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the same apparent power base S, = 2.7488[MW]. The base value for specifying voltages
in per unit is sat to be the peak of the phase voltage. This entails that

2
Uscoase = \/; U, = 563.4[V] (3.1)

for the AC part of the system, and

2
Ubcase = 2\/; U, = 1126.8[V] (3.2)

for the DC link. A system overview can be seen in figure 3.1 and a screenshot of the

Simulink implementation can be seen in appendix B.2.

3.2 The Virtual Synchronous Machine

The figure 3.2 shows the topology of the VSM and how it has been connected to the rest

of the system.

As mentioned in chapter 2, the VSM in this thesis is based on the one described in [10] and
[11]. The battery bank that is powering the VSM is implemented as a DC voltage source to
simplify the model. An average model is applied to represent the VSC itself. This model
is found in the Simulink® Simscape Power Systems™ library. This implementation will
not cause any switching ripples as opposed to the PWM and IGBT implementation. The
difference between these implementations has been discussed in the specializing project
that precedes this thesis [17], and it was found that the average model was sufficient when
not studying the effects of the switching ripple and it removed distortions in the output
power, making it easier to study the power from the VSM. However, as discussed in the

limitations, this means that the effects of these harmonics won’t be observed.
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Figure 3.2: VSM topology

3.2.1 Virtual inertia and power control

The active power control of the VSM, located in the bottom left corner of figure 3.2, is
based on the behavior of a synchronous machine’s swing equation, as well as its governor.
The swing equation in question was introduces in chapter 2 and is described by equation

(2.3).

The damping power, which has been simplified to equation (2.4), will be changed to
equation (3.3) for the VSM. The speed wpyy, is the measured electrical speed at the AC
side of the VSC. This speed is measured with the use of a phase locked loop(PLL). The
PLL used in this model is based on [14] and [15]. This is the same as the PLL used
in [10] and [11]. An identical PLL is also used for the control of the VSC of the wind
turbine.

pa = ka- (wysm —wprr) (3.3)
Here,
e pg is the damping power in per unit,

e kg is the damping coefficient,
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e wygsy is the virtual speed,
e wprr is the measured PLL speed.

In the VSM, the mechanical power p,, from the prime mover has been replaced with a
virtual mechanical power. This power is defined by equation (2.1) and is the sum of the
reference power and the signal from the governor. In this thesis a traditional frequency

droop controller is used.

Here,
o p"* it the virtual mechanical power,
e p* is the active power reference,
e wpy is the reference speed,
o k, it the proportionality constant of the controller.
The constant k,, is the same as the inverse of the droop constant from equation (2.2).

The VSM models the electrical power in the stator windings simply by measuring the
electric power output from the VSC. This value reflects the electric power drawn from the

virtual rotating machinery of the VSM and is represented as p in equation (3.5).

When combining equation (2.1), (3.3) and (2.3) we get equation (3.5), which is the swing

equation that describes the virtual inertia and power control of the VSM.

dwysar _ P p ke (wWysm —wpLL) . ko - (Wi — wvsm) (3.5)
dt T, T, T, T, '

Here, T, is the time constant representing the normalized inertia constant 2H.

The rotor angle 6y, can be found with the use of equation (3.6).
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Figure 3.3: Droop-based reactive power controller [10]

dOy s
dt

= Wysm - Wy (36)

The reference speed w, of this system is set to 27 - 50%61. The values of the various

parameters used in the above equations are listed in table 3.1. These are the same values

that were used in [11].

Table 3.1: Parameter values of the VSM

Parameter | Value [p.u]
kq 400

ke, 20

T, 20

ks 0.2

wy 1000

Reactive power and voltage control

The reactive power controller seen on the upper left part of figure 3.2 is illustrated with
more details in figure 3.3. This controller is equal to the one in [10] and [11] and is a simple
droop-based controller similar to what is used in governors. This block diagram can also
be described by equations (3.7) and (3.8). The former describes the actual droop-based

reactive power controller, while the latter describes the low pass filter.
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0" =0+ kg (¢" — Gm) (3.7)
dgm,
%:_Wf Gm + Ws - q (3.8)

Here,
o kg, is the reactive power droop gain,
» wy is the cut-off frequency of the low pass filter,
e 7" is the voltage magnitude reference,
e ¢* is the reactive power reference,

e ¢ is the measured reactive power output in per unit,

7%

o 0™ is the output voltage reference magnitude that will be sent to the virtual

impedance.

The value ¢ passes through a low pass filter described by equation (3.8), before it is sent

to the droop controller as the value ¢,,.

The values of the various parameters are listed in table 3.1.

3.2.2 SRF voltage and current controllers

The SRF voltage and current controllers of the VSM, sometimes referred to as cascaded
voltage and current controllers can be seen in the center of figure 3.2. They operate
in the rotating dg-reference frame which makes it possible for the controllers to be of a
simple PI type. The outer-loop voltage controller receives its reference via the virtual
impedance and provides a current reference to the inner-loop current controller. The
current controller then gives a voltage reference in the dg-reference frame. This reference

passes through an inverse park/clark transformation which converts the signal to the
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abc-stationary reference frame. The transformation uses the angular position 0ygy; from
equation (3.6). In this way, the frequency of the voltage from the converter is provided
by the swing equation of the VSM. This voltage reference can then be sent to the PWM,
as illustrated in figure 3.2. In this model however, the voltage reference is sent directly

to an average model of the VSC.

The SRF voltage and current controllers used in this thesis is equal the ones used in [11]
and [10]. The PI controller of the current loop has been tuned with the use of the modulus
optimum method and the outer voltage loop applies the symmetrical optimum method
for its PI controller. Note that the tuning of said controllers was not performed as a part
of this thesis. The VSM implementation used in this thesis is based on the one described

in [11] and [10] and the same PI controller settings are used.

3.3 Wind Turbine Modeling

In this thesis the modeling of the wind turbine has been largely simplified. The studied
wind turbine is connected to the rest of the grid with two back to back VSC’s, but since
the focus of this thesis is on the electric grid, and more precisely the AC grid of the
system, several simplifications has been done. The wind turbine has been modeled as a
variable DC-current source in parallel with a capacitor. This is again connected to the
system with a VSC. This simplification is illustrated in figure 3.4. Just like the VSM,
the VSC of the wind turbine is implemented using an average model so the ripple caused
by the PWM switching is removed. The Simulink implementation of this can be seen in

appendix B.3.

The filter between the wind turbine and the system connection is identical to the one
of the VSM, but it is not included in figure 3.4. Neither of these filters are discussed in

detail since harmonics aren’t studied.



CHAPTER 3. MODELING 31

Wind turbine

System connection (3 phase)

vVS€C ———

1
T

v Simplification
il

System connection (3 phase)

ac VSC

Variable DC current
source

vS€C ———
T

Figure 3.4: Simplification of wind turbine

3.3.1 Wind turbine converter control

The current and voltage controller of the wind turbine converter has a similar layout as
the voltage and current controllers of the VSM. It is operating in the rotating dg-reference
frame which enables the use of simple PI controllers. This rotating frame however, gets
its reference angle for the park/clark transformation from the grid speed with the use of a
PLL. As opposed to the VSM which uses its own swing equation to provide the reference

angle.

The inner loop current controller is identical to the one used in the VSM. No reactive
power control has been implemented for this converter so the q reference current is sat
to be zero. The d current reference however, is given by the DC voltage controller as
seen in figure 3.5. This is a simple PI controller which takes in the difference between the
DC voltage reference and the measured DC voltage. This DC voltage is measured at the

capacitor that is seen in figure 3.4.

It is worth mentioning that the signal coming from the controller, seen on the right side
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Figure 3.5: Control of wind turbine VSC

of figure 3.5 is to pass through a PWM that would control the switching of the VSC. This

is not the case however, since an average model has been used for this thesis.

3.4 Comments on the SRF Controllers

The difference between the park/clark transformation of the VSM and that of the wind
turbine converter is that the VSC uses its own internal angle and speed for the transfor-
mation, while the wind turbine converter uses a phase-locked loop (PLL) to keep track
of the electrical speed of the grid. The rotating reference frame of the VSM is in other
words based on its own speed, while the wind turbine reference frame is based on the grid
speed. This is what enables the VSM to have its own torque angle and speed which is

provided by its swing equation.

It is also important to note that the SRF voltage controller if the wind turbine is control-
ling the voltage on the DC link, while the same controller for VSM controls the voltage
on the AC side of the VSC.
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3.5 Gas Turbine and Synchronous Generator

As discussed in the scope of work, the physical components of the system in not studied
in detail. This extends to the modeling of the gas turbine. This thesis will not cover
the dynamic properties of the turbine and the power input to the generator is therefore
being fed directly from a simple governor. The synchronous generator itself is also not
studied and a pre-made model from the Simulink® Simscape Power Systems™ library
is therefore utilized. This also includes the excitation system of the generator which
regulates the voltage magnitude. A screenshot of this implementation from Simulink®

can be found in appendix B.4.

The pre-made model of the SG is of a round rotor type. It has the same power rating
as the other components in the grid, S, = 2.7488MV A. Its steady state, transient and
sub-transient parameters, as well as its inertia constant H can be found in appendix B.1.

The implication of these values are not discussed in this thesis.

3.6 Electrical Load

The local electrical load of the platform is modeled as a star-connected impedance with the
possibility to connect an additional, identical impedance in star-connected parallel. This
additional impedance would effectively double the load (assuming the voltage remains
unchanged). The value of the impedance is listed in table 3.2. This impedance would

consume 0.5 [p.u] of active power under normal conditions.

Table 3.2: Impedance values of the electric load
Parameter | Value

Tload 2 [pu]
lload 02 [pu]
Risad 0.3464 [Q)]

Lload 0.1103 [mH]
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3.7 Grid Impedance

The wind turbine, VSM and SG has, as you can see in figure 3.1, a grid impedance
between themselves and the point of common coupling (PCC). This impedance represents
the resistance and inductance in the line between the component and the PCC. The

resistance and inductance values are equal in the three cases and listed in table 3.3.

These impedances would not be equal in a real scenario but it was chosen this way for the
sake of simplicity. There would also be sea cables from the wind turbine to the platform

to further complicate the modeling.

Table 3.3: Grid impedance values
Parameter | Value

Tgrid 0.01 [p.u]
Lorid 0.2 [p.u]
Rypia 0.0017 [Q)]

Lgria 0.1103 [mH]



Chapter 4

Results

This chapter will present the results of various simulations performed in Matlab®Simulink®.
The simulated events will attempt to represent realistic scenarios related to the operation
of the system described in chapter 3. The goal is to demonstrate and explore the various
properties and capabilities of the VSM, as well as its practical suitability. This is done

by studying the system’s behavior during several scenarios.

All the values presented in plots in this chapter will be in per-unit.

4.1 Demonstration of Active Load Sharing

This section contains results from simulation scenarios whose primary objective is to
demonstrate how the active load is distributed between the various components in the
system during different events. It is important for the practical suitability of the VSM to

see how it performs in parallel to a synchronous generator.

35
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4.1.1 A step-up in active power demand

In this scenario there will be a step-up in the electrical load by connecting an additional
impedance in parallel. This results in a near doubling of the active electrical load at
t = 6.5[s] and can be seen in figure 4.2. The parameters of interest are listed in table
4.1. The wind turbine is sat to produce a constant 0.25 [p.u]. This means that the wind
turbine and the gas turbine can cover the initial load without the help of the battery
bank. Setting the power references of the gas turbine and VSM to 0.25 [p.u] and 0 [p.u]
respectively, will cause the speed to be nearly 1 [p.u] before the load is increased. This is

also the reference speed for all the controllers in the system.

Table 4.1: Test case 1.1: Parameter values

Parameter | Value [p.u]
Pvsm 0

kaSM 20

Phyne 0.25

kwsync 30

Wref 1
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Observe figure 4.1 and 4.2. It shows how the initial load is covered by the wind turbine
and the SG from ¢t = 5.5[s] to t = 6.5[s]. When ¢ = 6.5[s], the additional load is
added and we get a transient period before steady state is reached around ¢t = 7[s]. The
synchronous machine and the battery bank are now sharing the increased load between
themselves. The sharing of load is determined by the constants kv sy and kg gyne of the
power controllers. These constants are, as mentioned in section 3.2.1, the same as the

inverse of the droop constant p.

When neglecting the grid losses and the losses in the SM, we get equation (4.1), which can
be combined with equation (2.1) to calculate the new synchronous speed of the system;

the calculations can be seen in equation (4.2).

Pload — Pwind = PVSM + Psync (41)

B prerSM +pref$'ync — (pload — pwmd) + OJref . (k’wVSM + kaync) = 0.99 (4 2)

Wsyne =

kaSM + kaync

This calculated value matches the plot of the measured speed in figure 4.3. That is,
after steady state is achieved at t = 7[s]. By applying this speed to equation (2.1) one
gets a new VSM power of 0.2 [p.u]. This corresponds to what we see in figure 4.1 after

t = T[s].
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Figure 4.3: Test case 1.1: Various system speeds

Scenario without the battery bank

Figure 4.4 shows speeds of the system when it is subjected to the same scenario as before,
only this time without the support of the VSM operated battery bank, which has been
disconnected from the system. It is just the SG and the wind turbine that is supporting
the load. This means that when the additional load is added at ¢t = 6.5[s], the SG needs to
cover that increased load by itself. What this shows is that the initial drop in grid speed
measured by the wind turbine PLL is larger than when the battery bank was included in
the system, seen in figure 4.3. This indicates that the VSM is introducing inertia into the

system and reducing the initial drop in grid speed.

You can also see how the speed after ¢t = 7[s] is lower than in the previous case. The
speed is now determined only by the governor of the SG and not the VSM of the battery
bank.
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Figure 4.4: Test case 1.1 without VSM: Various system speeds

4.1.2 Sudden loss of wind power

Another scenario that demonstrates the dual operation of the SG and the VSM is the
case of sudden loss of wind power. In the following case, the wind power suddenly starts
to pick up, until it exceeds its limits and stops production. The wind power can be seen
in figure 4.6. The wind turbine delivers 0.25 [p.u] of power up until ¢ = 6.5[s|, when the
power starts to pick up. The wind power reach 0.45[p.u] at ¢t = 8.5[s] and the power is

cut.

All parameters remain unchanged from the ones listed in table 4.1. An additional electrical
load is not connected, but remains at 0.5 [p.u]. The reference power of the VSM remains
at 0, so when the wind power starts to pick up, the power starts to flow into the battery
bank; it is charging. This can be seen in 4.5 from ¢ = 6.5[s] to t = 8.5[s]. The amount of
power that flows into the battery bank and the reduction of power produced by the gas
turbine is again determined by the droop constants of the active power controller of the

VSM and the governor of the SG.
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Figure 4.6: Test case 1.2: Active power b)

When the wind power is cut at t = 8.5[s], the two sources share the additional load

between themselves in the same way they did with the step-up in load in section 4.1.1.
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This shows how the VSM can operate in both charging mode and power delivery mode
in parallel with a synchronous machine and doing so without altering any settings during
the process. There are also a lot of options to tune how the VSM would react in such
an event. This can be done by changing the reference power and droop of the VSM and

SG.

In figure 4.7 you can see the system speeds. The speed of the system is 1 [p.u] up until
t = 6.5[s] when the wind power is picking up. Then we see an increase in system speed
similar to what you would get during a decrease in load. This increase in speed is dictated
by the droop of the VSM and governor of the SG. When the wind power is cut at ¢t = 8.5[s]

there is a transient state before the speed stabilizes at a lower level.
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Figure 4.7: Test case 1.2: Various system speeds

4.2 Demonstration of Island Operation Capability

This section contains results from scenarios where the goal is to show how the VSM can

operate in island operation. The battery bank will in other words be operating without
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a SG or a stiff grid and the VSM will have to set the grid frequency and ensure power
balance by itself.

4.2.1 Operation without gas turbine/SG

This scenario has the SG disconnected from the system and the local load of 0.5 [p.u] is
being covered by the wind turbine and the battery bank. The active power reference of

the VSM p} g, is 0.5 [p.u] in this scenario.

The wind power from the turbine is initially 0.25 [p.u], but starts to vary at ¢t = 6.5[s] as
shown by the blue line in figure 4.8. The wind power is eventually cut at ¢ = 10[s| and
the battery bank is supplying the local load alone.

As we can see in figure 4.8, the VSM is matching the variations in the wind power and the
two graphs seem to be mirrors of each other. The battery bank immediately increases its
output when the wind power is lost at ¢t = 10[s]. Figure 4.9 shows how the speed is varied
with the increasing or decreasing loading of the VSM. This illustrates how the speed of
the system is determined by the droop controller of the VSM. The speed response at t=10
[s] also show how the inertia of the VSM prevents the speed from dropping too low when
the wind power is cut. The rapid increase in power output from the battery bank enables

the maintaining of the frequency.

In the beginning of the simulation, at ¢ = 5[s], the speed of the system is high; it’s over
1.01 [p.u]. This is because the active power reference of the VSM, pi ¢,,, is sat to be
0.5 [p.u], while the reference speed is sat to 1 [p.u]. The speed of the system would be
1 [p.u] if the battery bank were to cover the local load alone, and not with the help of
the wind turbine. This shows that a challenge with the islanded VSM system is to tune
the references and droop constants in such a way that the frequency is kept within its
limits even when there are large variations in the wind power. It might be desirable to use

different settings for when you are running parallel to a SG or for various wind conditions.
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4.2.2 Step up in reactive power demand

In this scenario there is a sudden increase in reactive power demand from the load. This
can represent the starting of a large induction machine; an event that requires a lot of
reactive power to set up the rotor field. The increase in reactive load occurs at t = 6.5[s]
and is achieved by adding another impedance the same way as in section 4.1.1. This load

however, has double the inductance.

It can be observed in figure 4.10 that the reactive power production from the VSC of
the battery bank, named "VSM reactive power” in the figure, increases its production
in order to accommodate for the increased demand. The figure also shows a decrease in
reactive power from the wind turbine. The reason for this decrease has not been analyzed
in detail, but one explanation could be the reduced reactive power production in the filter
capacitors connected to the VSC caused by the reduced voltage. The voltage drop can
be seen at t = 6.5[s] in figure 4.11. This reduction in voltage magnitude is caused by
the droop-based reactive power controller of the VSM which was described in section 3.2.
Equation (3.7) explains how an increased reactive power output, g, will cause a lower
voltage reference, v™, to be sent to the virtual impedance and the SRF controllers. This
will again lower the voltage magnitude at the PCC since the system is in island operation

and its voltage is set by the power electronics of the battery bank.

4.3 The Effect of the Virtual Inertia of the VSM

This final section will explore the effects of changing the inertia constant T, of the VSM.
In this scenario, the system experiences a step up in electrical load by connecting an
additional impedance in parallel. This increase is the same as the one in section 4.1.1.
In this section the SG is disconnected and the wind turbine and battery bank covers the
load alone. The wind turbine is producing a constant power of 0.4 [p.u] while the battery

bank is covering the remaining load. The load increase occurs at ¢ = 6.5[s].



CHAPTER 4. RESULTS

VSM reactive power Wind turbine reactive power Local load reactive power

0.12 : : ‘ 0.12 : ‘ . 0.12 : : :

011 ] 01 B 01
0.08 \f q 0.08 B 0.08 -
0.06 - 7 0.06 [ 1 0.06 -
0.04 - q 0.04 1 B 0.04
0.02 - 7 0.02 - 1 0.02 -

0 1 or 1 0
0.02 - 7 0.02 - 1 0.02 -
-0.04 |- q -0.04 - 1 -0.04 -
| | | | | I | | |
6 6.5 7 7.5 8 6 6.5 7 7.5 8 6 6.5 7 7.5
Time [s] Time [s] Time [s]
Figure 4.10: Test case 2.2: Reactive power

» Load voltage magnitude

. I I I

1
09—
08 | | | | | 1 | | |

6 6.2 6.4 6.6 6.8 7 7.2 7.4 7.6 7.8

Time [s]

Figure 4.11: Test case 2.2: Load voltage magnitude



CHAPTER 4. RESULTS 47

The load increase described in the above paragraph has been tested for four different
inertia time constants and the different speed responses are presented in figure 4.12. The
speed depicted in this figure is the internal speed of the VSM, which is determined by its

swing equation, equation(3.5).

It is clear that the immediate drop in speed is larger with a larger inertia, which is what
one would expect. The figure also shows how the larger inertia uses longer time to stabilize
at its new speed. The new steady state speed is not affected by changing the inertia time
constant since it is determined by the droop of the active power controller, as well as the

power and speed references.

In this scenario, the immediate drop in speed helps the signal reach its new steady state
value faster. This is quite clear for the graphs of T, = 5[s] and T, = 10[s] since their
immediate drops leaves them closer to the new steady state speed than the other two. In
addition to this, the lower inertia VSM’s also works towards the new steady state speed
more rapidly, meaning that they have a steeper curve. The higher inertia, the more energy

needs to be added in order to change its speed.

Figure 4.12 also illustrates in a way how the inertia constant of the VSM can be chosen in
order to fit the system it is applied to, and in that way obtain a desired speed response.
You may also want to run the VSM with different inertias under different states, say
in parallel with an SG or when the battery bank is being charged to make sure the
responses are acceptable. The choice of the inertia constant can also be combined with
the changing of the damping coefficient in order to get the desired behavior. The choice
of these parameters can be combined with the choice of speed and power references, as

well as droop, to get the desired power and speed responses from the VSM.

The inertia constant also need to be dimensioned according to the current limits of the
VSC it is controlling. This is especially important when operating in grid connection or
in parallel with large SG’s. In those cases, a drop in grid frequency will cause a large
increase in power output from the battery bank provided by the damping term of the swing

equation. This is less of a pressing matter when operating in island operation where the
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Figure 4.12: Test case 3.1: speed

local load alone is determining the power from the energy sources. A solution could be to
use a lower inertia when in grid operation compared to when in island operation if there

is a risk of exceeding the current limitations.

The high power output as a result of a decrease in grid speed is demonstrated in figure
4.13. This scenario has the VSM run at a speed of 1.02 [p.u] by changing speed reference
wygp- The system is in island operation and with the same wind power and load as
before. At t = 4[s|, the grid is connected and enforce the 1 [p.u] speed on the system.
This is causing an immediate increase in power output from the battery bank. This
scenario has been simulated with 7, = 5[s] and T, = 20[s]; you can see in figure 4.13
that the higher inertia constant gives a higher immediate power increase the moment the
grid is connected. In the same figure you can see the change in the internal speed of the
VSM. The initial drop in speed is, as you would expect, largest for the simulation with

the lower inertia.
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Figure 4.13: Test case 3.2: speed and power
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Chapter 5

Conclusion

An electrical system was designed for this thesis and its purpose was to represent the grid
of an offshore oil and gas platform. The designed system was a considerable simplification
of a system that in reality would be a lot more complex. However, the system served its
purpose and fitted the scope of this thesis. The low complexity made it easier to study

the components that were relevant and to observe how they affected the system.

Said system consists of a synchronous generator powered by a gas turbine, a battery bank
operated as a virtual synchronous machine, a wind turbine and a load impedance. All
these components were connected to a point of common coupling with a grid impedance

in between.

The modeling of the various components has been covered and a model of the system has
been implemented into the Matlab®/Simulink® environment with the use of Simscape
Power Systems™. Several simplifications were made when modeling the various compo-
nents. This was done in order to make the simulations easier, and to make the modeling

less complex.

This model was explored and experimented with during the work of implementation and
the components of the system has been continuously tested with simulations. This was

necessary in order to confirm the correct functioning of the various part of the system,
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but it also helped to recognize the behavior of the various components.

After completing the implementation of the model began the work of identifying rele-
vant test cases. This work comprised of further exploration of the system in order to
recognize scenarios of interest. The effort of identifying test cases also brought about a
better understanding of the functionality of the components, as well as the system as a

whole.

The first test cases presented in chapter 4 examines the load sharing between the power
sources in the system. This was achieved by studying the response in power and speed
at the power sources during events such as a sudden load increase or variations in wind
power. Further test cases involved the removal of the synchronous generator from the
system in order to study the VSM and wind turbine in island operation. This system
was subjected to variations in wind power, as well as a predominantly reactive power
increase. The latter was carried out in order to examine the functioning of the reactive

power controller of the VSM.

These test cases indicates that this VSM implementation has good practical suitability
for the interfacing of wind turbines with offshore oil and gas platforms. It performs well
in parallel with a traditional synchronous generator, and also has the ability to operate
in a power electronic dominated environment where it defines the grid speed with its own
swing equation. The VSM also responds to changes in load so it can enable the turning

off of gas turbines when enough wind power is present.

The final test cases involved examining in impact of changing the inertia constant of the
VSM. Simulations were performed in both grid-connection and island operation in order
to address various challenges of setting the inertia constant. It was argued that it might
be favorable to use different inertia constants during various modes of operation in order

to get a desired response from the VSM.
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5.1 Recommendations for Further Work

The introduction of this thesis presented several limitations for the work that has been
conducted. The main limiting factor is the simplifications of the studied system and the
modeling of said system. A more complex system would indeed enable a more detailed
analysis and the study of more test cases. A technology to synchronize and connect the
VSM to a stiff grid or an operational synchronous generator would for example allow for

a whole new range of highly relevant scenarios to be studied.

The model of the system could also be expanded to include more detailed implementations
of gas turbines, wind turbines, cables, loads battery banks and converters. This would
make it possible to further study the impacts of contingencies on such a system and

explore the VSM’s response to these events.
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Appendix A

Figures

A.0.1 Maturity of wind turbine technology (Source: NVE)[18]
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Figure A.1: Maturity of wind turbine technology
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Screenshots

B.1 Screenshot from Simulink of SG parameters

" Block Parameters: Synchronous Machine pu Standard -
Synchronous Machine (mask) (link)

Implements a 3-phase synchronous machine modelled in the dg rotor
reference frame. Stator windings are connected in wye to an internal
neutral paint.

Configuration | Parameters | Advanced | Load Flow |

Mominal power, line-to-line valtage, frequency [ Pndva) vnlvrms) miHz) 1
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Figure B.1: SG parameters
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B.2 Screenshot from Simulink of system overview
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Figure B.2: System overview
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B.3 Screenshot from Simulink of Wind turbine VSC
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Screenshot from Simulink of Gas Turbine and

SG
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