


Usetp[p-u-] %usl[p'u-] %usQ[p'u'] QGl [MVAI‘] ‘/E)us3[p'u-] %us4 [pu] QGl(l) [MVAI‘]
0.98 0.980 0.989 8.825 0.978 0.991 8.983
0.99 0.982 0.998 6.708 0.981 0.999 7.123
1.00 0.985 1.006 4.580 0.985 1.007 5.249
1.01 0.988 1.015 2.441 0.989 1.016 3.360
1.02 0.990 1.023 0.290 0.993 1.024 1.456

Table 19: Q and V for the power stations when the measurements are taken from the trans-
former’s secondary side, and droop is applied
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Figure 63: VQ-characteristics for the power stations when the measurements are taken from the
transformer’s secondary side, and droop is applied

The simulation presented above considered an ideal case with identical operation
of the two generators. For the actual operation, ideal and identical operating con-
ditions can not be assumed, as nothing is ideal in a real system. Even though there
was a net droop on the secondary side now, it was decided to investigate how the
power system responded under unideal circumstances. A new simulation changing
the voltage set point for generator GG1 in Hove was therefore performed. The system
became unstable when unideal operating conditions were considered. The unstable
responses in voltage and reactive power are shown in figures [64] and [65] below.
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Figure 64: Unstable voltage responses when droop is applied, and unideal operating conditions
are considered
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Figure 65: Unstable responses in reactive power when droop is applied, and unideal operating
conditions are considered
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8.5 Trying to Tune the Droop Settings for Various
Voltage Ranges

8.5.1 Tuning of the Applied Droop in a System Utilizing Primary Side
Measurements

For the following simulation the whole system was taken into consideration, and
the voltage in the system was changed from 0.975 p.u. to 1.025 p.u., according
to the voltage variations given by Statkraft. The generators were still connected
to a strong grid, with measurements taken from the transformer’s primary side.
The droop functionality, implemented for the model utilizing generator side mea-
surements, was adjusted in order to investigate how much droop was needed. The
simulation should take Statnett’s demands regarding contribution into account, and
the generators should have a stable operation. It was decided to first investigate the
system’s behaviour when neither droop nor compensation was applied. The sim-
ulation showed that the generators operated within their limits regarding reactive
power generation, and hence no droop had to be applied in order to comply with
the excitation limits. The responses in voltage and reactive power when neither
droop nor compensation was applied are shown in figures [66] and [67]

ee———————— —r———— e e e —_ - —— —_——————— B
| | | | |
[puw] | | | | | |
| | | | |
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Wem——————— = - - —————— T ——— 7

Figure 66: Voltage responses for the system when the measurements are taken from the trans-
former’s primary side, and a voltage range from 0.975 p.u. to 1.025 p.u. is considered
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Figure 67: Responses in reactive power for the system the measurements are taken from the
transformer’s primary side, and a voltage range from 0.975 p.u. to 1.025 p.u. is considered

8.5.2 Tuning of the Applied Droop in a System Utilizing Primary Side
Measurements, When the Continuous and Temporary Voltage
Limits in FIKS Are Considered

For the following simulation the whole system was taken into consideration, and the
system voltage was changed according to Statnett’s limits for allowed continuous
and temporary voltage, i.e. 0.93 - 1.00 p.u. and 0.90 - 1.05 p.u.. The generators were
still connected to a strong grid, with measurements taken from the transformer’s
primary side. The droop functionality, implemented for the model utilizing gener-
ator side measurements, was adjusted in order to investigate how much droop was
needed, in order to fulfill Statnett’s demands regarding contribution to voltage con-
trol. The values for voltage and reactive power when the droop was adjusted to the
different voltage limits are given in tables [20] and 21| below. The VQ-characteristics
are given in figures [68 and [69] The reactive powers are given for one machine, and
Qc1 and Qgi(1) denotes the reactive power supply for the generators in Hove and
Refsdal respectively.
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Usetp[p-u-] ‘/E)usl[p-u-] %usQ[p'u'] QGl [MVAI‘] ‘/E)us3[p'u-] %us4[p'u'] QGl(l)[MVAr]
0.93 0.966 0.950 17.846 0.985 0.953 28.775
0.94 0.970 0.958 16.202 0.986 0.961 25.698
0.95 0.973 0.967 14.520 0.986 0.969 22.510
0.96 0.977 0.975 12.828 0.987 0.977 19.317
0.97 0.980 0.983 11.134 0.987 0.984 16.119
0.98 0.983 0.991 9.431 0.988 0.992 12.919
0.99 0.986 0.999 7.721 0.988 1.000 9.673
1.00 0.990 1.007 6.005 0.989 1.008 6.508

Table 20: Q and V for the power stations, when trying to tune the droop considering the
continuous voltage limit
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Figure 68: VQ-characteristics for the power stations, when trying to tune the droop considering
the continuous voltage limit
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Usetp [pu] ‘/busl [pu] %us? [pu] QG’l [MVAI'] %u53 [pu] ‘/;)us4 [pu] QGl(l) [MVAI"]
0.90 0.940 0.921 17.936 0.958 0.923 28.601
0.91 0.945 0.929 16.799 0.961 0.932 26.474
0.92 0.950 0.938 15.622 0.964 0.940 24.295
0.93 0.954 0.947 14.439 0.967 0.949 22.105
0.94 0.959 0.955 13.236 0.970 0.957 19.906
0.95 0.964 0.964 12.056 0.973 0.966 17.673
0.96 0.969 0.973 10.856 0.977 0.974 15.478
0.97 0.974 0.981 9.651 0.980 0.983 13.250
0.98 0.979 0.990 8.440 0.983 0.991 11.011
0.99 0.985 0.999 7.224 0.986 1.000 8.762
1.00 0.990 1.007 6.002 0.989 1.008 6.504
1.01 0.995 1.016 4.775 0.992 1.017 4.236
1.02 1.000 1.025 3.543 0.995 1.026 1.957
1.03 1.005 1.033 2.304 0.999 1.034 -0.331
1.04 1.001 1.042 1.064 1.002 1.043 -2.630
1.05 1.015 1.051 -0.188 1.005 1.051 -4.939

Table 21: Q and V for the power stations, when trying to tune the droop considering the 15
minute temporary voltage limit
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Figure 69: VQ-characteristics for the power stations, when trying to tune the droop considering
the 15 minute temporary voltage limit
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9 Discussion of the Results

In this part of the report the simulation results will be commented and discussed.
The results to be discussed concern the power system’s behaviour when the different
simulations were performed. These simulations comprise e.g. voltage drop across
a transformer, the effect of utilizing primary and secondary side measurements,
the effect of applying compensation, tuning of the droop settings when considering
several voltage ranges, and the effect of changing the AVR’s voltage set point in
correspondence with the system’s voltage changes. These different aspects were
considered in order to come up with suggestions to how the regulation might be
improved.

9.1 Investigating the Manner of Operation for the
Current Control Strategy

For the simulations investigating the existing control strategy, which results were
presented in sections|8.1.1]and [8.1.2] it was found that the reactive power supply was
quite constant when the set points of the generators were changed in correspondence
with the system’s voltage changes. This was an expected result, as the AVRs would
not act on the voltage changes in the grid due to the change in set points. Hence,
they would supply a quite constant amount of reactive power. Based on the normal
load flow conditions and the tuning of the control system, the generators can be
controlled such that they does almost not supply any reactive power at all. I.e.,
by utilizing this strategy, the power producer is able to deliver a quite constant
amount of reactive power.

A disadvantage with this strategy, adjusting the set points, is that the power pro-
ducer is providing little voltage support and reactive power reserves to the system.
For the simulations in sections and [8.1.2] i.e. when considering cases both
with and without reactive droop, the voltages at the secondary side varied with
4.0% in both Hove and Refsdal. This was expected since the AVRs were adjusting
their set points according to the grid voltage. Consequently they would not give
any contribution to voltage control. It should also be noticed from figures [26] and
that the reactive power supply was somewhat reduced when droop was included.
This was also an expected result considering the the general droop characteristic.

When considering the simulation done in section it was observed that the
reactive power supply changed quite much, when comparing the periods where the
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set point was adjusted in correspondence with the grid voltage to the periods where
the adjustment was not done yet. This showed that a fast regulation is advantageous
if this strategy is to be used. Otherwise, large swings in reactive power supply could
occur.

In the real system, the two power stations are making larger adjustments of reactive
power supply than what was shown in these simulations. I.e., they might give a
larger contribution to voltage control. Still, the tuning of the AVRs, with respect
to reactive power supply, is such that the generators’ reactive power capacity is
distributed over a voltage range of approximately + 13%. lL.e., for a small voltage
change the adjustment in reactive power supply will be quite small, but still larger
than what was the result for these simulations. The amount of contribution given
will of course depend on how the set points are adjusted, with respect to the system
changes. With a different tuning this strategy could provide a satisfactory control,
but as long as the regulation is done manually it will not be a favourable solution.
This will be further commented in section [10.1]

9.2 Investigating Droop and Compensation, When
Considering Voltage Drop Across a Transformer

9.2.1 Investigating Voltage Variations with Respect to Active and
Reactive Power Supply

The voltage variations at the generators’ terminals and the voltage drop across the
transformers was studied in section [8.2.1] Figures showed how the voltages
at the transformer in Hove’s primary and secondary side varied for different system
voltages, and different supply of active and reactive power. When studying these
figures it was found that large absorption or generation of reactive power brought the
voltage at the secondary side somewhat away from the system voltage. The change
in secondary side voltage was about 3%, when comparing the cases with maximum
absorption and maximum generation. This change was quite small compared to the
voltage change that occurred at the generators’ terminals. Here the voltage varied
with approximately 10%, which is considered as a typical range for the generators’
terminal voltage, as mentioned in section [2.1.9) This implied that the reactive
power supply had a large impact on the voltage at the generators’ terminals. When
comparing the three figures and considering the variations in active power, it
was found that the voltages were almost unaffected by the change in active power

supply.
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The study showed that the voltage variations and voltage drop were mainly caused
by the reactive power exchange. The voltage variations were expected when con-
sidering load flows, as the voltage at the generator’s terminals must be higher when
much reactive power is supplied and injected in the grid, and consequently the
voltage at the transformer’s secondary side will become higher due to the injected
reactive power, and vice versa. The reason for why the secondary side voltage var-
ied less compared to the terminal voltage, was due to the grid’s stabilizing effect.
As the voltage in the connected grid was kept constant at the three different levels,
ie. 0.97 p.u., 1.00 p.u. and 1.03 p.u., this contributed to stabilize the voltage at
the secondary side, despite the relatively large voltage variations at the generators’
terminals. The trend was the same for Refsdal power station, which results were
shown in appendix [A.2.1] In order to obtain a more stable voltage at the trans-
former’s secondary side, compensation can be applied in the control system. This
will though be discussed later in this report.

9.2.2 Studying Droop and Compensation for a Single Generator

The impact of droop and compensation in a system with a single generator, whose
AVR was taking measurements from the transformer’s primary side, was proved by
some simple simulations. The results were shown in sections [8.2.2}[8.2.40 With no
droop or compensation included, the voltage at the primary side remained constant
due to the regulation provided by the AVR, as the AVR would try to keep a stable
voltage at the generator’s terminals. This was shown in figure [33| The voltage at
the transformers’ secondary side would, on the other hand, decrease with increased
supply of reactive power, i.e. with decreased system voltage. When considering the
generator’s reactive power supply and the voltage at the transformer’s secondary
side, a droop of approximately 12% was found. The droop was caused by the trans-
former reactance, which was about 11%. I.e., there was some deviation between the
value of the reactance and the droop calculated from the simulations. This devia-
tion was though rather small and could be a result of inaccuracy in the simulation
or measurements.

Figure |34] showed how the voltage at the transformer’s secondary side varied less
when compensation was introduced. As already mentioned, compensation in this
context means negative reactive droop, and for this simulation the compensation
was added by utilizing the droop functionality implemented for the AVR as de-
scribed in section [6.2 The compensation applied was of 5%, and hence the result-
ing droop at the transformer’s secondary side was reduced to approximately 7%.
By compensating for some of the voltage drop across a transformer, a more precise
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voltage control could therefore be obtained. The compensation made it possible to
achieve a more constant voltage at the transformer’s secondary side, and hence the
contribution to maintain a constant grid voltage was improved. By increasing the
applied compensation, the voltage at the secondary side could become even more
stabilized. Hence, for cases where one generator is connected to a transformer,
compensation can be a good way to improve the power producer’s contribution to
voltage control. The effect of applying compensation for generators connected to a
common transformer will be commented later in this report.

When droop was applied for the generator’s AVR, the voltage at the transformer’s
secondary side varied more, compared to the two previous cases considered in this
section. The relation between primary and secondary side voltages when droop was
applied was shown in figure[35] The droop applied was of 5%, increasing the result-
ing droop at the secondary side to approximately 17%. Including droop was in this
case unfavourable as the stability of the grid voltage was reduced. A positive effect
of introducing droop was, on the other hand, that the reactive power supply from
the machine was reduced. Including droop could therefore be advantageous in cases
where the generators often tend to go into saturation. This was also stated in the
specialization project Voltage Control and Sharing of Reactive Power from autumn
2015. I.e., the tuning of droop and compensation must take the connected grid and
the generator’s capacity into consideration. Also, the transformers’ reactance must
be taken into account.

9.3 Investigating the Effect of Droop and Compensation,
When Taking the Measurements Given to the AVR
from the Generators’ Terminals

9.3.1 Changing the System Voltage When Compensation Is Studied
for One Generator in Hove Power Station

When studying primary side measurements and compensation for one generator in
Hove, the purpose was to investigate contribution to voltage control and also the
grid’s impact on the generator, as mentioned in section[8.3.1] In the first simulation
the goal was to obtain a constant voltage at the transformer in Hove’s secondary side
when considering a weaker grid drawing little reactive power, and hence compen-
sation must be applied. In order to apply a suitable compensation the transformer
reactance must be considered. When referring the reactance to the generator’s rat-
ing, it was found to be of approximately 4,66%. This would imply a droop on the
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secondary side of about 4.66%, when no droop or compensation was applied. When
compensating the transformer reactance, referred to the generator’s rating, the re-
lation between voltage and reactive power became as given in table 12, To obtain
a stable voltage at the transformer’s grid side, a net compensation of 4.61% was
applied at the generator side. I.e., the transformer reactance was cancelled out by
the applied compensation. There was only a small deviation between the calculated
reactance and the actual compensation, that must be applied in order to obtain a
constant secondary side voltage, and the simulation was therefore quite precise.

As mentioned in section [8.3.1] the values for voltage and reactive power in table
indicated that the compensation applied in order to achieve a constant voltage at
the transformer’s grid side was too large, as the generator’s excitation limits were
exceeded. This means that the generator was not able to obtain a constant voltage
in this weak grid, drawing relatively little reactive power, and the compensation
must be reduced. A new simulation was therefore done, and the new values for
voltage and reactive power were given in table [I3] The voltage and reactive power
responses were shown in figures [36] and The new compensation provided by
the generator was about 4.38%, and the resulting droop at the grid side became
approximately 0.29%. The generator must utilize most of it’s available capacity to
be able to keep a quite constant secondary side voltage. Hence, the generator was
very exposed to experiencing saturation due to large overexcitation, if the system
state changed and the grid were drawing more reactive power. When a stronger grid
drawing more reactive power was considered the compensation must be adjusted
such that the generator did not go into saturation. The maximum net compensation
that could be applied in this case was found to be of only 0.14%, giving a droop
of 4.89% at the secondary side. The responses in voltage and reactive power for a
stronger grid were shown in figures [39 and [40]

For both cases, considering a weak and a strong grid, the generator must utilize most
of it’s reactive power capacity. As already mentioned, this made the generator very
exposed to going into saturation. In a weak grid the generator in Hove could give
a quite large contribution to voltage control, whereas the generator could almost
not give any contribution at all when a strong grid was considered. Based on these
simulations it can be stated that the generator’s capacity, and the grid in which the
generator is connected, have a considerable impact on what contribution a generator
is capable of giving when considering voltage control. A similar study was performed
for a generator in Refsdal power station, which results were presented in appendix
A.2.2l The results of those simulations were quite similar to the ones discussed in
this section.
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9.3.2 Investigating the Effect of Droop and Compensation on
Generators Operating in Parallel

The effects of droop and compensation on generators operating in parallel were
illustrated by some fundamental simulations in sections [8.3.2| and [8.3.3] These
simulations showed the same characteristics, when ideal operating conditions were
assumed, as what was found when one generator was studied in sections [8.2.218.2.4]
L.e., the paralleled generators would have constant voltages at the terminals when
neither droop nor compensation was applied. This was shown in figure 42| Figure
showed the VQ-characteristics when compensation was applied. The inclusion of
compensation made it possible to compensate for some of the voltage drop across
the transformers, and consequently the voltage range at the secondary side was
reduced. Hence, the voltage stability was improved. As ideal operating conditions
were assumed, these results were expected based on the findings in sections [8.2.2
and When unideal conditions were considered and droop was not applied,
responses as the one showed in figure [44] were obtained. Hence, compensation can
not be applied when operating paralleled generators and utilizing measurements
from the generators’ terminals. In a real system, where small differences between
the parallelled units always will be present, some droop should therefore be applied
in order to obtain stable generator operation. These simulations still indicated that
the applied droop did not have to be large for such small voltage variations, as the
generators were able to operate within their excitation limits.

When droop was applied, the results in section [8.3.3| showed that the voltages de-
creased for increasing generation of reactive power on both sides of the transformers.
For the secondary side the steepness of the VQ-characteristic was increased, com-
pared to the cases without droop applied. This was due to an increased resulting
droop on the transformers’ secondary side when droop was applied for the AVRs.
The increase reflected the additional droop applied on the primary side, i.e. 5% and
10% in Hove and Refsdal respectively, and the resulting droops on the secondary
side were now approximately 15.04% and 23.30%. By including droop the voltage
range was increased, and the variations in reactive power were reduced. This simu-
lation also showed how the voltage drop across the transformer increased when two
machines were operated. The voltage drops across the transformers were now about
twice as large, compared to the cases with only one machine operating in section
and appendix For these simulations there where though no additional
droop applied. Unideal operating conditions were also studied for this case. The
responses in voltage and reactive power, when a change in voltage set point for one
generator in Hove was done, were shown in figures [46] and [7]in section [8.3.3] These
simulations showed that the system remained stable for such a disturbance, due to
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the applied droop. If droop was not applied the generators could start opposing
each other and create instability. The stability was obtained as the droop provided
a new sharing of reactive power. This was illustrated in figure [11] in section 2.1.7

As ideal operation can not be assumed for a real system, compensation can not be
utilized when operating paralleled generators and utilizing measurements from the
generators’ terminals. I.e., to ensure stable generator operation, when operating
multiple generators that are connected to a common transformer, other ways to
improve the voltage control must therefore be utilized. In the specialization project
Voltage Control and Sharing of Reactive Power it was also found that droop should
be applied in order to achieve stable generator operation. However, in this thesis
another possibility, taking the measurements given as input to the AVRs from the
transformer’s secondary side, will be investigated. This will be further discussed in

section below.

9.4 Investigating the Effect of Droop and Compensation,
When Taking the Measurements Given to the AVR
from the Transformer’s Secondary Side

9.4.1 Changing the System Voltage When Compensation Is Studied
for One Generator in Hove Power Station

When investigating secondary side measurements and compensation for one gener-
ator in Hove, the goal was to investigate the contribution to voltage control and the
grid’s impact on the generator. The simulations were done to compare the system
behaviour when utilizing secondary side measurements, to the system behaviour
when utilizing primary side measurements. It was decided to first consider a case
where the generator was connected to a weak grid, drawing relatively little reactive
power. The voltage responses in figure 48 in section [8.4.1] showed that the voltage
at the transformer’s grid side, or secondary side, became stable when the trans-
former reactance was taken into account. The transformer reactance referred to the
generator’s rating was approximately 4,66%, as mentioned in section [9.3.1] To ob-
tain a stable voltage at the transformer’s grid side, the reactance in the estimation
function used in this model was adjusted. The estimation function was in this case
tuned such that the transformer reactance was taken into account, without applying
any additional droop or compensation. The values for voltage and reactive power
given in table [16] showed that the net compensation at the generator side, due to
the utilization of secondary side measurements, was of 4.83%, in order to obtain a
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stable secondary voltage. I.e., there was approximately no compensation applied
for the generator other than the compensation for the transformer reactance, as the
measurements were taken from the secondary side. There was a small deviation be-
tween the calculated reactance and the actual compensation that must be applied,
but the deviation was rather small. The simulation was therefore quite precise.

When the generator was connected to a strong grid drawing more reactive power, the
reactance in the estimation function must be adjusted if the secondary side voltage
should become stable. Several values were tested for the reactance, but it turned out
that the grid was too strong. I.e., it was not possible to obtain a constant secondary
side voltage and at the same time have a stable system. The voltage response in
figure showed that the generator was able to maintain a constant voltage at
the generator’s terminals, but it was not able to give a contribution to compensate
for the transformer reactance. The resulting droop at the secondary side became
about 4.91%. When the compensation at the generator was increased the system
became unstable, as shown in figures 54 and [55] The reason for this instability was
that the generator’s stability limits were exceeded, and hence pole slip occurred.
As mentioned in section pole slip is caused by low magnetization when the
generator is absorbing reactive power. When the rotor angle then reaches 90°, the
generator steps out of phase [15].

The results in section made it possible to identify how the reactance in the
estimation function should be adjusted, in order to obtain a voltage at the secondary
side that had a better profile. As for the simulations in section [8.3.1] investigating
compensation when utilizing primary side measurements, it was found that the
generator must utilize most of it’s reactive power capacity in order to provide a
constant voltage at the transformers secondary side. Still the generator’s ability
to contribute to voltage control was very limited, due to the machine’s capacity
and the impact of the grid, even though the measurements were taken from the
transformer’s grid side. Hence, it was difficult for the generator to contribute to
keep the grid voltage constant. A similar study was also performed for a generator
in Refsdal power station, which results were presented in appendix [A.2.3, The
results of those simulations were similar to the ones discussed in this section.

Even though the ranges of voltage and reactive power were quite equal for the cases
utilizing primary and secondary side measurements, it should though be noticed
that the reactive power supply were different for the two cases investigating primary
and secondary side measurements. This was because the reference now was based
on the transformer’s grid side. When the voltage reference given to the AVR was
taken from the secondary side, the generator operated with a lower voltage set
point. Hence, the reactive power supply was lower compared to section [8.3.1 When
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comparing the results in sections|8.3.1|and [8.4.1]it was found that there was no clear
advantages by utilizing secondary side measurements. This was also expected when
considering one generator operating alone.

9.4.2 Investigating the Effect of Droop and Compensation on
Generators Operating in Parallel

In section droop and compensation were discussed for paralleled generators,
when taking the measurements from the generators’ terminals. A similar study was
done to investigate this when utilizing measurements from the transformers’ sec-
ondary side, in order to compare the effect of utilizing these two different measuring
points. As both paralleled generators were now operated, the reactance was doubled
compared to the simulations in section [8.4.1 and appendix[A.2.3] For the simulation
studying the effect of having no droop or compensation applied in section [8.4.2] it
was expected to obtain VQ-characteristics similar to the ones in figure |50|in section
B.4.1] On the contrary, figures [56] and [57] showed how the generators were trying
to keep a stable secondary side voltage, when no additional droop or compensation
was applied in the estimation function, without succeeding. The responses in volt-
age and reactive power showed that the system became unstable, even though ideal
operating conditions were assumed for the simulation. The instability was caused
by pole slip, and indicated that utilization of secondary side measurements made
the system more fragile.

Compensation was also studied for the system utilizing secondary side measure-
ments, to investigate whether this strategy could provide stability, and hence to
see whether compensation could be applied for paralleled generators. Even though
the loading and settings were identical and the case was considered as ideal, the
system became unstable when additional compensation was applied. The instabil-
ity increased compared to the case without any droop or compensation applied.
It was though not surprising that the system became unstable for this case, when
considering the instability that occurred when neither droop nor compensation was
applied.

Instability also occurred when primary side measurements were utilized and unideal
operating conditions were considered in section [8.3.2 The simulations therefore
proved that not applying droop, when operating paralleled generators, causes in-
stability irrespective of what measuring points are utilized. Hence, applying com-
pensation is not a viable solution to improve the contribution to voltage control
when considering multiple generators connected to a common transformer. This
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was perhaps not very surprising, considering the fact that the measurements were
more or less taken from the same point, only different due to some offset caused by
the transformers’ reactances.

When a droop of 5% and 10% was applied for each AVR in Hove and Refsdal
respectively, there was still a net compensation at the generator side as the trans-
former reactance was taken into consideration. This was illustrated in figure
in section [8.4.3 The compensation was though smaller compared to the case in
section |8.4.2] as some droop was included. In order to compare the effect of having
a net droop on the generator side, when measuring on the primary and secondary
side, it was decided to increase the droop at the generators such that the resulting
droop on the primary side became 5% and 10% in Hove and Refsdal respectively.
The VQ-characteristics for these two simulations, utilizing primary and secondary
side measurements, were given in figures 5] and [63], in sections [8.3.3] and [8.4.3] re-
spectively. When comparing these cases it was found that the range of the voltage
variations were equally large based on tables and [19] It was also found that
the range of reactive power variations were quite similar for the two cases as well.
In addition, it was decided to investigate how the system utilizing secondary side
measurements responded to unideal operating conditions, when there was a net
droop on the generators’ terminals. It was expected that the system should remain
stable due to the droop, as for the simulation in section [8.3.3 and it was therefore
quite surprising to find that instability occurred. This was shown in figures [64] and
65l By increasing the droop when studying this unideal case, the instability was
reduced. Still, it was difficult to obtain stability for this system.

L.e., utilizing secondary side measurements provided a less robust control when
considering stability, compared to the case where the measurements were taken
from the generators’ terminals. One reason for why the system was now more
unstable, was that there was now a large effective compensation on the generator
side, as the transformer reactance should be compensated. Based on the results
discussed in this section, it can be stated that there is no great advantages utilizing
measurements from the secondary side for this system, as this strategy did not
improve the regulation. The simulations also indicated that this strategy provided
larger stability problems. Hence, for such a system it will be better to utilize the
more common strategy, taking the measurements from the generators’ terminals. It
could though be beneficial to utilize secondary side measurements when considering
voltage drop across both a transformer and a line. I.e., secondary side measurements
may be useful in some cases. This will be further commented in chapter [12]
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9.5 Trying to Tune the Droop Settings for Various
Voltage Ranges

At first it was planned to tune the droop for various voltage ranges and different con-
trol strategies, i.e. both for utilizing measurements from the generators’ terminals
and from the transformers’ secondary side. The results of the simulations investi-
gating secondary side measurements, discussed in section [9.4.2] however stated that
there were no advantages utilizing measurements from the transformers’ grid side,
and hence there was no point in tuning the droop settings for this control strategy.

9.5.1 Tuning of the Applied Droop in a System Utilizing Primary Side
Measurements

For the simulation in section [8.5.1] considering an ideal system, it was found that
there was no need to add droop in order to comply with the generators’ excitation
limits, when considering a system voltage change from 0.975 p.u. to 1.025 p.u..
The voltage changes, and hence the variations in reactive power were relatively
small, and, as shown in figure [67], the generators were consequently working within
their excitation limits. Also, the demands regarding reactive power supply, given
by Statnett, were fulfilled. Still, some small droop must be applied for a real system
in order to ensure stable generator operation, as already commented.

9.5.2 Tuning of the Applied Droop in a System Utilizing Primary Side
Measurements When the Continuous and Temporary Voltage
Limits in FIKS Are Considered

In order to operate the generators for the more wide-ranging voltage limits consid-
ered in section [8.5.2] it was found that droop must be applied. When considering
Statnett’s voltage limits for continuous operation, it was found that a droop of 7%
should be applied for the generators in Hove, in order to comply with the exci-
tation limits and to fulfill Statnett’s demands regarding voltage control. l.e., the
generators should be able to operate within cos ¢ limits of 0.86 capacitive and 0.95
inductive. For the generators in Refsdal the droop must be of 1%. The resulting
droop on the transformers’ secondary sides then became about 17.3% and 14.1%
respectively. When the voltage limits for temporary operation up to 15 minutes
were considered, the droop must be increased as a consequence of a larger allowed
voltage range. It was then found that the droop tuning in Hove should be of 15%,
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while a droop of 8% should be applied in Refsdal. The resulting droops at the
secondary sides then became approximately 25.8% and 21.8% respectively. The
simulations indicated that the generators in Refsdal could give a larger contribu-
tion to voltage control, due to their larger capacity compared to the generators in
Hove. l.e., as these generators are capable of delivering a larger amount of reactive
power, a smaller droop is needed in order to comply with the excitation limits.

These simulations indicated that the tuning of the droop should be changed. With
a larger droop, as the one obtained from the regulation scheme, the generators
would not give a good contribution as the reactive power contribution is distributed
over a large voltage range. By considering a smaller voltage range, as the ones
considered in this section, the contribution to voltage and reactive power control
will be improved. Also, the number of set point adjustments that have to be done
are reduced, compared to today’s procedure.
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10 Discussion of Other Topics

In this chapter, suggestions to solutions that might provide an improved regulation
of the power stations, that are not investigated in this thesis, will be discussed.
There are probably other possibilities that could improve the regulation as well,
but in the following section some different strategies will be mentioned. Also dif-
ferent control strategies and Statnett’s requirements regarding voltage control will
be evaluated.

10.1 Other Suggestions for Possible Solutions to Improve
the Regulation

Based on the knowledge acquired in the work with the specialization project and
this master thesis, other solutions to improve the regulation will be discussed in
this section. One suggestion to regulation procedure could be to apply a secondary
control loop. This loop could calculate a new set point, based on the measurements,
and give it to the AVRs. Hence, there would be no need to manually give a new
set point as the secondary control loop would handle this. Based on how the set
points are calculated, different values for droop could be utilized. By using such a
control strategy, the principles for control utilized in the power stations today will
be pursued. As the regulation would not depend on manual adjustments, the control
will be simplified and easier to carry out for the power producer. Such a strategy
might provide a better coordinated regulation, that would also be easier to manage.
It would have been very interesting to investigate this manner of regulation, and if
there were more time this should have been prioritized.

Another possibility is to use a common AVR to control the paralleled generators. By
utilizing such a strategy the generators would receive the exact same signals. The
generators would consequently not oppose each other as they are always controlled
and operated in the same manner. A clear disadvantage with this strategy is that it
presumes identical operation of the two generators, as the AVR can not give different
control signals to each of the paralleled generators. This will therefore probably
not be a good solution, as it should be possible to have different operations for the
generators. Hence, other control strategies should be applied, such as utilizing a
common secondary loop. Still it could have been interesting to test this strategy.

In addition to suggestions providing an easier control when considering the power
producer, a suggestion that may also improve the overall voltage control will be
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presented. Based on the simulations discussed in sections 9.2.2} [9.3.1f and [9.4.1], it
was found that single operated generators could give some contribution to keeping a
constant voltage at the transformer’s grid side. This would, as already mentioned,
depend on the grid’s and the generator’s capacity. Still, if the generators were
able to compensate for some of the voltage drop across a transformer this could
be useful considering the overall control of the system. It would therefore have
been interesting to investigate the possibility of utilizing a software to change the
AVRs’ tuning, dependent on the number of generators connected to a common
transformer, that were operated. When operating several machines droop must be
applied, as stated in the previous simulations. But for situations where only one
generator is operated, no droop is needed and some compensation could possibly be
applied, dependent on the system in which the generator is connected. Hence, the
contribution to voltage and reactive power control in the system might be improved.

Another possibility that might be advantageous, is to modify the power stations
such that each generator has it’s own transformer. In this way the problems related
to the control of paralleled generators can be avoided. In addition, the generators
would not need to have droop applied. Hence, they might be able to provide
more reactive power, in order to improve the overall voltage control in the system.
This will though be a costly solution for Statkraft, compared to e.g. installing a
secondary control loop.

10.2 Evaluation of Different Control Strategies

Preferably reactive power should be balanced at the point of consumption. This
requires several reactive power compensating devices in the grid, e.g. such as those
mentioned in section [2.1.9] The benefits of compensating reactive power at the
point of consumption is that transmission of reactive power is not necessary. This
makes it possible to utilize more of the line capacity for transmission of active power.
Also, the transmission losses are reduced. A disadvantage with this control strategy
is that it requires investments in additional components in the grid.

By utilizing the synchronous generators to control voltage and reactive power, the
costs related to other compensating elements can be lowered, as the need for ad-
ditional compensating devices is reduced. Also the number of components in the
grid to be monitored and maintained is reduced. A disadvantage with the strategy
utilizing synchronous generators for regulation in a larger scale, is that the gen-
eration or absorption of reactive power in the generator causes slightly increased
production losses. Increased transmission losses is of course another drawback.
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Which strategy to be used should therefore be determined dependent on the grid’s
construction, loading, and condition. Voltage variations and the generators’ ability
to deliver or absorb reactive power should also be considered. I.e., the strategy to
be used should be chosen based on the system as a whole.

10.3 Evaluation of Statnett’s Requirements Regarding
Voltage and Reactive Power Control

In chapter |4] the current voltage control of the power stations were described. In
addition, the requirements from Statnett regarding voltage control and provision of
reactive power reserves, were explained. It was found that Statnett’s demands, when
considering the voltage limits for continuous operation, implied a resulting droop at
the transformers’ secondary side of 8.51%. When considering the transformer reac-
tances in the two power stations, when operating both paralleled generators, it was
found that the reactances themselves were larger than this resulting droop. When
operating single generators Statnett’s requirements could be fulfilled by applying
compensation, if the reactance provides a voltage drop that is too large. That is
though not an option for parallel operation. This implies that it would be diffi-
cult for the power producers, operating multiple generators connected to a common
transformer, to meet this demand. If the power producers want to provide a reg-
ulation according to Statnett’s requirements, unstable generator operation will be
the result if a net compensation is applied at the terminals of paralleled generators.
Otherwise, a control strategy frequently adjusting the AVRs’ set points is needed.
Based on this, and the fact that transformer reactances of about 11% is common,
Statnett’s demands should perhaps allow a larger droop on the transformer’s grid
side. In other words, Statnett’s requirements should maybe be reconsidered for
generators operated in parallel.

On the other hand, if Statnett’s requirements were eased for generators connected
to a common transformer, and more power producers chose to operate their power
stations with multiple generators connected to a common main transformer, there
might occur problems in the power system due to a lack of reactive power supply.
Such a development is not desirable. In order to be able to discuss this further, and
give recommendations for how to meet the challenges related to Statnett’s require-
ments and the control of paralleled generators, more simulations should be done,
considering the cooperation between Statnett and the power producers. Hence, it
could be interesting to study how the voltage control would be in cases where either
all power stations were providing reactive power, according to what was needed in
the grid, or where the provision of reactive power was minimal.
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11 Conclusion

For this system it was found that the voltage variations at the generators’ terminals
and the voltage drop across the transformers, were mainly related to the change
in reactive power. The voltage variations were almost unaffected by the active
power supply. This was expected as the supply of reactive power depends on the
voltage at the terminals and in the grid. It was also found that the voltages at the
transformers’ grid side varied less than the voltages at the generators’ terminals,
due to the impact of the grid.

The simulations done in this thesis investigating the effect of utilizing measurements
from the transformer’s grid side, showed that there were no clear advantages with
using this strategy. The stability was not improved, and the variations in voltage
and reactive power remained equally large. This was found both for the cases con-
sidering one generator operating alone, and for the cases where two generators were
connected to a common transformer. When considering paralleled generators, it
was also found that utilization of secondary side measurements did not contribute
to improve the communication between the machines, and stable generator opera-
tion when droop was not applied was not obtained. It was therefore not possible
to utilize secondary side measurements to improve the voltage stability at the sec-
ondary side, by applying compensation when operating paralleled generators. As
the regulation was not improved by using measurements from the secondary side,
it might be easier to utilize measurements from the generators’ terminals in the
control of voltage and reactive power for this system. Measuring further away from
the generator might be advantageous for some cases, though. The measurements
could then be taken from a bus with important loads connected, etc., and the volt-
age at this point might be controlled in a more precise manner. This was though
not studied in this thesis.

The simulations investigating tuning of the AVRs with respect to various voltage
intervals, showed that different droop settings should be applied in order to improve
the regulation. In today’s system the droop in Hove and Refsdal is of 5% and
10% respectively at the generators. But when considering the current regulation
procedure, the resulting droop at the secondary side is of about 33% in Hove and
38% in Refsdal. These droops are large, and the generators will hence not give
much of a contribution to voltage and reactive power control. In order to obtain a
better tuning of the AVRs, the power producer must first determine what voltage
variations the droop should be adjusted to. If the power producer wants to avoid
changing the AVR’s set points, even when large voltage variations are considered, a
large droop is needed. On the other hand, if a smaller voltage range is considered,
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a larger contribution to regulation could be given if the droop is reduced. It should
though be mentioned that the resulting droop on the grid side is dependent on both
the droop at the generators and the transformer voltage drop. If the tuning is based
on the voltage variations given by Statkraft, only a small droop is needed in order
to ensure stable operation of the paralleled machines. When considering the limits
for continuous operation a larger droop of 7% should be applied at the generators
in Hove. The generators in Refsdal have a larger capacity, and hence a droop of
only 1% is needed for this voltage range.

The simulations investigating one generator operating alone, showed that the gen-
erators might be able to contribute to improve the overall voltage control in the
system. For a single operated generator compensation could be applied, and hence
a more constant voltage might be obtained at the transformer’s secondary side,
dependent on the grid in which the generator is connected. At least the genera-
tors were able to keep a constant voltage at the terminals without exceeding the
excitation limits. To utilize this possibility in a way that is easy to handle for the
power producer, a software able to adjust the tuning of droop and compensation,
with respect to the operating state, should be developed. This possibility was also
commented in section 0.1l

It should also be mentioned that Statnett’s requirements for voltage control and pro-
vision of reactive power reserves, might be difficult for the power producers to meet,
when operating paralleled generators. The simulations and analytical evaluations
indicated that the resulting droop at the transformers’ grid side, when taking the
transformer reactance into account, were larger than what was found considering
Statnett’s requirements. l.e., in order to meet these demands the power produc-
ers, operating multiple generators connected to a common transformer, might have
to utilize less common control strategies, such as applying secondary control loops.
Another possibility might be to modify the power stations, such that each generator
has it’s own transformer. As mentioned in section [10.3] it would also be advanta-
geous to study the cooperation between Statnett and the power producers further,
in order to investigate other aspects of this topic. This might be done by carrying
out system simulations, considering Statnett’s requirements regarding voltage and
reactive power control, and the power stations’ contribution to regulation.
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12 Suggestions for Further Work

In order to give specific advices to how the voltage control ought to be done, a more
detailed model should might be made. In this thesis more probable voltage intervals
were studied compared to the specialization project, and the secondary side voltages
were taken into account. Still, it could be advantageous to make a more accurate
model. Various operating states, and the system’s behaviour when exposed to
more extreme scenarios, should might be investigated as well, as this thesis mainly
considers operating states which can be characterized as normal. In addition it
could be interesting to investigate the effect of utilizing measurements from a point
in the grid when the aim is to compensate for voltage drop across both a transformer
and a line. This could be interesting to study, as it is assumed that measurements
from other points than the generator’s terminals would be more beneficial in such
a case. Such a control strategy would perhaps be most advantageous for industries
that depend on a stable power supply, such as aluminium production. IL.e., for a
company like Hydro, having both power production and aluminium production,
this might be a favourable control strategy to apply. This strategy should though
be avoided for power stations with multiple generators connected to a common
transformer, as it reduces the stability.

Other suggestions for further work could be to develop a software that allows the
tuning of the AVR, with respect to droop and compensation, to be changed in cor-
respondence with the operating state. I.e., the software should make it possible to
apply a suitable compensation when only one of the multiple generators is operated,
and also apply the necessary droop when several machines are operated. This was
also mentioned in section Section [10.1] also discussed a possible solution to
improved and simplified regulation by applying a secondary control loop, that is
able to calculate the set points given to the AVRs. The principles of today’s con-
trol strategy would then be pursued, but the regulation will not depend on manual
operation. Hence, the regulation will be easier to carry out for the power producer.
This could therefore be advantageous to study further.

In addition it might be interesting to study the cooperation between Statkraft and
Statnett further, as mentioned in section [10.3] This might be done by carrying out
system simulations, in order to investigate how the voltage control would be if all
power producers adjusted their reactive power supply according to what was needed
in the grid, or if no power stations were supplying reactive power. Such simulations
could also indicate what amount of additional control, provided by FACTS devices,
etc., would be needed in the different scenarios. For such simulations it could be
advantageous to use another simulation program, e.g. PSS®E.
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A Appendix

A.1 Modelling of the System

A.1.1 AVR, Droop and Compensation

As mentioned in section the droop functionality was not implemented for the
AVRs available in PowerFactory, and a new droop model was therefore made. The
droop functionality, utilizing primary side measurements, was implemented by PhD
candidate Lester Kalemba for the specialization project autumn 2015. It was de-
cided to implement the droop function, when the measurements were taken from
the generator side, in the PSS slot of the generator frame. In this way the adjusted
voltage signal was given as an input to the AVR through the PSS gate. This was
done because it simplified the practical implementation of the function. By utilizing
the PSS slot for the droop functionality, a PSS could not be applied in the models,
and hence the simulations were done without any PSSs. The resulting droop frame
is shown in the following figure.
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Figure 70: Droop frame

As shown in figure [70} the droop function was implemented such that it received
measurements of reactive power from the generator terminal. The difference be-
tween the measured reactive power and the reference value was multiplied with a
droop constant, and then given as input to the AVR. In the actual system the HPC
185 AVRs receive measurements of voltage and current, but for simplicity it was

chosen to use the reactive power measured on the generator terminal as input to
the AVRs in this model.
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Figure 71: The loop utilized for applying droop and compensation, when the measurements are
taken from the transformer’s primary side
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In section it was also mentioned that this thesis should investigate the effect of
moving the measurements to the transformer’s secondary side as well. Consequently,
the models had to be adjusted such that it was possible to utilize this type of
measurements, and PhD candidate Lester Kalemba was helpful in order to make
the new models working. The use of secondary side measurements was implemented
by using a function in PowerFactory called drp_-C'OM P, which made it possible to
estimate the voltage in some point outside the generator, e.g. at the transformer’s
secondary side. The drp_.COM P function will in these models take the voltage
reference and the current measurement from the secondary side. In order to be able
to utilize measurements from the secondary side, the composite model frame that
was to be used, SYM Frame 1, must be changed. I.e., instead of taking the current
measurement from the generator terminal, an additional current measurement must
be included to be able to get measurements from the secondary side. Equation (128)
and figure [72] below shows how the drp_.COM P function works.
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Figure 72: The loop utilized for applying droop and compensation, when the measurements are
taken from the transformer’s secondary side

As explained in section [6.2] variable V, in the equation above represents the com-
pensated voltage, i.e. the voltage given as input to the AVR. The AVR will hence
try to control the voltage based on this input. V., represents the voltage at the
generator terminal, while Iy, is the current from the generator. When studying
generators operated in parallel, this current will be the total current delivered by
both generators.

Parameter X, can be adjusted depending on the transformer reactance and what
amount of droop or compensation is wanted. I.e., both droop and compensation
could be investigated by using this function, and hence the transformer voltage
drop could be taken into account in order to obtain a more constant voltage at the
transformer’s grid side. When the X, parameter was set to the negative transformer
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reactance, a constant voltage was obtained at the transformer’s secondary side. I.e.,
there was no additional droop or compensation applied in the drp_ COM P function.
When applying a positive value for X, a net droop was applied at the primary
side, whereas a negative X, parameter provided compensation. If the negative
X, parameter had an absolute value larger than the transformer reactance, a net
compensation was applied at the primary side. By testing this function it was found
that it worked quite well.

A.2 Simulations, Results and Discussion

A.2.1 Investigating Voltage Variations with Respect to Active and
Reactive Power Supply for Refsdal Power Station

As for the the study on Hove power station in section the voltages at the
transformer in Refsdal’s primary and secondary side were to be studied for different
active and reactive power supplies. In the figures the active power supply was set
to 0%, 50% and 100%, and the curves show how the voltage at the primary side,
i.e. at the generator terminals, varied for increasing supply of reactive power. Also,
three different system voltages were considered, that is 0.97 p.u., 1.00 p.u. and
1.03 p.u. The results were obtained by using the ordinary load flow analysis for
different cases. Figures below show the voltage curves for the transformer in
Refsdal power station, when the voltage at the generators’ terminals and the voltage
drop across the transformer were studied. In the figures the lower dots represented
absorption of reactive power, whereas the upper dots represented large generation
of reactive power.
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Figure 73: Voltage drop across the transformer in Refsdal when the generators are not delivering
any active power
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50% active power

110



B Vsystem =1,00 p.u.

# Veystern =0,97 p.u.
o/ M

Vsystem = 1,03 p.u.

Linear (Veystem = 0,97 p.u.)

Vprimary (p.u.)
(=] (=] (=]
g & &
[~
4
\\'\

0,92 % ‘ - Linear (Vsystem = 1,00 p.u.)
/‘ Linear (Vsystem = 1,03 p.u.)
09 / *
0,88 "
0,86 T T T T T 1
0,24 0,96 0,98 1 1,02 1,04 1,06

Vsecondary (p.u.)

Figure 75: Voltage drop across the transformer in Refsdal when the generators are delivering
100% active power

When studying these figures, it was found that large absorption or generation of
reactive power brought the voltage at the secondary side somewhat away from the
system voltage. The change in secondary side voltage was about 3%, when com-
paring the cases with maximum absorption and maximum generation. This change
was quite small compared to the voltage change that occurred at the generators’
terminals. Here the voltage varied with approximately 12-14%. This was quite
similar to what was found for the transformer in Hove, in section [9.2.1,. The voltage
variations at the generator bus were slightly higher than what is considered as a
typical range for the generators’ terminal voltage of + 5%, as was mentioned in
section 2.1.9

As for the transformer in Hove, the results implied that the reactive power supply
had a large impact on the voltage at the generators’ terminals. When comparing
the three figures 7375 and considering the variations in active power, it was found
that the voltages were almost unaffected by the change in active power supply.
L.e., the study showed that the voltage variations and voltage drop were mainly
caused by the reactive power exchange. The voltage variations were expected when
considering load flows, as the voltage at the generator’s terminals must be higher
when much reactive power is supplied and injected in the grid, and consequently the
voltage at the transformer’s secondary side will become higher due to the injected
reactive power, and vice versa. As mentioned in section [9.2.1], the reason for why
the secondary side voltage varied less compared to the terminal voltage, was the
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grid’s impact. As the voltage in the connected grid was kept constant, at different
levels, this contributed to stabilize the voltage at the secondary side, despite the
relatively large voltage variations at the terminals.

A.2.2 Changing the System Voltage When Compensation Is Studied
for One Generator in Refsdal Power Station, and Primary Side
Measurements Are Utilized

As for the simulation in section [8.3.1] compensation was applied in order to ob-
tain a constant voltage at the transformer’s grid side. The purpose of doing the
simulation was to investigate what contribution the generator was capable of giv-
ing, considering voltage control. The system voltage was changed by adjusting the
large synchronous machine’s voltage set point from 0.98 p.u. to 1.02 p.u., and as a
consequence the reactive power supply from the generator in Refsdal was changed.
Figure [76| below shows the relation between voltage and reactive power when the

system voltage varied. The figure is based on the measurements presented in table
22,

Usetp [PU] ‘/primary [Pu] V;econdary [pu] QGI [MVAT]
0.98 1.001 1.011 20.594
0.99 0.993 1.011 13.518
1.00 0.985 1.011 6.524
1.01 0.978 1.011 -0.274
1.02 0.970 1.011 -6.902

Table 22: Q and V for a generator in Refsdal connected to a weaker grid, when the measurements
are taken from the transformer’s primary side
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Figure 76: VQ-characteristic for a generator in Refsdal when a weaker grid is considered, and
the measurements are taken from the transformer’s primary side

In addition, it was decided to investigate the generator’s behaviour when connected
to a strong grid drawing more reactive power, to see what compensation the gener-
ator was capable of providing then. The values for voltage and reactive power for
this case are given in table and the corresponding VQ-characteristic is given in

figure

Usetp [pu] ‘/primaTy [PU] ‘/secondary [pu] QGI [MVAY]
0.98 0.986 0.986 28.827
0.99 0.981 0.994 17.603
1.00 0.976 1.002 6.416
1.01 0.971 1.009 -4.405
1.02 0.966 1.017 -15.157

Table 23: Q and V for a generator in Refsdal connected to a strong grid, when the measurements
are taken from the transformer’s primary side
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Figure 77: VQ-characteristic for a generator in Refsdal when a strong grid is considered, and
the measurements are taken from the transformer’s primary side

As for the simulation discussed in section the goal of this simulation was to
try to obtain a constant voltage at the transformer’s secondary side, but now the
transformer in Refsdal was considered. To achieve this, compensation was added as
described in section The relation between voltage and reactive power, when
compensating the transformer reactance referred to the generator’s rating, became
as shown in figure [76| when a weak grid was considered. The resulting compensation
at the generator side was calculated to be approximately 6.44%. I.e., in order
to obtain a constant voltage at the transformer’s secondary side, when only one
generator was operated, a compensation of 6.44% must be applied at the generator.
This corresponded quite well to the value for the transformer’s reactance, when
referred to the generator’s rating, of 6.28%. In this weak grid the generator had
some capacity left. Hence, the generator had the ability to manage larger voltage
variations, or a grid drawing more reactive power, without going into saturation.

When considering a strong grid, drawing more reactive power, the generator was
not able to give a similar contribution without exceeding the excitation limits. The
applied compensation should therefore be reduced. The amount of compensation
that should be applied in order to meet Statnett’s demands regarding voltage control
was of 2.60%, and hence the resulting droop on the transformer’s grid side would be
approximately 4,02%. When comparing the generator’s operation in this system to
the one in the weaker system, it is clear that the generator must now utilize more of
it’s capacity, and it can consequently not handle increased reactive power demand
in the same way.
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A.2.3 Changing the System Voltage When Compensation Is Studied
for One Generator in Refsdal Power Station, and Secondary
Side Measurements Are Utilized

For the following simulations only one generator in Refsdal power station was op-
erated. The other machines in the power stations were disconnected. As for the
simulations in section [8.4.1] the aim was to investigate the effect of taking the
measurements from the secondary side when one generator was operating alone.
The system voltage was changed from 0.98 p.u. to 1.02 p.u.. In order to change
the compensation for the different cases, the estimation function’s reactance was
adjusted.

The first simulation for the generator in Refsdal, investigated the voltage drop across
the transformer when the generator was connected to a weak grid, as explained in
section [8.4.1] Table [24] shows the values for voltage and reactive power, and figure
shows the relation between voltage and reactive power for this simulation.

Usetp [PU] ‘/primary [pu] ‘/secondary [pu] QGI(I) [MVAI‘]
0.98 0.989 1.004 15.257
0.99 0.981 1.004 8.675
1.00 0.974 1.004 2.187
1.01 0.967 1.004 -4.203
1.02 0.959 1.004 -10.495

Table 24: Q and V for a generator in Refsdal connected to a weaker grid, when the measurements
are taken from the transformer’s secondary side
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Figure 78: VQ-characteristic for a generator in Refsdal when a weaker grid is considered, and
the measurements are taken from the transformer’s secondary side

The second simulation also investigated the voltage drop, but the generator was
now connected to a strong grid, drawing more reactive power. Figure |79 shows the
voltages at the transformer’s primary and secondary side with respect to reactive
power generation, and is based on the values presented in table

Usetp[p-u.]

‘/primary [p-u']

‘/secondary [p~u-] QGl(l) [MVAI‘]

0.98
0.99
1.00
1.01
1.02

0.973
0.971
0.968
0.966
0.964

0.984
0.992
1.000
1.008
1.016

18.366
9.466
0.598

-8.229

-17.014

Table 25: Q and V for a generator in Refsdal connected to a strong grid, when the measurements
are taken from the transformer’s secondary side
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Figure 79: VQ-characteristic for a generator in Refsdal when a strong grid is considered, and
the measurements are taken from the transformer’s secondary side

When considering a weak grid the voltage at the transformer’s grid side, or sec-
ondary side, became stable. This was shown in figure above. The generators
were taking the voltage drop across the transformer into account, as the measure-
ments were now taken from the secondary side. When referring the transformer
reactance in Refsdal to the generator’s rating, the reactance was found to be of
approximately 6.28%. To obtain a constant voltage at the transformer’s grid side
the reactance in the estimation function was adjusted such that this reactance was
taken into account, providing a net compensation at the primary side. I.e., no ad-
ditional compensation was applied. The simulation showed that a small additional
compensation must be applied in order to obtain a constant secondary side volt-
age. The resulting primary side compensation was of 6.65%. L.e., there was a small
deviation for this simulation.

As mentioned in section [9.4.1] the net compensation at the generator side must be
increased if the secondary side voltage should become constant when the generator
was connected to a strong grid drawing more reactive power. Various values for the
reactance in the estimation function were tested, but as for the generator in Hove,
the grid was too strong. Consequently, the secondary side voltage did not become
constant. The generator was in this case only capable of giving a compensation
of approximately 1.45%, and it was hence not able to account for the transformer
reactance. The droop at the secondary side then became about 5.16%. I.e., the
generator did not have the necessary capacity to ensure a constant voltage at the
transformer’s grid side when connected to a strong grid. When comparing these
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results to the ones in section it was found that there was no clear advantages
of utilizing secondary side measurements. This was also expected when considering
one generator operating alone.
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