit. The low pass filter 76 with time constant Tg_ and Laplace operator "S", removes the
measurement noise in the generator voltage, V; 36. The time constant Tg_ of the low pass filter
76 is determined as approximately one percent of the voltage step response rise time, with
values ranging from 0 to 0.1 second. The value of 0.01 was used for a generating set in the
tests discussed hereafter. The filtered generator terminal voltage, Vi 36, is shown as "X" in
Figure 3(a). The low-pass filter 76 can also be a finite impulse response (FIR) filter, higher
order filters, or Butterworth type low pass filter. One skilled in the art will recognize that other
types of filters could be used, such as a bandpass filter, and that other control schemes, such
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as Fuzzy Logic Control can be used to obtain similar results without departing from the scope
of the present disclosure.

[0024] Since the generator speed w 52 varies slowly, the low pass filter 78 with time constant
TgL and Laplace operator "S", removes the measurement noise in the generator speed w 52.

The time constant Tg_ of the low pass filter 78 is determined as approximately one percent of

the voltage step response rise time, with values ranging from 0 to 0.1 second. The value of
0.01 was used for a generating set in the tests discussed hereafter. Though low pass filter 76
and low pass filter 78 are shown in Figure 3(a) as using the same time constant Tg_, one

skilled in the art will recognize that these filters could use different time constant values without
departing from the scope of the present disclosure. The low-pass filter 78 can also be a finite
impulse response (FIR) filter, higher order filters, or Butterworth type low pass filter. One skilled
in the art will recognize that other types of filters could be used, such as a bandpass filter, and
that other control schemes, such as Fuzzy Logic Control can be used to obtain similar results
without departing from the scope of the present disclosure.

[0025] The filtered generator speed w 52, is shown as "y" in Figure 3(a). The filtered generator
terminal voltage, V; 36, is divided 80 by filtered generator speed w 52 to produce the feedback

linearized generator voltage, Vi F c 84, and is directed to enabling block 82.

[0026] The rate of change in generator real power (APgq 88) is determined using washout filter
100 having a time constant Tyy. The Time Constant Ty is determined to be about one

percent of the required voltage loop rising time, with a recommended values from 0 to 0.1
second. The value of 0.01 was used for a generating set in the tests discussed hereafter. One
skilled in the art will recognize that methods other than a washout filter, such as a low pass
filter with a numerical differentiation such as APc=[P(1)-P(t-T5)] / Ts where Tg is a sampling

time, that represents the rate of change of real power, for example Fuzzy Logic Control.

[0027] Next, as shown in Fig. 3 (a), the absolute value of APgq 90 is compared at 92 with a
programmable parameter APe THrResHoOLD 94, which can range from O to 10 per unit per

second. The value of 2 was used for a generating set in the tests discussed hereafter.

[0028] If APgq 90 is greater than AP THRESHOLD 94, then enable output 94 is true. If APgq
90 is not greater than AP THRESHOLD 94, then the enable output 94 is false. Thus the FLC

subsystem 72 is enabled when the rate of change in generator real power is greater than a
programmable amount. The FLC subsystem 72 is enabled only during transient periods of
increased or decreased real power load to avoid voltage regulation errors when the generator
speed w 52 at steady-state conditions varies from rated speed. When the FLC subsystem 72 is
enabled, the feedback linearized generator voltage, Vi p c 84, acts as the voltage feedback
signal sent from the enabling block 96, and accordingly is thus sent from FLC subsystem 72 to
the summation 105 of Fig. 2. When the FLC subsystem 72 is not enabled, the generator
terminal voltage, Vi 36, acts as the voltage feedback signal sent from the enabling block 96,
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and accordingly is thus sent from FLC subsystem 72 to the summation 105 of Fig. 2. One
skilled in the art will recognize that an alternative control loop design, such that the voltage
error signal is either Vgrr=Vyer-Vi OF Verr=Vrer - Vi filtered/W filtered: OF €an be expressed as Verr=

K1*(Vrer-V) + K" (Vrer VirilteredW filtered) Where kq and k; are adjusted to obtain similar results to

the control loop shown in Figure 2 without departing from the scope of the present disclosure.

[0029] The Load Anticipation Control (LAC) subsystem 74 referenced in Figures 2 and 3(b)
includes features for an integrated control system to improve the speed performance for a
sudden increase in the genset's real-power load disclosed in the publication Kiyong Kim and
Jeff Burnworth, "Load Anticipation Feature and Its Tuning Method for a Diesel Generating Set",
2016 Clemson University Power Systems Conference, Clemson SC USA, 2016, as well as in
U.S. Provisional Patent Application No. 62/028,653, filed on July 24, 2014, and U.S. Provisional
Application No. 62/033,482, filed on August 5, 2014, and U.S. Non-Provisional Patent
Application No. 14/718504, entitled "System And Method For A Load Anticipation Feature And
Its Tuning Method For A Generating Set", and well as United States Patent No. 9,574,511
which was issued from said provisional applications.

[0030] A speed governor 30 reaction to a speed change due to load application is slower than
a change due to real power. The real-power measurement is available in AVRs known in the
art. Thus, in order to reduce the speed deviation when a large real-power load is applied, the
LAC 74 is more effective than conventional approaches which change the voltage regulator
setpoint based on a specific under-frequency curve.

[0031] Turning now to more specific discussion of LAC subsystem 74, the LAC subsystem 74
interacts with the FLC subsystem 72 as a controller modifier to the governor 30. The rate of
change in real power, AP, 101, is obtained with a washout filter 100, having time constant

TW2 and Laplace operator "S". The time constant Ty is determined based on the speed

control loop response, with values ranging from 0 to 1.0. The value of 0.4 was used for a
generating set in the tests discussed hereafter.

[0032] The phase lag of the rate of change in real power (APg 101) due to the governor and

actuator, is compensated by the lead-lag filter 102 having phase lead constant TLD, lag time
constant TLG, and Laplace operator "S". That compensated signal is then multiplied by the
gain K _ar 104. That multiplied signal is then added to the governor summing point 130 (seen
in Fig. 2), for a speed biasing signal using the analog output (which is available in modern
voltage regulators).

[0033] The Time Constant T p is the phase lead time constant of the lead-lag filter 102 and

represents a time constant at the cross-over frequency of phase lead. Its value depends on the
speed control loop response and has values ranging from 0 to 1.0. The value of 0.5 was used
for a generating set in the tests discussed hereafter.

[0034] The Time Constant T g is the phase lag time constant of lead-lag filter 102 and
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represents the time constant at the cross-over frequency of phase lag. It is determined based
on the speed control loop response, and has values ranging from 0 to 1.0. The value of 0.01
was used for a generating set in the tests discussed hereafter

[0035] The preferred values for the lead-lag filter 102 time constants and gain are T, = 0.4,
Tp=05 T g=0.01and K ar=0.7.

COMPUTER OPERATING ENVIRONMENT

[0036] Referring to Fig. 9, an operating environment for an illustrated embodiment of a system
and/or method for an AVR or speed governor including the LAC (LAF) systems and methods
as described herein is a computer system 200 with a computer 202 that comprises at least one
high speed central processing unit (CPU) 204, in conjunction with a memory system 206, an
input device 210, and an output device 212. These elements are interconnected by at least
one bus structure 208. In an alternative embodiment, the LAF systems and methods can be
implemented in a stand-alone device, or incorporated into another component in the system
which provides the just-described operating environment.

[0037] The computer 202 can include an input data interface for receiving a measurement of
the real power load applied to the diesel generating set, and a communications interface that
can be operatively coupled to the communications interface of the speed governor 30. The
communications interface of the computer 202 can transmit a control output to the
communications interface of the speed governor 30.

[0038] As addressed above, the input and output devices can include a communication
interface including a graphical user interface. Any or all of the computer components of the
network interface and communications systems and methods can be any computing device
including, but not limited to, a lap top, PDA, Cell/mobile phone, as well as potentially a
dedicated device. The software can be implemented as any "app" thereon and still be within
the scope of this disclosure.

[0039] The illustrated CPU 204 is of familiar design and includes an arithmetic logic unit (ALU)
214 for performing computations, a collection of registers 216 for temporary storage of data
and instructions, and a control unit 218 for controlling operation of the computer system 200.
Any of a variety of microprocessors are equally preferred but not limited thereto, for the CPU
204. This illustrated embodiment operates on an operating system designed to be portable to
any of these processing platforms.

[0040] The memory system 206 generally includes high-speed main memory 220 in the form
of a medium such as random access memory (RAM) and read only memory (ROM)
semiconductor devices that are typical on a non-transient computer recordable medium. The
present disclosure is not limited thereto and can also include secondary storage 222 in the
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form of long term storage mediums such as floppy disks, hard disks, tape, CD-ROM, flash
memory, etc., and other devices that store data using electrical, magnetic, and optical or other
recording media. The main memory 220 also can include, in some embodiments, a video
display memory for displaying images through a display device (not shown). Those skilled in
the art will recognize that the memory system 206 can comprise a variety of alternative
components having a variety of storage capacities.

[0041] Where applicable, an input device 210, and output device 212 can also be provided in
the system as described herein or embodiments thereof. The input device 210 can comprise
any keyboard, mouse, physical transducer (e.g. a microphone), and can be interconnected to
the computer 202 via an input interface 224, such as a graphical user interface, associated
with or separate from the above described communication interface including the antenna
interface for wireless communications. The output device 212 can include a display, a printer, a
transducer (e.g. a speaker), etc., and be interconnected to the computer 202 via an output
interface 226 that can include the above described communication interface including the
antenna interface. Some devices, such as a network adapter or a modem, can be used as
input and/or output devices.

[0042] As is familiar to those skilled in the art, the computer system 200 further includes an
operating system and at least one application program. The operating system is the set of
software which controls the computer system's operation and the allocation of resources. The
application program is the set of software that performs a task desired by the system and
method of the LAF and or any of the above described processes and process steps using
computer resources made available through the operating system.

[0043] In accordance with the practices of persons skilled in the art of computer programming,
the present disclosure is described below with reference to symbolic representations of
operations that are performed by the computer system 200. Such operations are sometimes
referred to as being computer-executed. It will be appreciated that the operations which are
symbolically represented include the manipulation by the CPU 204 of electrical signals
representing data bits and the maintenance of data bits at memory locations in the memory
system 206, as well as other processing of signals. The memory locations where data bits are
maintained are physical locations that have particular electrical, magnetic, or optical properties
corresponding to the data bits. One or more embodiments can be implemented in tangible
form in a program or programs defined by computer executable instructions that can be stored
on a computer-readable medium. The computer-readable medium can be any of the devices,
or a combination of the devices, described above in connection with the memory system 206.

TEST RESULTS

[0044] In order to show its effectiveness and applicability in an industrial environment, the
integrated control system 20 was implemented into a commercially available voltage regulator
developed for small generator sets (less than 10 MVA). This type of cost-effective regulator
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has limited memory and computation power. This microprocessor-based voltage regulator
includes signal conditioning circuits for generator voltage, current, and a Pulse Width
Modulated (PWM) regulator output. Generator voltage and current were sampled with 12-bit
resolution after anti-aliasing filters. The rms calculation of generator voltage was performed
every quarter cycle (4.16 ms for a 60-hertz system).

[0045] The proposed disclosed systems and methods were tested using a commercial, digital
regulator on a turbo-charged diesel genset with a 125 kVA, 208 Vac, 1,800 rpm, three-phase
synchronous generator. The no-load excitation for this generator was provided by a self-
excited 0.3 Adc, 7 Vdc, ac exciter.

[0046] An IEEE type AC8B excitation system was used. Its PID gains were Kpr=5, Kr=10,
Kpr=0.2, Tpr=0.01, and K5=0.2. The standard under-frequency roll-off characteristic was also

selected.

[0047] In order to investigate the cross-coupling effect, 5% voltage step was applied while a
load was connected. In Figures 4 and 5, "P" and "Q" represent the well-known symbols for real
power and reactive power, respectively. Figure 4 shows no variation in generator speed when
no load was applied. However, when load was applied, the cross-coupling effect created
oscillations in both the voltage loop (Figure 4-a) and speed loop (Figure 4-b).

[0048] Figure 5 shows the generator voltage and generator speed w 52 responses when a
speed step of 2% was applied to the governor setpoint adjustment with load connected. Speed
response, with no load applied, reveals that the governor is well tuned. However, when load is
applied, oscillatory responses were observed in the voltage loop (Figure 5(a) and the speed
loop (Figure 5(b)). It is apparent that these oscillations were created by the cross-coupling
terms.

[0049] Figures 6(a) and 6(b) illustrate a comparison of generator voltage and generator speed
w 52 responses to a 100kW sudden-load application with a conventional (prior art) AVR system
and method, and an integrated control system and method of the present disclosure. Figure
6(b) illustrates that, for this particular 100kW load step, with the conventional AVR employed,
the generator speed w 52 deviates beyond the maximum permissible 1ISO8528-5 G2 limit. This
evidences that with the subject integrated control system and method, the maximum voltage
and generator speed w 52 deviations can be significantly reduced in comparison to the
conventional AVR system and method.

[0050] Figures 7(a) and 7(b) presents a comparison of generator voltage and generator speed
w 52 responses with a conventional (prior art) AVR system and method, and the integrated
control system and method of the present invention, when a 100kW sudden load is rejected. It
is apparent that this present Application's integrated control system and method is superior to
the prior art, and effective for load rejection.

[0051] Figures 8(a) and 8(b) illustrate a comparison of generator voltage and generator speed
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w 52 responses to a 100kW sudden-load application with a conventional (prior art) AVR
scheme, and three different control system and methods. Figure 8, illustrates evidence that
speed deviation is effectively reduced by LAC and oscillation behavior. This is because the
coupling effect can be reduced by FLC. The best voltage and speed performances were
obtained when both the LAC and FLC controls of the present disclosure were used.

[0052] The above discussed load-testing results show that the integrated control system and
method of the Applicant's disclosure easily achieves improved responses in both generator
voltage and generator speed w 52 deviation. The FLC can achieve improved damping of the
large overshoot due to the cross-coupling effect. The LAC effectively improves generator
speed w 52 recovery after a large change in load. The integrated control system and method
of the present disclosure offers enhanced generator voltage regulation during the transient and
genset load acceptance performance with larger load steps.

[0053] With an integrated control system and method of the present disclosure, commissioning
of a factory-load acceptance test for a manufactured genset can be quickly accomplished with
excellent performance results.
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Patentkrav

1. Fremgangsmade til styring af et dieselgenereringsseet indbefattende en die-
selmotor, en generator, som har en terminalspaending (36) og en generator-
outputspeaendingstaerrelse og frekvensreaktion, en exciter (26), som har en ex-
citerfeltspaending (37), et hastighedsjusteringselement (30), som har en gene-
ratorhastighedsreference (50) og en ferste kommunikationsgreenseflade, og
en automatisk spaendingsregulator (22), som har en generatorreferencespaen-
ding (34) og en anden kommunikationsgreenseflade, hvilken fremgangsmade
omfatter trinnene til:

- at bestemme, via den automatiske speendingsregulator (22), en speendings-
feedbackstyreoutputspeending (VirLc, 84) ved anvendelse af den filtrerede ter-
minalspeending (36) af generatoren divideret med en filtreret hastighed (52) i
pr. enhed af generatoren;

- at styre, via den automatiske spaendingsregulator (22), exciterfeltspeendin-
gen (37) ved anvendelse af generatorreferencespaendingen (34) modificeret
af spaendingsfeedbackstyreoutputspaendingen (Vi_rLc, 84);

- at méale, via den automatiske speendingsregulator (22), et virkeeffektoutput af
generatoren;

- at bestemme, via den automatiske spaendingsregulator (22), en eendringsrate
(88, 101) af generatorvirkeeffektoutputtet;

- at bestemme, via den automatiske spaendingsregulator (22), et hastigheds-
feedbackstyreoutput baseret pa sendringsraten (88, 101) af generatorvirkeef-
fektoutputtet;

- at overfere, via den automatiske spaendingsregulator (22), hastighedsfeed-
backstyreoutputtet til hastighedsjusteringselementet (30) gennem den farste
kommunikationsgreenseflade;

- at modtage, via hastighedsjusteringselementet (30), hastighedsfeedbacksty-
reoutputtet fra den automatiske spaendingsregulator (22);

- at justere, via hastighedsjusteringselementet (30), hastigheden af dieselmo-
toren ved modificering af generatorhastighedsreferencen (50) baseret pa ha-
stighedsfeedbackstyreoutputtet; og
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- at minimere, via den automatiske spaendingsregulator (22), variationer af ge-
neratoroutputspeendingsstarrelsen og frekvensreaktionen fra nominal ved be-
stemmelse af hastighedsfeedbackstyreoutputtet sammen med spzendings-
feedbackstyreoutputtet.

2. Fremgangsmade ifalge krav 1, hvor trinnet til at bestemme, via den auto-
matiske spaendingsregulator (22), en speaendingsfeedbackstyreoutputspaen-
ding ved anvendelse af terminalspaendingen (36) af generatoren divideret med
en hastighed (52) af generatoren omfatter trinene til:

- at male terminalspaendingen (36) af generatoren af dieselgenereringsseettet;
- at male hastigheden (52) af generatoren af dieselgenereringssaettet; filtrere
terminalspaendingen (36) af generatoren;

- at filtrere hastigheden (52) af generatoren; og

- at bestemme, via den automatiske speendingsregulator (22), en speendings-
feedbackstyreoutputspeending ved anvendelse af den filtrerede terminalspaen-
ding (36) af generatoren divideret med den filtrerede hastighed (52) i pr. enhed
af generatoren.

3. Fremgangsmade ifalge krav 1, hvor trinnet til at bestemme, via den auto-
matiske spaendingsregulator (22), et hastighedsfeedbackstyreoutput baseret
pa eendringsraten (88, 101) af generatorvirkeeffektoutputtet omfatter trinnene
til:

- at male et virkeeffektoutput af generatoren;

- at bestemme aendringsraten (88, 101) af generatorvirkeeffektoutputtet ved
filtrering af det malte generatorvirkeeffektoutput; og

- at bestemme en faseforsinkelse af eendringsraten (88, 101) af generatorvir-
keeffektoutputtet ved filtrering af eendringsraten (88, 101) af generatorvirkeef-
fektoutputtet.

4. Fremgangsmade ifglge krav 1, yderligere omfattende trin til:
- at generere et aktiveringsoutput (94) fra en absolut veerdi af eendringsraten
(88) af generatorvirkeeffektoutputtet og en forudbestemt teerskelveerdi (94),
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hvor aktiveringsoutputtet (94) er sandt, nér den absolutte veerdi af aendrings-
raten (88) af generatorvirkeeffektoutputtet overstiger den forudbestemte teer-
skelveerdi (94) og ellers er falsk; og

- at blokere speendingsfeedbackstyreoutputspaendingen, nar aktiveringsout-
puttet (94) er falsk.

5. Fremgangsmade ifalge krav 2,

- hvor trinnet til filtrering af terminalspaendingen (36) af generatoren yderligere
omfatter filtrering af terminalspaendingen af generatoren med et filter udvalgt
blandt et lavpasfilter eller et bandpasfilter,

- eller hvor trinnet til filtrering af hastigheden (52) af generatoren yderligere
omfatter filtrering af hastigheden af generatoren med et filter udvalgt blandt et
lavpasfilter eller et bandpasfilter,

- eller hvor trinnet til filtrering af terminalspaendingen (36) af generatoren yder-
ligere omfatter anvendelse af fuzzy logic-styring til bestemmelse af den filtre-
rede terminalspaending af generatoren,

- eller hvor trinnet til filtrering af hastigheden (52) af generatoren yderligere
omfatter anvendelse af fuzzy logic-styring til bestemmelse af den filtrerede ha-
stighed af generatoren.

6. Fremgangsmade ifalge krav 3,

- hvor trinnet til bestemmelse af faseforsinkelsen af eendringsraten (88, 101)
af generatorvirkeeffektoutputtet ved filtrering af eendringsraten (88, 101) af ge-
neratorvirkeeffektoutputtet omfatter filtrering af eendringsraten (88, 101) af ge-
neratorvirkeeffektoutputtet med et lead-lag-filter,

- eller hvor trinnet til bestemmelse af en eendringsrate (88, 101) af generator-
virkeeffektoutputtet ved filtrering af det malte generatorvirkeeffektoutput om-
fatter filtrering af det malte generatorvirkeeffektoutput med et filter udvalgt
blandt et udvaskningsfilter eller et lavpasfilter,

- eller hvor trinnet til bestemmelse af en eendringsrate (88, 101) af generator-
virkeeffektoutputtet ved filtrering af det malte generatorvirkeeffektoutput om-
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fatter en numerisk differentiering baseret pa en aktuel veerdi af generatorvirke-
effektoutputtet og en tidligere veerdi af generatorvirkeeffektoutputtet baseret
pa en samplingstid,

- eller hvor trinnet til bestemmelse af faseforsinkelsen af eendringsraten (88,
101) af generatorvirkeeffektoutputtet ved filtrering af eendringsraten (88, 101)
af generatorvirkeeffektoutputtet omfatter anvendelse af fuzzy logic-styring til
bestemmelse af filtreringen af eendringsraten (88, 101) af generatorvirkeeffekt-
outputtet,

- eller hvor trinnet til bestemmelse af en eendringsrate (88, 101) af generator-
virkeeffektoutputtet ved filtrering af det malte generatorvirkeeffektoutput om-
fatter anvendelse af fuzzy logic-styring til bestemmelse af det filtrerede malte
generatorvirkeeffektoutput.

7. System (70) til styring af et dieselgenereringssaet indbefattende en diesel-
motor, en generator, som har en terminalspaending og en generatoroutput-
speendingsstarrelse og en frekvensreaktion, en exciter (26), som har en exci-
terfeltspeending (37), et hastighedsjusteringselement (30), som har en gene-
ratorhastighedsreference (50) og en ferste kommunikationsgreenseflade, og
en automatisk spaendingsregulator (22), som har en generatorreferencespaen-
ding og en anden kommunikationsgreaenseflade, hvilket system omfatter:

- en computerdataprocessorindretning, som er operativt koblet til en ikke-mid-
lertidig computernukommelse, der indeholder computereksekverbare instruk-
tioner, som, nar de eksekveres af en eller flere processorer, foranlediger den
ene eller de flere processorer til:

- at bestemme, via den automatiske speendingsregulator (22), en speendings-
feedbackstyreoutputspeending (VirLc, 84) ved anvendelse af den filtrerede ter-
minalspeending (36) af generatoren divideret med en filtreret hastighed (52) i
pr. enhed af generatoren;

- at styre exciterfeltspeendingen (37), via den automatiske spaendingsregulator
(22), ved anvendelse af generatorreferencespaendingen modificeret af spaen-
dingsfeedbackstyreoutputspaendingen (Vi rLc, 84);

- at méale, via den automatiske speendingsregulator (22), et virkeeffektoutput af
generatoren;
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- at bestemme, via den automatiske spaendingsregulator (22), en eendringsrate
(88, 101) af generatorvirkeeffektoutputtet;

- at bestemme, via den automatiske spaendingsregulator (22), et hastigheds-
feedbackstyreoutput baseret pa sendringsraten (88, 101) af generatorvirkeef-
fektoutputtet;

- at overfere, via den automatiske spaendingsregulator (22), hastighedsfeed-
backstyreoutputtet til hastighedsjusteringselementet (30) gennem den farste
kommunikationsgreenseflade;

- at modtage, via hastighedsjusteringselementet (30), hastighedsfeedbacksty-
reoutputtet fra den automatiske spaendingsregulator (22);

- at justere, via hastighedsjusteringselementet (30), hastigheden af dieselmo-
toren ved modificering af generatorhastighedsreferencen (50) baseret pa ha-
stighedsfeedbackstyreoutputtet; og

- at minimere, via den automatiske spaendingsregulator (22), variationer af ge-
neratoroutputspeendingsstarrelsen og frekvensreaktionen fra nominal ved be-
stemmelse af hastighedsfeedbackstyreoutputtet sammen med spzendings-
feedbackstyreoutputtet.

8. System ifelge krav 7, hvor de computereksekverbare instruktioner, som, nar
de eksekveres af en eller flere processorer, foranlediger den ene eller de flere
processorer til:

- at male terminalspaendingen (36) af generatoren af dieselgenereringsseettet;
- at méle hastigheden (52) af generatoren af dieselgenereringsseettet;

- at filtrere terminalspaendingen (36) af generatoren;

- at filtrere hastigheden (52) af generatoren; og

- at bestemme, via den automatiske speendingsregulator (22), en speendings-
feedbackstyreoutputspeending (Vi rLc, 84) baseret pa den filtrerede terminal-
spaending (36) af generatoren divideret med den filtrerede hastighed (52) i pr.
enhed af generatoren.

9. System ifalge krav 7, hvor de computereksekverbare instruktioner, som, nar
de eksekveres af en eller flere processorer, foranlediger den ene eller de flere
processorer til:
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- at bestemme et virkeeffektoutput af generatoren;

- at bestemme aendringsraten (88, 101) af generatorvirkeeffektoutputtet ved
filtrering af det malte generatorvirkeeffektoutput; og

- at bestemme en faseforsinkelse af eendringsraten (88, 101) af generatorvir-
keeffektoutputtet ved filtrering af eendringsraten (88, 101) af generatorvirkeef-
fektoutputtet.

10. System ifelge krav 7, hvor de computereksekverbare instruktioner, som,
nar de eksekveres af en eller flere processorer, foranlediger den ene eller de
flere processorer til:

- at generere et aktiveringsoutput (94) fra en absolut veerdi af eendringsraten
(88) af generatorvirkeeffektoutputtet og en forudbestemt teerskelveerdi, hvor
aktiveringsoutputtet (94) er sandt, nar den absolutte veerdi af eendringsraten
(88) af generatorvirkeeffektoutputtet overstiger den forudbestemte teerskel-
veerdi og ellers er falsk; og

- at blokere speendingsfeedbackstyreoutputspaendingen, nar aktiveringsout-
puttet (94) er falsk.

11. System ifelge krav 8,

- hvor terminalspaendingen (36) af generatoren filtreres med et filter udvalgt
blandt et lavpasfilter eller et bandpasfilter,

- eller hvor speendingen (52) af generatoren filtreres med et filter udvalgt blandt
et lavpasfilter eller et bandpasfilter,

- eller hvor terminalspeendingen (36) af generatoren bestemmes ved anven-
delse af fuzzy logic-styring til bestemmelse af den filtrerede terminalspaending
af generatoren,

- eller hvor trinnet til filtrering af hastigheden (52) af generatoren bestemmes
ved anvendelse af fuzzy logic-styring.

12. System ifelge krav 9
- hvor eendringsraten (88, 101) af generatorvirkeeffektoutputtet filtreres med et
lead-lag-filter,
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- eller hvor det malte generatorvirkeeffektoutput filtreres med et filter udvalgt
blandt et udvaskningsfilter eller et lavpasfilter,

- eller hvor det filtrerede malte generatorvirkeeffektoutput bestemmes ud fra
en numerisk differentiering baseret pa en aktuel veerdi af generatorvirkeeffekt-
outputtet og en tidligere veerdi af generatorvirkeeffektoutputtet baseret pa en
samplingstid,

- eller hvor faseforsinkelsen af sendringsraten (88, 101) af generatorvirkeef-
fektoutputtet bestemmes ved anvendelse af fuzzy logic-styring,

- eller hvor det filtrerede malte generatorvirkeeffektoutput bestemmes ved an-
vendelse af fuzzy logic-styring.
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