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Introduction 
The regulations governing the utility industry encourage the 
attachment to the power system of various forms of non-utility 
generation. This paper describes a problem observed with a 
particular engine-driven generating unit that utilizes methane fuel, 
which is available from a former waste dumping site. The fuel is a 
limited resource, but the supply is sufficient to fuel a small 
generating unit, which is connected to the local distribution feeder. 
In the case under study, the distribution feeder is typical 12 kV 
circuit, and the generating unit is located some distance from the 
utility substation that is the normal source of supply for the feeder. 
A general view of the physical system is shown in Figure 1, with 
the utility equivalent on the right and the engine-driven generator on 
the left. Loads are distributed along the length of the feeder and are 
assumed to be balanced on the three phases. 

L Equivalent 
Figure 1 The Physical Arrangement of Distribution Feeder and 

Engine-Driven Generating Unit 

The generating unit of this study was installed and operated for 
several months, providing a portion of the energy required to serve 
the load connected along the feeder. After a time, complaints of 
voltage flicker were received by the utility. The most frequent 
complaints were from a small business where the operators of 
electrically illuminated equipment were annoyed by the variation in 
light intensity. Subsequent investigation showed that large voltage 
variations were in evidence on the feeder, and were of greatest 
magnitude when the non-utility generating unit was in operation. 

The complaints of flicker resulted in several system tests, performed 
by both the utility and the owner of the generating unit, to determine 
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Figure 2 Voltage Variations Recorded on the Tested Feeder 

the exact nature of the voltage variation and its cause. A 
photographic scan of a typical voltage chart recorded by the utility 
during one of these test is shown in Figure 2, which shows a 
sudden increase in voltage variation at the instant the plant breaker is 
closed. The voltage trace is almost perfectly flat prior to the breaker 
closing. These charts showed random bursts of voltage oscillation, 
the cause of which was unknown. One theory of the cause reasoned 
that the bursts could be due to some light industrial motors on the 
feeder. Another theory blamed the voltage variation on the generator 
or its prime mover. Both of these theories were explored 
analytically, using a standard transient stability program, where the 
utility system, the feeder, all of the loads, and the non-utility 
generating unit were all represented. The utility system was 
represented as an infinite bus, but the feeder, all loads, and the 
engine driven generator were represented in detail. 

Simulations showed that the type and magnitude of voltage 
variations were not due to load switching, as there were no loads 
large enough to cause the magnitude of variation observed. Closer 
inspection, however, revealed an interesting feature of the bursts of 
voltage variation, namely, each burst begins with a negative voltage 
excursion. This would be possible for a large motor starting, but 
positive excursions would be expected when switching the motor 
off. One way for all bursts to have an initial negative swing could 
be drle to misfiring of the engine, and thereby causing a sudden 
decrease in torque. This theory proved to be the correct one, as the 
careful modeling of the engine performance, including misfires, 
made it possible to duplicate all of the bursts of voltage flicker. 

Diesel Engine Operation 
The operation of a four-cycle intemal combustion engine driving a 
synchronous generator is evaluated in order to understand the 
possible source of frequencies observed on the utility distribution 
system. Some of the basic constants for shaft speeds of interest are 
shown in Table 1 and are described as follows. 
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n = Synchronous Speed of Shaft, rev / min 
TREv = Period of One Revolution of Shaft, s 
Tps = 2TREv = Period of Engine Power Stroke, s 

1 
fps  = - = Frequency of Power Stroke, Hz 

TPS (1) 

From the table, it is noted that each cylinder experiences a power 
stroke at the frequency noted in the right-hand column. Frequencies 
between about 6 and 10 hertz are the most sensitive for human 
perception, with about 8.8 Hz being the most critical [1,3]. In this 
frequency range, a voltage deviation of 0.7 percent or more can be 
observed by most people. The most sensitive frequencies of those 
listed in Table 1 are the 7.5 Hz and 10.0 Hz entries. 

Table 1 Basic Constants for Intemal Combustion Engines 
Number n TREV TPS f P S  
ofPoles rev/& S S 

2 3600 0.01667 0.03333 30.00 
4 1800 0.03333 0.06667 15.00 
6 1200 0.05Ooo 0.1ooOo 10.00 
8 900 0.06667 0.13333 7.50 
10 720 0.08333 0.16667 6.00 
12 600 0.10000 0.20000 5.00 
14 514 0.11667 0.23333 4.28 
16 450 0.13333 0.26667 3.75 
18 400 0.15000 0.30000 3.33 
20 360 0.16667' 0.33333 3.00 

If the engine has Nc cylinders, the number of cylinders firing in 
each revolution, NF, of the shaft is given by 

N - Nc 
F - -  2 

and the cylinders are arranged symmetrically on the crankshaft so 
that these NF firings are equally spaced in angle. The angular 
separation between consecutive f i i g s  of a four-cycle engine is 
given by 

720" 0, = - degrees 
NC 

and the time between consecutive cylinder firings is given by 

(3) 

The firing time and angle are illustrated in Figure 3(a). This is not 
the firing sequence, but simply the angular displacement on the shaft 
between consecutive f i i g  events. Figure 3(b) shows the familiar 
two-revolution sequence; intake, compression, power, and exhaust 
for a four-cycle engine, shown as I, C, P, E in the figure. The 
engine under study is a 900 rpm engine, with the attributes 
described in Table 1. The period of each revolution of this engine is 
0.0667 seconds. The power stroke is the represented by the dark 
area and is of 0.033 seconds duration or one-half of one revolution. 
Power strokes occur every 0.1333 seconds, and this period 
corresponds to a frequency of 7.5 Hz. 

7 
1 I 720" & 

1st Rev 2nd Rev 

I C P E  4 
10 
(a) (b) 

Figure 3 Basic Engine Firing Configuration 

If all 12 cylinders are laid out graphically, the engine timing can be 
illustrated as shown in Figure 4. From this figure it is observed 
that, in the steady state, exactly three cylinders should always be 
firing simultaneously for a 12 cylinder engine. Moreover, the 
period of each firing, such as from a to b or b to c, is 0.011 
seconds, representing a frequency of 90 Hz. A Fourier analysis of 
the engine torque should reveal a 90 Hz component. Should any 
one cylinder react differently from the others, such as a misfire, a 
7.5 Hz component should be observed, and generally all multiples 
of 7.5 Hz in varying magnitudes. 

abc 

FiSure 4 Timing of the 12 Cylinder Engine 

The basic 7.5 Hz frequency of power pulses in this engine is cause 
for concem, since this is a frequency at which human perception of 
voltage flicker is approximately at its a maximum. This is illustrated 
in Figure 5, which shows the results of tests that recorded the 
percentages of observers that are expected to perceive voltage flicker 
at different frequencies [I]. Similar results are reported in other 
references [2,3]. 

Figure 5 Cyclic Pulsations of Voltage of a 115 Volt Tungsten 
Filament Lamp at which Flicker is Perceptible [l] 

Figure 5 shows that at least one-half of the observers can detect a 
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flicker of 0.7 percent or more in the frequency range of 6 to 10 Hz. 
This suggests that 12 cylinder, engine-driven generators with 
synchronous speeds of 720, 900, or 1200 rev/min are the most 
likely to cause voltage variations in the critical range due to the 
frequency of ignition, as noted in Table 1. The 900 revlmin engine 
falls in the middle of this critical range. 

Engine Torque Production 
In order to perform analytical studies of the engine-driven generator, 
it is necessary to derive a model of the torque production of the 
prime mover. The development of engine torque for internal 
combustion engines is well known, and is discussed in textbooks on 
the subject. The book by Taylor [4] shows the resultant torque of 
one cylinder on the crankshaft, a normalized version of which is 
shown in Figure 6. 

-100 -50 0 50 100 150 

Figure 6 Developed Shaft Torque of Internal Combustion Engine 
Shaft Angle From Beginning of Power Stroke, degrees 

The torque curve in Figure 6 shows the negative torque required for 
the compression stroke, followed by the positive torque of the 
power stroke, normalized to the peak value of torque. Also shown 
in Figure 6, by the dashed line, is a curve representing 25% of the 
normal torque, which might be used for a cylinder that experiences 
partial firing due to ingestion of fuel with low calorie content. 
Several such partial firing studies, using varying percentages of full 
torque, were made as part of the study described here. 

Figure 6 represents the torque produced by only one cylinder of .the 
engine. To determine the total torque, the curve of Figure 4 may be 
digitized and replicated at 60" intervals, representing all 12 cylinders 
of the engine, and the total torque determined by summing the 12 
components. The mean of this total is then computed and used as 
the base for averaging the total torque to a value of 1.0 per unit. 
This normalized torque shown in Figure 7, may be used in a 
transient stability program, entering the prime mover torque as a 
tabulation of torque values as a function of time. The pulsating 
nature of the engine torque is clearly evident in Figure 7 and the 
frequency of the pulsations is 90 Hz. This frequency is clearly 
shown in the fast Fourier transform of the torque, which is 
displayed in Figure 8. The torque is given in appendix Table A.l. 

When one cylinder misfies, the torque for that cylinder is greatly 
reduced. The amount of the reduction can be a matter of 
speculation, as noted in the reduced torque curve in Figure 6. If we 
assume the net torque of the misfiring cylinder to be zero, the 
resulting torque curve is shown in Figure 9. 
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Figure 7 Normalized Engine Torque for Two Revolutions 
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Figure 8 FFT of the Prime Mover Torque - Normal Conditions 

Shaft Angle in degrees 
Figure 9 Engine Torque with Cylinder #7 Misfiring 

Shaft Angle in degrees 
Figure 10 Engine Torque with Cylinders #5 and #7 Misfiring 
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0.985 -, 

Figure 10 shows the engine torque resulting from misfiring of 
altemate cylinders, which results in two negative pulses 120' apart. 

........................... ; ............................... ; ............................... i .......................... 

If two adjacent cylinders misfire, the resulting torque production 
actually goes negative briefly, as shown in Figure 11. This is due to 
the negative torque still required for the compression strokes of the 
two misfiring cylinders, resulting in a very large torque disturbance. 
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Shaft Angle in degrees 
Figure 11 Engine Toque with Cylinders #7 and #8 Misfiring 

All of the foregoing torque patterns are of interest. Should the 
engine receive a quantity of fuel of low calorie content, misfiring 
may occur on one or more cylinders. Stability simulations may be 
used to translate the torque disturbances into voltage variations on 
the connected system, which may then be compared to the observe 
voltage variations measured on the distribution feeder. 

Simulated Results 
Simulations were performed for various steady state conditions that 
represent the normal feeder loading at different times of the day and 
seasons of the year. The major point of interest is to determine the 
type of voltage variation that will be observed due to changes in the 
prime mover toque, described above. 

It was observed from careful review of many field tests that the 
voltage variations often occurred in similar pattems. These patterns 
were given arbitrary names, Type A, B, etc., and the repetition of 
these patterns was noted on the recordings. Three of these pattems 
that were observed to occur regularly are shown in Figure 12. In 
these traces, time advances from left to right in the normal manner. 
Each of the traces shown is one second long. The vertical scale is 
two percent per major division. Peak-to-peak variations of three 
percent were found to be common and occasional bursts of higher 
amounts were observed on the charts. The frequencies of the 
observed oscillations were always in the range of 6 to 10 Hz, but the 
oscillations are not purely sinusoidal. 

Working on the theory that either total or partial misfiring of one or 
more cylinders might lead to this type of behavior, a number of 
different torque patterns, similar to those of Figures 12 were tried. 
These torque models were used as the prime mover torque output to 
the generator in a stability simulation of the system shown in Figure 
1. This occasionally required some adjustment to closely match the 
observed voltage pattems. 

(1) Disturbance Type C 

... .... . . . . . . . . . . . . . .  ... 

Disturbance Type D 

(3) Disturbance Type E 

Figure 12 Disturbance Waveform Types from Field Tests 

Disturbance Pattern C 
Disturbance Pattem C is characterized by the following sequence: 

a step to a large peak-to-peak oscillation, then 
decreasing peak-to-peak oscillations, then 
a larger oscillation, then 
decaying oscillations to normal voltage. 

The stability simulation of this pattem is shown in Figure 13. 

0.950 I I I I 
0.0 0.5 1.0 1.5 2.0 

Time in seconds 

Figure 13 Computer Simulation of Bus Voltage for Pattem #1 

The peak-to-peak maximum oscillation from the simulation is 
about 3.0 percent, which is roughly equal to several voltage 
variations observed on the power system. The prime mover torque 
used to generate this pattem is shown in Figure 14. 
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Figure 14 Prime Mover Torque for Pattem C 

A Fast Fourier Transform of this prime mover torque is shown in 
Figure 15. As expected the predominate frequency is the 90 Hz 
component of the torque signal, which is due to the pulsating torque 
from the individual cylinders. With the regular pattem disturbed by 
the misfuing, however, new components of torque are in evidence. 
These new components are dominated by a 7.5 Hz component, with 
integral multiples of 7.5 Hz also present, but with diminishing 
magnitude. The 7.5 component is of considerable interest because 
of the sensitivity of the human eye to frequencies in  this 
neighborhood. 
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Figure 15 FlT of Pattem C Prime Mover Torque 

Disturbance Pattern D 
Disturbance Pattem D from Figure 12 is characterized by the 
following sequence: 

a step to a large peak-to-peak oscillations, then 
steadily decaying oscillations to normal voltage 

The stability simulation of this pattem is shown in Figure 16. 

The peak-to-peak voltage swing for this pattern is 3.0 percent. The 
prime mover torque used to generate this pattern is shown in 
Figure 17 and the FFI  of this torque pattern is shown in Figure 18. 
As before, the 7.5 Hz component is clearly evident. 
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Figure 16 Computer Simulation of Bus Voltage for Pattern D 
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Figure 17 Prime Mover Torque for Pattem D 
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Figure 18 FFT of Pattem D Prime Mover Torque 

Disturbance Pattern E 
Disturbance Pattem E from Figure 12 is usually characterized in the 
field tests by the following sequence: 

growing oscillations for several cycles, then 
a smaller oscillation, then 
a much larger oscillation, then 
decaying oscillations to normal voltage 

The stability simulation of this pattem is shown in Figure 19. 
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The maximum peak-to-peak voltage deviation for this pattern is 
about 3.5 percent. The prime mover torque used to generate this 
pattern is shown in Figure 20 and the FFT of this torque is shown 
in Figure 21. As before, the 7.5 Hz component is relatively strong. 
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Figure 20 Prime Mover Torque for Pattern E 
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Figure 21 FFT of Pattem E Prime Mover Torque 

Frequency Domain Analysis of the Voltage 
Even though there is a prominent 7.5 Hz component in the prime 
mover torque, it is not clear that this frequency is observable on the 
generator terminal voltage. Figure 22 shows the FFT of terminal 
generator voltage for the case of Pattem C. This trace shows several 

frequencies, with the 7.5 Hz component clearly predominant. Since 
human perception is most responsive to the range between 6 and 10 
Hz, this is the only frequency of concem in this voltage response, 
and its magnitude is adequate to likely result in flicker complaints. 

Frequency in Hertz 

Figure 22 FFT of Pattem C Terminal Voltage 

The reason that the 7.5 Hz oscillation is larger than the higher 
frequency components that are present in the mechanical torque 
signal is because of the filtering effect of the generator. Field tests 
of synchronous machines have verified that the generator acts as a 
low pass filter [5,6]. This causes the 7.5 Hz component to pass the 
generator at much higher magnitude than any of the higher 
frequency components that are present in the mechanical torque. 

Conclusions 
Flicker complaints have been received from customers connected to 
a distribution feeder and the voltage causing the flicker has been 
measured in field tests. These tests confmed that the voltage vary 
by up to three percent from normal and this variation begins when 
the engine-driven generator breaker is closed. The reason for the 
variation is believed due to the poor quality of fuel used in a Diesel 
engine driven generator connected to the distribution feeder, where 
the low calorie fuel causes occasional misfiring of the engine. 
Misfiring of the engine can cause large changes in mechanical torque 
of the prime mover. This paper shows that such torque changes can 
cause voltage variations with frequency components that may cause 
lamp flicker. It should not be implied that engine-driven generators 
will cause voltage variations of the type noted here, since the 
variation of voltage depends on other factors, such as the strength of 
the interconnection to the utility system. The case under 
examination here is a rather weak interconnection, can this is partly 
to blame for the voltage behavior and the flicker complaints. 

This paper also shows that the use of 900 rpm engine-driven 
generators might be candidates for causing voltage variations on a 
distribution feeder, due to the natural frequency spectrum of the 
engine. Utilities that expect to connect such an engine-driven 
generator might wish to examine the dynamics of the interconnection 
prior to its completion, using a stability program or similar type of 
simulation. For the case under study, the simulations of the system 
proved to be an effective way of showing that the poor engine fuel 
quality is capable of causing the type of disturbance observed in the 
field tests, thereby producing voltage waveforms that might cause 
lamp flicker under certain system conditions. 



In testing the system under study, the authors tried many possible 
remedial solutions, including adding a flywheel to the prime mover, 
adding a very fast excitation system, improving the response of the 
speed governor, and adding a static var system. None of these 
solutions were adequate to overcome the relatively large magnitude 
of the mechanical torque disturbances. Had these simulations been 
performed prior to the installation of the generating unit, a 
considerable saving could have been realized to both the generator 
owner and the utility. 

There are undoubtedly many 900 rpm engine-driven generators in 
service on utility systems. There are also an increasing number of 
small generating units being added that use fuel of possibly low 
calorie content, and that may be connected to the system at remote or 
weak locations. These combinations present a high likelihood for 
voltage flicker that may be objectionable to nearby utility customers. 

Stability simulation provides a convenient method for evaluating 
voltage variation under the conditions described. The amount of 
voltage variation depends on the strength of the utility supply system 
at the point of interconnection as well as to the misfiring of the 
engine. One way to evaluate the possiblity of flicker problems is by 
worst case analysis. The engineer can perform simulations for the 
condition identified here as Pattern E, for which the mechanical 
torque values are provided in Table A.2 of the Appendix 2. This is 
one of the worst cases found for the system under study. Using 
these mechanical torque values, a study can be performed for any 
system, using the power system parameters at the point of 
generating unit interconnection. If the utility system is very strong, 
the computed voltage variations will be small. However, for a 
relatively weak system, the variations may be large enough to 
suggest finding an alternate solution. The alternatives might include 
finding another location for the engine-driven generator, specifying 
a different engine prime mover, or planning for reinforcements of 
the utility system at the point of interconnection. 
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Appendix 1 
Table A.l provides the normalized torque values for the 900 rpm 
engine, operating under normal conditions. 

Table iitions 



44 

Appendix 2 
Table A.2, which is given in four parts, provides the normalized 
mechanical torque values for the 900 rpm engine operating under the 
conditions described in this paper as Case E. 
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DAVID D. ROBB, D. D. Robb and Associates, 
P.A., Consulting Engineers, Salina, Kansas: 
The authors report a skillfully conducted 
investigation of an important problem. The 
paper is a valuable contribution. Other 
engineers are likely to encounter similar 
problems to which the effective analytical 
procedures 
adapted. 

presented in this can be 

The authors found that increased inertia and 
increased excitation system speed were not 
sufficient to overcome the effects of the 
mechanical torque disturbances. Did either 
remedy produce a significant reduction in the 
magnitude of the voltage fluctuations? 

The authors refer in several places to the 
unfortunate generator speed of 900 rpm, that 
speed proving to be near-critical in the case 
of the four-cycle, 12-cylinder engine they 
investigated. The discusser suggests that 
900 rpm is not a uniquely troublesome speed 
and that the troublesome speed will vary with 
the number of engine cylinders and with the 
competing engine designs of two and four 
cycles. 

Manuscript received August 8, 1994. 

P. M. Anderson and M. Mirheydar: 

The authors appreciate the thoughtful comments of Dr. Robb and will attempt to respond 
by presenting additional information that was not included in the paper. First of all, some 
additional equations that describe an engine-driven generating unit are needed lo properly 
respond lo the questions raised. It is noted in the paper that the engine-generator shaft 
speed is given by 

n - 2  revls 
P 

where 
p = number of generator poles 
f = system frequency 

The shaft speed is 15 revolutions per second for the generator under study. 
Then the period of one revolution is 

This time is 0.06667 seconds for the 60 Hz engine-generator under study. 

The time between successive power strokes of a given cylinder is a function of the type of 
engine. For this parameter, we can write 

Tps k,T,, s 

where 
2 cycle engine 

Then (b) can be written as 

Tps - s 

The engine under study in the paper is a 4 cycle engine and the generator is an 8 pole 
machine, so this time constant is computed to be 0.13333 seconds. This corresponds to 
the time between successive dark areas for any cylinder in Figure 4. 

The frequency of power strokes for a given cylinder of the engine is given by the inverse 

fP* = - 4f Hz 
kcP 

This frequency is computed to be 7.5 Hz for the engine under study. 

The number of power strokes or firings per revolution is a function of the engine cycle 
type as well as the number of cylinders. This parameter can be computed as 

N,=% power stokes per revolution (9) 
kc 

This parameter is computed to be 6.0 for the engine under study. 

The time between successive cmsecutive firing of cylinders in the engine is given as 

which is 0.011111 seconds for the engine under study. This corresponds to the time 
measured from a to b or from b to c in Figure 4. 

The frequency of occurrence of individual cylinder firings is given by the inverse of (h) 
or 

f,---- 4/N, Hz 
kCP 

This frequency is noted in the paper to be 90 Hz for the engine under study. 

We can also compute the duration of power strokes for each individual cylinder. This 
parameter is given as 

ti) 

which is 0.03333 seconds for the engine under study. This corresponds to the length 
(time duration) of the dark areas for each cylinder in Figure 4. 

Using the foregoing parameters, we can compute the number of overlapping power stokes 
for any engine. This parameter is defined as 

For the engine under study, this parameter is exactly 3.0, as noted in Figure 4 of the 
paper. 

Mark's Handbook [7] gives a summary of several stationary and locomotive Diesel 
engines, some of which would be suitable for service as the prime mover for a 60 Hz 
generator of proper design. Table 2 summarizes some of these engines. 

The authors hope that  the foregoing discussion provides an adequate description for the 
case where engines of different designs might be used as prime movers for generators. 

Dr. Robb also asked about the relative success achieved in attempting other means of 
mitigating the flicker, such as increased shaft inertia, faster excitation system, and more 
responsive speed governing. None of :hese remedial schemes were found to be adequate 
for reducing the disturbances to acceptable levels. The reason for this is that the torque 
disturbances are quite large in some cases, amounting to a significant fraction of the total 
prime mover output. These remedial schemes were found to be of little value in solving 
the observed problems. 

The authors also tried to stabilize the simulated feeder voltage using high speed static var 
controllers, but these also proved to be inadequate. The SVC can be designed to hold the 
voltage nearly constant at the point of application, but the voltages on either side of the 
SVC were found to vary widely in  response to the relatively large changes in line current 
caused by the engine torque changes. 

I t  was the author's conclusion that improving the quality of fuel is probably the most 
effective method of solving the flicker problem for the engine under study and is a 
solution that can he achieved without extensive capital expenditure. However, this does 
involve an increased cost of fuel that may be unacceptable in  some cases. 
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