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MICROPROCESSOR BASED INTEGRATED 
GENERATOR SET CONTROLLER APPARATUS 

AND METHOD 

This is a division of application, Ser. No. 07/191,560, 
?led May 9, 1988, now U.S. Pat. No. 5,006,78l. 

FIELD OF THE INVENTION 

This invention relates generally to a control process 
system, and more particularly to an improved method 
and apparatus for controlling an electrical generator. 

BACKGROUND OF THE INVENTION 

The present invention relates to a microprocessor 
based, highly integrated generator set controller. More 
particularly, the present invention relates to an‘ electri 
cal generator set and power system controller capable 
of sharing real and reactive power with parallel genera 
tor sets and further providing for precise frequency, 
voltage and current regulation while utilizing a single 
processor. By so doing, system performance, reliability, 
and cost are optimized. 
The output voltage of an electrical generator is deter 

mined by the excitation of the ?eld windings of the 
generator. Therefore, the output voltage of the genera 
tor may be controlled in a closed-loop fashion by moni 
toring its output voltage, comparing that voltage to a 
reference voltage level, and generating an appropriate 
signal to the ?eld winding. The speed of the engine 
driving the generator controls the generator output 
waveform frequency. Therefore, the frequency of the 
output waveform may be controlled in a closed-loop 
fashion by monitoring the revolutions of the engine, 
comparing the revolutions to a reference and generating 
an appropriate signal to adjust the engine throttle. 
Analog controller systems are widely used in the 

control of electrical generators. This type of controller 
typically employs distinct components to independently 
control the two closed-loop control functions (i.e., the 
output voltage of the electrical generator and the fre 
quency of the output voltage waveform of the electrical 
generator). They typically do so without sharing infor 
mation concerning the status of the other closed-loop 
control function. Further, the circuitry providing for 
these two control functions are not interconnected to 
one another. Therefore, in an analog system, not only 
are the components discrete, but the two control sys 
tems are both independent and discrete from one an 
other. 
Due to their dual discrete design, analog systems also 

have the disadvantage of requiring duplicate input 
transformers and circuitry when additional features are 
added. Also, since the systems are analog, they cannot 
perform self-diagnostics, indicate their operational state 
or integrate their control processes to optimize perfor 
mance. Finally, the discrete controls require calibration 
for each electrical generator production unit. 
There have been attempts to integrate generator set 

controllers, for example Mezera et al, U.S. Pat. No. 
4,322,630, and provide for microprocessor control of 
the control functions. However, none of the attempts 
have fully integrated the entire generator set control 
function. Further, none have integrated the precise 
regulation of frequency, voltage, and current condi 
tions, automatic synchronization of parallel generators, 
permissive paralleling, and both real and reactive load 
sharing control during parallel operation. The present 
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2 
invention provides an integrated system and method 
which provides increased performance over the above 
described generator set controllers. 

SUMMARY OF THE INVENTION 

The present invention relates to a highly integrated 
control system for the monitoring and control of an 
electrical generator set which hereafter will be referred 
to as a gen-set for convenience. More speci?cally, the 
present invention provides the capability for imple 
menting the following control functions: electronic 
governor control, automatic voltage regulation, regu 
lated short circuit current, engine speed sensing, engine 
fault monitor, circuit interrupter control, overload 
fault, short circuit fault, automatic synchronization, 
permissive paralleling, over and under voltage faults, 
remote metering and control, starting aid control, out 
put power calculation and display, reverse power fault, 
permissive paralleling control, real power load sharing 
control during parallel operation, reactive power load 
sharing control during parallel operation, built-in self 
diagnostics, and provision for external diagnostics 
equipment. ' 

The control system includes a microprocessor con 
trol unit comprising a central processing unit (CPU), 
several high speed input-output devices, an eight chan 
nel analog to digital converter, an erasable programma 
ble read only memory (EPROM), a pulse width modu 
lator (PWM), an interrupt control, input/output (I/O) 
expander chips and a serial port. By way of example, 
parameters monitored by the control unit include en 
gine speed, generator voltage and current, load bus 
voltage, engine oil pressure, water temperature, fuel 
and speed, additional parallel gen-sets, and operator 
input. By monitoring theseasignals, comparing the sig 
nals to reference levels, and determining the appropri 
ate output according to control equations, the micro 
processor controls the operation and output of the en 
gine generator system. 
The two main control functions of the integrated 

controller are the regulation of the engine’s revolutions 
per unit time, which affects the frequency of the genera 
tor output waveform, and the regulation of the excita 
tion of the ?eld windings of the generator, which affects 
the output voltage of the generator. To control these 
two functions, the microprocessor utilizes two different 
proportional, integral, derivative control equations 
which will be referred to herein as PID equations for 
convenience. The general form of a PID equation in the 
time domain is as follows: 

where KP, K,- and K1) are the respective constants for 
the. proportional, integral and derivative terms respec 
tively. The constants for the preferred embodiment of 
the present system control were derived from the ana 
log compensation networks previously utilized with the 
gen-set. However, the constants may be derived by 
determination of the transfer function from the steady 
state response or other such methods as are well known 
in the art. The previous analog compensation network 
from which the current constants were derived is fur 
ther described in U.S. Pat. No. 4,533,863 which is incor 
porated herein by reference. 
To convert analog compensation networks to equa 

tions which may be utilized by a digital microprocessor, 
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the time domain equations describing the system are 
converted to the Z-domain using a bilineal transform. 
The resulting equations are factored and used by the 
microprocessor as control equations. A thorough dis 
cussion of digital control using microprocessors may be 
found generally in P. Katz, Digital Control Using Micro 
processors, (l98l Prentice/Hall) which is incorporated 
herein by reference. 
To derive the actual PID control equations for the 

preferred embodiment from the existing analog com 
pensation network, three steps are performed. First, the 
transfer function of the analog compensation network is 
determined. Second, the transfer function is converted 
to the Z-domain using the bilineal transform: 

A Ti ) 
Finally, the resulting equation is converted to a numeri 
cal algorithm. To perform this ?nal step, the Z-domain 
equation may be factored to the following form: 

S: 2+1 

(1 + ail-1) (1 + 022-‘) 

This equation’s coefficients may be shown to corre 
spond to a cascade realization, as is well known in the 
art (see e.g., Katz ‘at 140, infra). By then de?ning four 
constants (K1, K2, K3 and K4) whose values are based 
on the resistors and capacitors of the analog system, and 
allowing six variables to be established (A1, B1, C1, D1, 
X1 and X2) to store the intermediate results required by 
the algorithm, one may then express the control process 
algorithm as follows: 
if, 
A=(K1) (V1) 
B=(K2) (X1) 

D=(K4) (X2) 
then, 

U]:/! +B-D 
Where U1 is the output of the algorithm and V1 is the 
input. 

This procedure is similarly utilized to obtain each of 
the control equations for the gen-set system. The result 
ing two PID control equations being identical in form, 
but utilizing different numerical values for the coeffici 
ents. To obtain the numerical values for the voltage 
regulation PID coefficients during current regulation, 
quantitative testing was performed to determine best 
results. 
The integrated controller unit includes data process 

ing means for computing sampling rates and values of 
the various monitored parameters, for solving the con 
trol equations, and for comparing the monitored param 
eters against ?xed values to determine if the measured 
parameters have exceeded their rated values. The data 
processing means further include means for comparing 
the frequency and phase of the main bus voltage and ‘the 
gen-set’s frequency and phase. Fault displays meters, 
and serial communication links are also provided. A 
more complete discussion of the microprocessor used in 
the preferred embodiment of the present invention may 
be found in the Intel, Embedded Controller Handbook 
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4 
(l988)(copyright 1987) which is hereby incorporated by 
reference. 

Brie?y, in operation, a preferred embodiment of the 
integrated control unit constructed according to the 
principles of the present invention, samples a regulated 
phase voltage every two milliseconds. Each one-half 
millisecond between the two millisecond sample, the 
control unit samples one of several other analog chan 
nels. These channels include the two voltage phases of 
the generator which are not regulated, the three phase 
currents of the generator, the phase angles of the volt 
ages and currents produced by the generator, and sev 
eral other system parameters. The microprocessor uti 
lizes the sample by applying the control process equa 
tions, and transmitting an appropriate regulated voltage 
response signal through a pulse width modulator, resi 
dent in the microprocessor, to excite the ?eld windings 
of the generator. 
The frequency of the generator is similarly regulated 

by the control unit. The monitoring of the frequency is 
interrupt driven, is asynchronous and occurs after re 
ceiving a set number of pulses from a magnetic pickup 
located on the engine driving the generator. The micro 
processor utilizes the sampled engine speed by applying 
the appropriate control system equation, and transmit 
ting an appropriate signal through a high speed input 
output device (resident in the microprocessor) to the 
governor output stage which controls the engine throt 
tle. In this manner, the generator voltage and frequency 
of the electric gen-set is controlled by the microproces 
sor. 

Besides integrating the basic gen-set control func 
tions, another feature of the present invention is its 
ability to switch to a current regulation mode in real 
time (on-the-?y) during fault conditions. The micro 
processor switches from voltage to current regulation 
whenever the current being drawn from any of the 
three phases of the gen-set exceeds 300% of the rated 
current of the generator. During this mode of regula 
tion, the microprocessor changes the voltage regulation 
PID equation coefficients in order to provide for a 
better system response, while limiting the output cur 
rent. The system provides the current regulation on the 
phase exhibiting the largest output current. This pro 
vides for regulating one phase which may have larger 
loads connected to it than the other phases. During 
current limiting regulation, the analog channel sampling 
technique is changed to sample the largest current 
every two milliseconds, with the other channels being 
sampled at one-half millisecond intervals as previously 

. described. 
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Another feature of the present invention is its ability 
to synchronize the gen-set with the load bus. To syn 
chronize the gen-set, the microprocessor monitors one 
phase of the load bus voltage. This signal is converted 
into a square wave by a zero crossing detector and 
compared to a similar signal generated by a second zero 
crossing detector whose input is one phase of the gen 
set voltage. The comparison is provided by two mono 
stable devices. These devices generate a voltage corre 
sponding to the phase difference between the two volt 
ages. The voltage is then processed by a proportional 
integral compensator circuit to provide a signal used by 
the microprocessor in its governor regulation module to 
adjust the gen-set frequency to synchronize the gen-set 
with the bus. 

Still another feature of the present invention is the 
capability to share the load present on the load bus with 
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other gen-sets connected to the bus. When gen~sets are 
hooked in parallel to a load bus, optimum performance 
is achieved by providing that each gen-set equally share 
the real and reactive power drawn by that load. There 
fore, provision is made for the controller to calculate 
the real and reactive power delivered by the gen-set to 
the load bus from each of the three phases and provide 
output signals corresponding to the real and reactive 
power delivered respectively. Other generators in par 
allel with the load bus also provide similar signals. The 
signals are compared in an analog manner and correc 
tion signals provided back to the controller for both real 
and reactive power. The correction signals allow the 
controller to adjust the regulation of the engine to bal 
ance real power and adjust the regulation of the ?eld 
winding excitation to balance reactive power. 
Another feature provided is a microprocessor con 

trolled trip curve for both overload and short circuit 
conditions. These conditions are based on the character 
istics of the generator and in part on government speci 
?cations. This feature is provided by controlling the 
circuit interrupter. The interrupter is opened at a given 
time associated with the amount of current being drawn 
by the load. When the interrupter is opened, the gen-set 
is isolated from the load bus thereby removing the over 
load or short circuit condition. 
A further feature is provided to allow for permissive 

paralleling of gen-sets. This feature provides that the 
gen-set contactor will not be allowed to close unless the 
load bus is not‘ energized or two conditions are met for 
a speci?c time interval. In a preferred embodiment, ?rst 
condition is that the phase difference between the gen 
set output waveform and the load bus is less than 20 
degrees (plus or minus). The second condition is that 
the voltage difference is less than 8 volts (plus or mi 
nus). The requirement that these two conditions be 
satis?ed for a speci?c time interval avoids allowing the 
contactor to be closed when the conditions have been 
met only instantaneously. 
An additional feature provides for a reduced gen-set 

engine speed upon start up. The feature is a “soft start” 
provision which allows the gen-set to increase its speed 
from zero revolutions per second up to its normal oper 
ative speed over several seconds. There is also provi 
sion for a voltage soft start, whereby the exitation of the 
?eld windings is limited to provide for an increase of the 
generator output voltage from zero volts to its normal 
operative value over several seconds. 
The invention also has a voltage load provision, 

whereby if a heavy load is placed suddenly on the load 
bus (e.g., when a large electric motor is started) thereby 
slowing the gen-set engine, then the gen-set voltage is 
allowed to drop proportionally to the reduction in 
speed of the gen-set engine. The drop in voltage reduces 
the load on the engine allowing the frequency to re 
cover to the reference value. 

In addition to other features and advantages, the 
present invention provides a system to control the gen 
set, while sensing and protecting from over and under 
voltage or current fault conditions, and sharing real and 
reactive loads with additional gen-sets. These and vari 
ous other advantages and features of novelty which 
characterize the present invention are pointed out with 
particularity in the claims annexed hereto and form a 
further part hereof. However, for a better understand 
ing of the invention, its advantages and objectives ob 
tained by its use, reference should be made to the Draw 
ing which form a further part hereof, and to the accom 
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6 
panying descriptive matter, in which there is illustrated 
and described a preferred embodiment of the present 
invention. 

BRIEF DESCRIPTION OF THE DRAWING 

In the Drawing, wherein like reference numerals and 
letters indicate corresponding elements throughout the 
several views: 
FIG. 1 is a block diagram of an integrated gen-set 

controller constructed according to the principles of the 
present invention, wherein lines inside the hatched con 
troller area indicate information flow and the blocks 
within that area represent modules consisting of logic 
?ow; 
FIG. 2 is a block diagram of the functional character 

istics of the microcontroller of the controller repre 
sented by block 30 in FIG. 1; 
FIG. 3 is a block diagram of the functional elements 

of the controller represented by block 30 in FIG. 1; 
FIG. 4 is a schematic diagram of the phase detector 

represented by block 540 in FIG. 3; 
FIG. 5 is a schematic diagram of the phase detector 

and PI compensator represented by blocks 54b and 68 in 
FIG. 3 respectively; 
FIG. 6 is a schematic diagram of the automatic volt 

age regulator power stage represented by block 29 in 
FIG. 1; 
FIG. 7 is a schematic diagram of the governor output 

power stage represented by block 24 in FIG. 1; 
FIG. 8 is a schematic diagram of the zero crossing 

detectors represented by blocks 56 and 52 in FIG. 3; 
FIG. 9 is a schematic diagram of the precision recti 

?er and ?lters represented by block 57 in FIG. 3; 
FIG. 10 is an electrical schematic diagram modeling 

the paralleling circuit represented by block 53 in FIG. 

FIG. 11 is a logic flow diagram illustrating the main 
loop of computer program operation of the gen-set 
controller 30 in FIG. 1; 
FIG. 12 is a logic flow diagram illustrating the com 

puter program operation represented by block 204 in 
FIG. 11; 
FIG. 13 is a logic flow diagram illustrating the com 

puter program operation of the voltage current regula 
tion module represented by block 400 in FIG. 1; 
FIG. 14A is a logic flow diagram illustrating the 

computer program operation of the governor control 
module represented by block 600 in FIG. 1; 
FIG. 14B is a continuation of the logic ?ow diagram 

of FIG. 14A; 
FIG. 15 is a logic flow diagram illustratingthe com 

puter program operation of the A/D service routine 
represented by block 300 in FIG. 1; 
FIG. 16 is a logic flow diagram illustrating the com 

puter program operation of the permissive paralleling 
control module represented by block 700 in FIG. 1; 
FIG. 17 is a logic flow diagram illustrating the com 

puter program operation of the circuit interrupter mod 
ule represented by block 500 in FIG. 1; 
FIG. 18 is graphical representation of the appropriate 

time required by controller 30 of FIG. 1 to execute the 
various logical modules and further represents an illus 
tration of the relative time in which the modules may be 
executed; and 
FIG. 19 is a graph in semi-log scale of the relationship 

between the percentage of rated current being drawn 
from gen-set 20 versus the time prior to circuit inter 
rupter module 500 opening interrupter 26. 
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