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Abstract: The problem of the existence of common-mode and exchange power oscillations at the
parallel operation of synchronous generators in autonomous electrical systems is considered. The
methods of mathematical modeling were used to obtain the amplitude and period of common-mode
oscillations in the whole possible range of settings of the object under study. A method has been
developed for mapping the relationships between amplitude and period of common-mode power
oscillations and transfer coefficients and rotation frequency setpoints of speed controllers of diesel
generators. The use of such maps allows one to apply the method of eliminating exchange power
oscillations, taking into account the possible occurrence of common-mode oscillations. Mapping
the amplitude settings and the period of common-mode power oscillations makes it possible to
understand the trends of amplitude and period of the common-mode power oscillations. It also
helps to carry out an in-depth analysis of operation of an autonomous electrotechnical complex.
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Introduction

The parallel operation of diesel generator units based on synchronous generators is the
most commonly used mode of generating electrical energy in autonomous electrical engineering
complexes [1, 2]. The advantages of such a layout are well known, which include the rational use
of the generated electricity; ensuring the reliability of the power plant; operation of units with the
highest efficiency; the ability to repair individual units, economy of fuel and the unit service life
[3, 4]. To study the exchange power oscillations during parallel operation of diesel generator
units, experimental studies were carried out at the ship-ferry Yeisk of the Kerch ferry [5, 6]. At
the same time, common mode power oscillations were detected.

Figs. 1-4 show oscillograms of the generator currents for the running rowing engines,
which receive power through the thyristor converters. These oscillograms show self-oscillatory
processes of various amplitudes and periods. The form of these oscillations also has a different
character. The oscillation amplitude reaches 100 %, and the period is 150-800 ms [6].
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Fig. 1. Currents of parallel-running generators with Fig. 2. Currents of parallel-running generators with
rowing engines running (mode 1) rowing engines running (mode 2)
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Fig. 3. Currents of parallel-running generators with Fig. 4. Currents of parallel-running generators with
rowing engines running (mode 3) rowing engines running (mode 4)

The results of the research revealed that the amplitude of the exchange power oscillations
of the parallel-running diesel generator depends on the backlash clearances in the rotational
speed control loops [6, 7]. A method has been developed for constructing maps of relationship
between amplitude of exchange power oscillations and the backlash clearance [8]. It is necessary
to carry out similar work with respect to common-mode oscillations.

Methods

To study the causes and nature of common-mode power oscillations during operation of a
power plant of an autonomous electrotechnical complex, a mathematical model is used [9, 10],
which allows one to construct graphs of instantaneous values of the main parameters of the
parallel-running diesel generators.

The mathematical model uses the equation of a diesel engine, which is the driving engine of
a generating unit, in a simplified form:

J m%: Mg-M
dt
Mg =Kph; Mg =vgisq -Wsdisg:
where J,is the reduced moment of inertia of the diesel engine shaft and the generator rotor;
My is mechanical torque of a diesel engine; M g is electromagnetic moment of resistance

g

gained by the generator; h is the position of the fuel rail; K, is diesel engine amplification

frequency.
A separate equation describes the diesel engine speed controller, which is represented by an
aperiodic link of the first order:
dh
T“’E =KyUg-h,
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where T, is the time constant of the actuator; K is transmission coefficient (gain) of the

()
controller; U is the error signal between the set w ., and the actual o, rotation frequencies of

the diesel engine.
For mathematical description of the backlash with a gap in the control circuit of rotation frequency
of a diesel engine, we use the following expression:

U, =const for U -ke| < D,

Ue= k s-Dnsign(dU‘Sj fordUS;tO '
dt dt

where k is transmission coefficient; D, is backlash gap; € is mismatch between the set w,, and

the actual . rotation speeds of the diesel engine.

Thus, each diesel generator unit involved in parallel operation has an automatic rotation
speed controller with two main variable parameters: transmission coefficient K and rotation

speed setpoint [11] ., as well as backlash witha gap D,,.

The main objective of the study is to find an answer to the question: is there a connection
between the setpoints and parameters of the rotational speed control loops of diesel generator
units and common-mode power oscillations during parallel operation. It is also important to
understand that the amplitude and period of common-mode oscillations depend on and to
systematize the obtained results since the results of field experiments prove their variability.

The mathematical model makes it possible to analyze the common-mode power oscillations
that occur when two synchronous generators of an autonomous electrotechnical complex are
operating in parallel in quasi-steady-state modes.

When conducting research, we will take the range of change for the controller
transmission coefficient K from 10 to 200, for the setpoints for the controllers rotation

frequency oo from 0,9 to 1,1, which correspond to a stable parallel operation of the generating

units. It is necessary to take into account the backlash, as, during experimental studies on the
ferry Yeisk, the connection between exchange and common-mode power fluctuations became
clear, and this is important when implementing measures and means to eliminate the exchange
fluctuations to ensure high-quality stable parallel operation of generators. We introduce into the
mathematical model the gaps of backlashes of the rotation speed controlling contours of diesel
generators, respectively Dp1= 0,002 and Dy, = 0,01. To eliminate the influence of transients

on the results, we choose a time range from 12 to 15 seconds, which obviously corresponds to a
quasi-established mode of operation.

The simulation results confirm the existence of common-mode power oscillations and
allow us to determine their amplitude and period. For this purpose, we will use the currents 1A1,
IA2 of parallel-running generators.

Results

Mathematical modeling of parallel operation of diesel generator units, the transmission
coefficients of which are not equal, confirmed the assumption on occurrence of common-mode
oscillations for this operation mode (Fig. 5).
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Fig. 5. Modeling results D, =0,002; D,,=0,01; K, =40; K ,=80; ®; =1 ®,=1-
1AL, IA2 are currents of parallel-running generators

Moreover, the selective modeling made it possible to think that the amplitude of
oscillations increases with the increase in the difference between controllers transmission
coefficients of the parallel-running diesel generator units. The clarity of nature of the relationship
between common-mode oscillations and the ratio of transmission coefficients of frequency
controllers appeared after modeling the entire field of possible setpoint ratios (Tables 1, 2) and
construction of graphical visualization of the obtained results in the form of a setpoint map (Fig. 6,
7). 1t should be noted that for equal gain factors, there are no common-mode oscillations, and the
results obtained in the tables correspond to the amplitudes of the exchange power oscillations. This
is the main diagonal of the tables from left to right from top to bottom.

Also, during mathematical modeling, we detected the impact of difference in rotation
frequency setpoints of the rotation frequency controllers of parallel-running generating units on the
occurrence of common-mode power oscillations (Fig. 8).

Table 1
The relationship between amplitude of common-mode power oscillations
of the first diesel generator and the frequency controller gain
K
“’%(wz 10 20 40 60 80 100 120 140 160 180 200
10 0,01 11 1 0,9 0,75 11 0,3 0,25 0,25 0,25 0,25
20 0,95 0,01 11 1 11 0,85 11 11 0,8 0,85 0,85
40 09 0,85 | 0,05 09 1,05 15 1,1 125 | 1,05 1,1 1,05
60 11 0,85 11 0,05 0,3 0,9 0,7 0,95 1 0,95 1,05
80 0,95 1 0,8 0,2 0,05 0,2 0,9 1,2 0,9 1,2 11
100 0,7 0,9 1,2 1 0,25 0,05 0,16 0,8 1,05 0,8 1,25

120 0,55 0,75 11 0,9 0,9 0,15 0,06 0,13 1,25 0,8 13
140 0,75 1.2 11 0,9 0,9 0,22 0,15 0,06 0,13 0,7 11

160 11 1,2 1,2 0,9 0,9 0,75 0,3 0,12 0,06 0,11 0,65
180 11 1,2 1,2 1,05 1,05 0,75 0,7 0,23 0,14 0,06 0,1
200 11 1 09 1,05 11 0,75 0,7 0,6 0,2 0,13 0,07
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Fig. 6. Map of relationship between the amplitude of common-mode oscillations of the first diesel generator
and gain coefficients of frequency controller, K ,and K, are controller gain coefficients of the first

and the second parallel-running diesel generators, respectively

Table 2
Relationship between amplitude of the common-mode power oscillations
of the second diesel generator and frequency controller gain

K‘”%(wz 10 20 40 60 80 100 120 140 160 180 200
10 0,01 1,2 1 0,9 0,9 1,2 0,5 0,45 04 0,3 0,3
20 1 0,01 0,9 1 1 1 11 0,95 0,8 0,75 0,9
40 0,8 0,65 | 0,05 1 11 0,9 1,2 1,2 1,35 1 1,2
60 11 095 | 095 | 0,05 0,3 0,9 0,7 09 | 09 | 1,05 1,1
80 1 1 0,8 0,25 | 0,05 | 0,25 0,7 1,1 0,9 1 1,3
100 0,6 0,7 11 11 0,2 0,05 | 0,22 0,8 0,8 0,6 1,1
120 0,4 1 1,2 1 1,1 0,1 0,06 | 0,17 1,1 0,8 1,2
140 0,6 1,1 1,2 0,9 095 | 022 | 0,08 | 0,06 | 0,17 0,7 1,05
160 1,2 1 1,2 0,7 0,8 0,6 0,25 | 0,09 | 0,06 | 0,17 0.6
180 1,1 1,2 1,05 1,1 1,2 0,75 0,7 0,2 0,07 | 0,06 | 0,14
200 1 105 | 095 | 105 | 105 | 0,75 0,7 0,6 0,15 | 0,06 | 0,07
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Fig. 7. Map of relationship between the amplitude of common-mode oscillations of the second diesel
generator and the gain coefficients of frequency controller, K, and K, are controller gain coefficients of

the first and the second parallel-running diesel generators, respectively
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Fig. 8. Results of modeling: D, ; =0,002; D,,=0,01; K, =50; K ,=50; ;=104
®,9,=0,94. IAL, IA2 are currents of the parallel-running generators
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Moreover, the selective modeling gave reason to think that the period of common-mode
oscillations decreases with an increase in the difference in speed settings. Clarity of the nature of
dependence of common-mode oscillation parameters on the ratio of setpoints for the frequency of
rotation of frequency controllers appeared after modeling the entire field of possible setpoints
ratios (table 3) and construction of graphical visualization of the results in the form of a setpoint
map (Fig. 9). It should be noted that at equal rotation frequency setpoints there are no common-
mode oscillations, and the results in the table correspond to the period of exchange power
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oscillations. This is also the main diagonal of the table from left to right from top to bottom.
According to the modeling results, the common-mode power oscillations periods can be
considered identical for both generating sets.

Table 3
Relationship between period of common-mode power oscillations and setpoint of frequency controller speed

mr%roz 09 0,92 0,94 0,96 0,98 1 1,02 1,04 1,06 1,08 11
0,9 0,55 0,4 0,5 0,4 0,5 0,4 0,15 0,1 01 01 01
0,92 0,4 0,55 0,4 0,5 0,4 0,5 0,4 0,15 0,15 0,15 01
0,94 0,45 0,4 0,55 0,4 0,5 0,4 0,5 0,4 0,15 0,15 0,15
0,96 0,4 0,5 0,4 0,55 0,4 0,5 0,4 05 0,4 0,15 0,15
0,98 0,5 04 05 0,45 0,55 04 0,5 04 0,5 0,4 0,15

1 0,45 05 04 05 04 0,55 04 0,5 0,4 0,5 0,4
1,02 0,15 04 05 04 0,5 04 0,55 04 0,5 0,4 0,5
1,04 0,1 0,15 04 05 04 0,5 04 0,55 0,45 0,5 0,4
1,06 0,1 0,15 0,15 04 0,5 04 0,5 0,45 0,55 0,4 0,5
1,08 0,1 0,15 0,15 0,15 0,4 0,5 0,4 0,5 0,4 0,55 0,4
11 0,1 0,1 0,15 0,15 0,15 0,4 0,5 0,4 05 0,4 0,55
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Fig. 9. Map of relationship between common-mode power oscillations period of diesel-generators
and setpoints of frequency controller speed. .y, and o 4, are setpoints of controller frequency

of the first and second parallel-running diesel generators, respectively

Discussion

The research showed that common-mode power oscillations at parallel operation of diesel
generator units can appear as a result of unequal settings of transmission coefficients and
setpoints of controller rotation frequency. At the beginning of deviation of the transfer
coefficients from equal values, an increase in the amplitude of common-mode oscillations is
observed. When certain limit values are reached, the amplitude begins to oscillate around these
values (see Fig. 6, 7). The amplitude of common-mode oscillations significantly exceeds the
amplitude of the exchange power oscillations with the same backlash gaps. It should be noted
that the amplitude of common-mode oscillations of the parallel-running generator, for which the
controller transmission coefficient is more, is also greater. This is due to the fact that this
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generator will take on more load. However, the difference in load cannot be significant in terms
of parallel operation of generating units of equal power, and, consequently, the amplitudes of
common-mode oscillations do not differ much, usually the difference is no more than 10-15%.

When the frequency setpoints deviate from equal values, common-mode oscillations are
observed, whose amplitude does not change, and the period decreases slightly in some limits, and
then there is a rapid decrease and stabilization at values several times smaller (see Fig. 9).

The obtained maps, in addition to general information, describe in detail the common-mode
power oscillations for 6VD26/20-AL-2 diesel generators with S450MG 800 kVA generators and
can be useful to specialists who operate and set up such units. Similar studies aimed at
construction of maps of dependence of the common-mode power oscillations parameters on the
transmission coefficient settings and the setpoints for the controllers rotation frequency can be
performed for any diesel generator units.

Conclusions

The obtained results are the evolution of work [6], aimed at the study of power oscillations
during the parallel-running of diesel generator units as part of autonomous electrical systems. The
developed method for construction maps of dependence of amplitude and period of common-mode
power oscillations on transfer coefficients and setpoints for the controller rotation frequency can
significantly improve the quality of parallel operation of diesel generator units. The algorithm for
eliminating the exchange power oscillations is based on the change of the transfer coefficients and
setpoints for the controller rotation frequency. Taking into account the obtained results, in order to
preserve the stable operation of the autonomous electrotechnical complex, the change in settings of
the frequency controllers for parallel operating units must be performed synchronously. The time
for changing the settings of the driven units must be an order of magnitude shorter than that for the
driving diesel generator [12]. Mapping the amplitude and period of common-mode power
oscillations together with the amplitude settings of the exchange power oscillations depending on
the backlash clearances allows obtaining an in-depth analysis of the operation of the autonomous
electrical complex.
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