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Abstract:

This thesis focus on decoupling ac-
tive and reactive power for a grid
forming(GFM) inverter using virtual
impedance control. The goal is to in-
crease the X/R ratio to 10 or more to
make the feeder impedance inductive.
When this is the case the phase an-
gle and voltage magnitude controls the
active and reactive power separately
leading to a decoupling between the
powers. When the X/R ratio is low
or in other words the impedance is
resistive the powers can not be con-
trolled properly because the phase an-
gle and voltage does not have the
same relationship to the powers. This
leads to instability and weak dynamic
performance. The virtual impedance
proposed in this project uses a neg-
ative resistance and a positive virtual
impedance to increase the X/R ratio.
To test the decoupling effect power
steps with different X/R ratios and
grid strength will be applied and the
coupling and step response during the
steps will be examined. The tests
will be done through simulations in
Simulink and on a experimental set-
up. From both the simulations and
experimental test it can be concluded
that virtual impedance had a decou-
pling effect for the strong grid. For
the weaker grid there was a clear de-
coupling during the active power step.
However this was not the case un-
der a reactive power step. The vir-
tual impedance also lead to a signifi-
cant damping effect on the system.
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GFM
GFL
SG
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rms
d-axis
q-axis
PI
FCS-MPC

THD

Grid-Forming
Grid-Following
Synchronous Generator
Inverter Based Resources
Short Circuit Ratio

Low Pass Filter

Active Power Controller
Reactive Power Controller
Point of Coupling

Peak

Root Mean Square

Direct Axis

Quadrature axis
Proportional Integral
Finite Control Set-Modular Predictive Control

Total Harmonic Distortion
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Nomenclature

Variables

wo  Nominal Angular Frequency
w Angular Frequency

Cr Filter Capacitance

f Frequency

fo Nominal Frequency

Iy Filter Inductor Current

Ly Filter Inductance

Lg Grid Inductance

Ry Filter Resistance

Rg Grid Resistance

R, Virtual Resistance

T Sampling Time

Vo Output Filter Capacitor Voltage
Vape  abc Voltage

Viom Nominal Voltage

X, Grid Reactance

Xy Virtual Reactance

Grid Impedance

X

rad/s
rad/s

Ohm
Ohm
Ohm
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Chapter 1

Problem Analysis

Since the beginning of the power grid, synchronous generators have been the main
type of power system. Due to a large demand for renewable energy over the last
years, solar and wind power systems are becoming a significant part of the grid
[1]. These power systems use inverters to synchronous to the grid and are referred
to as inverter based resources(IBRs). With the increase of IBRs grid instability
emerge due to lack of grid supporting capabilities that synchronous generators(SG)
posses. A solution to these instabilities is the inverter control method of grid-
forming(GFM). This method can improve grid support by making it’s own voltage
reference, therefore it also works well for weak grids. Figure|l.1|shows a simplified
schematic of a GFM inverter.

VSC LC filter Grid Impedance
Vi Ry Ly By
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7 4
e
Pref
Control
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Figure 1.1: Schematic of simplified GFM inverter.

The control block contains power controllers and usually an inner loop to reg-
ulate voltage. GFM control typically uses droop control to control the power.
This method controls the active power by the adjusting the frequency and reac-
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tive power by controlling the voltage magnitude. However droop control needs a
inductive feeder impedance to work properly. This is not the case for low voltage
grids where the line is more resistive, this can be seen in Figure [2]].

Type of line R (Q/km) X (Q/km)
Low-voltage line 0.642 0.083
Medium-voltage line 0.161 0.190
High-voltage line 0.06 0.191

Figure 1.2: Line resistance and reactance per kilometer[?2].

When the feeder impedance is resistive the active and reactive power cannot
be controlled separately by droop control, leading to significant coupling between
the two powers [3]. This results in instability and weak transient response in the
system. To decouple the powers virtual impedance control can be used. The goal of
this method is to increase X/R ratio of the feeder impedance to make it inductive.
The X/R ratio is the line reactance divided by the line resistance. When this ratio
is above 10 the line should be inductive, thus decoupling the active and reactive
power.

1.1 Grid Connected Inverter Control

This section will look into the difference between conventional GFL inverters and
GFM inverters and how the function. Also the power and virtual impedance con-
trol GFM inverter will be introduced.

1.1.1 GFL and GFM

The main goal of grid connected inverters is to supply the grid with active and
reactive power [1]. GFL usually focus mainly on supplying the grid with active
power, the reactive power is usually kept at zero or as low as possible. GFL is
required to have some grid support but it is limited as it works as current source
and it’s reference comes from the grid. This means that if the grid is weak, changes
in the grid will give a worst reference leading to instability. GFM however creates
a voltage and frequency reference that can inject active power into the grid dur-
ing stable operation and the needed reactive power needed to stabilize the grid
when needed. These capabilities give characteristics of an SG. These characteris-
tics include blank start capabilities, virtual inertia, better over-current regulations
and better frequency support during grid changes [4]. This makes GFM a better
alternative for isolated and weak grids and when stability is needed in a grid. GFL
is however better at current regulations as it is a current source. Figure [1.3shows
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a simplified representation of the GFL and GFM inverters, GFL is a current source
with a highly inductive impedance in series and GFM is a voltage source with a
low impedance in series [2].

Gad Grid

(a) GFL (b) GFM

Figure 1.3: Simplified representation of GFL and GFM. [2]

The Cp and Cv blocks in[1.3|are the control parts needed to get the references.
As seen GFL uses the active and reactive power to calculate the current reference
while GFM creates its own angle and voltage reference. GFL uses a phase-locked
loop(PLL) method to synchronize with the grid [2] More information about the
PLL is found in Appendix

1.1.2 GFM Power Control

The goal of GFM power control is accurate active and reactive power control. The
conventional droop control method is a well established method and is frequently
used to control the active and reactive power separately [1]. The power exchange
between the inverter and grid can be shown by the following two equations[3].

_ W% Ve
P, = Z—gcos(@ —0) — Z—gcos(f)) (1.1)
Qe = Wsin(o - 6) - sino) (12)
= —2sin(0 —6) — ==sin :
2 z8

where Vp and Vj is the instantaneous rms output voltages of the GFM inverter
and grid side respectively. ¢ is the phase angle between the grid and inverter.
Z,/0 is the line impedance where 0 is the power factor angle between the grid
voltage and current. For droop control to function the line impedance needs to
be inductive. At Z;/90 the grid is purely inductive and if J is small the power
equations can be simplified to:
WV,
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Qg =~ 2% - V) (1.4)

Here X, is the line reactance. Equation [1.3/shows the relationship between the
phase angle § and the active power. The frequency of the output voltage can alter
the phase angle which gives the following relationship.

w —wo = —Kpapc(P — Py) (1.5)

Where wj and w is the reference frequency and output voltage frequency respec-
tively. P is the measured output active power and P is the reference active power.
Kp,apc is the droop gain acting like a proportional gain for the active power control.
To control the reactive power the magnitude of the inverter output power can be
controlled giving the following equation.

V-V= _Kp,rpc(Q - QO) (1~6)

Here Q are the output reactive power and Qp is the reference reactive power
respectively. K, is the droop gain which also works as the proportional gain
for the reactive power control. The droop gains are found by the following equa-

tions][5]:
Aw

Kypape = P (1.7)
max
AV

Ky rpe = Omar (1.8)
max

Here Aw is the difference between the reference frequency and maximum fre-
quency limit. Py, is the maximum active power capacity. AV the difference be-
tween the reference voltage and maximum voltage limit. Qs is the maximum
reactive power capacity.

1.1.3 Virtual Impedance Control

As mentioned the conventional droop control method needs an inductive feeder
impedance. To make a resistive grid have an inductive feeder impedance virtual
impedance can be added [3]. This method adds the effect of a positive virtual reac-
tance and a negative resistance to the voltage reference. The virtual reactance gives
the effect of an inductor in series between the inverter and point of coupling(PCC).
The added virtual impedance should give a X/R ratio larger than 10. This will
decouple the active and reactive power. The equation below shows the effect of the
line and virtual impedance on the voltage reference[6].

VoLdv = (Rg + Ry + jXg + jXo) [0 (1.9)
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Ry and Ry is the grid and virtual resistance and Z; and Z, is the grid and
virtual reactance.

Figure shows an equivalent model of the GFM inverter with the virtual
resistance[4].

PCC
VoL Vold, | V,£0
Zv i Zg

VSC
Vg V!J

Figure 1.4: Equivalent model of GFM inverter with virtual impedance[4].

Here Vp /6 and VyZ4, is the output voltage without and without the virtual
impedance respectively. V,Z0 is the grid voltage. Z; and Z; is the grid and virtual
impedance respectively.

1.1.4 Grid Strength

The stronger the grid the better the voltage will be preserve or fixed during distur-
bances and in steady state operation [7]. The grid strength is determined by the
the short circuit ratio(SCR) which is determined by the grid impedance, voltage
magnitude and rated apparent power as seen in the following equation [8]:

2
1.5V;

R =
SCR= 57

(1.10)

Here V; is the ground to phase grid rms voltage, S, is the rated apparent power
and Z, is the grid impedance. When the SCR is above 3 the grid is strong and
when it is under 2 it is very weak. For remote low voltage micro-grids the long
transmission lines leads to a weak grid. When the SCR is above 3 the grid is strong
and when it is under 2 it is very weak.
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1.2 Research Question
“Will virtual impedance decouple the active and reactive power for a resistive grid?”

1. How will different X/R ratios effect the power coupling and dynamic behav-
ior during power steps?

2. How does the grid strength effect power coupling and dynamic behavior for
different X/R ratios?
1.2.1 Technical objective

The objectives for this project are listed below.

* Explain the operational principals of inner and outer loops and virtual impedance
control.

* Design active and reactive power controllers using PI controllers, inner loop
control with FCS-MPC and virtual impedance control for the system.

* Evaluate the decoupling effect and dynamic behaviour of the active and re-
active power by making simulations in Simulink with three different X/R
ratios. These ratios will be tested with a strong and a weaker grid.

¢ Conduct experimental test on an experimental set-up for a GFM inverter
according to the schematic in Figure This was done by dSpace 1202
which is the prototyping system executing the control systems.



Chapter 2

Modeling

This chapter focus on theory and design of the GFM inverter used in this project.
The GFM inverter includes an inner loop that uses finite control set-modular pre-
dictive control(FCS-MPC), the active power control(APC), reactive power control(RPC)
and virtual impedance control. Figure [2.1) shows the grid connected GFM inverter

with the controllers mentioned.

VSC LC filter PCC Line Impedance
Ry dgabe Ly Vg, ; R L 2
Vbe L] G W i s Oakq Hoake "v‘v*jv 1y 44’\"\1(\ e /\/ Grid
abc J
S‘abc VOﬂﬂ -
tfag
l 100
v 0 — Eo A W
afref fe— | [
FCS-MPC /-\ Vier
v Qref P and Q calc
P .
Vap RPC | Q| t0dg
[ a— iﬂﬂ!ﬁ

Virtual
Impedance
P  Vies

Figure 2.1: Schematic of GFM control with virtual impedance.

The VSC is a 2-level 3-phase voltage source inverter. The inner loop uses
feedback from the LC filter voltage and current, and current from the point of
coupling(PCC) to regulate the voltage [9]. The voltage and current feedback un-
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dergo reference frame transformation to give the correct reference frame. The grid
impedance is represented by a resistor and inductor in series. The LC filter is used
to remove unwanted harmonics from the output voltage. The resistive part of the
LC filter is a small resistance included in the filter. Table shows the grid and
filter parameters, the parameters with 2 values is for the strong grid(SCR of 13) to
the left and the weaker grid(SCR of 3) to the right.

Table 2.1: System parameters for the simulation.

Parameter Symbol Value
Grid Voltage Phase-to-Ground Ve 70 Vrms
Nominal Grid Frequency fo 50 Hz
Sampling Time T 20 us
Grid Strength SCR 13/3
Grid Resistance Q) 4/10
Grid Inductance Lg 3.6/15.5 mH
Grid Reactance Xe 1.13/4.87 O
Filter Inductance Ly 24 mH
Filter Capacitance Cr 15 uF
Resistance in LC filter Ry 010
Filter Cutoff frequency kHz 2.5

Here it grid voltage is 70 Vrms which is the case for the simulation tests. For
the experiments however this voltage was 35 Vrms because a higher voltage cause
faults in the system.

2.1 Inner Loop Control

The inner control loop is used for voltage regulation [9]. The conventional method
employs a dual loop topology with PI controllers. Having a dual loop topology
often leads to bandwidth problems which leads leads to weaker dynamic perfor-
mance. Also dual inner loop control leads to worst robustness during parameter
changes and the lack the ability of balancing the various control intentions effec-
tively [10]. An alternative method to deal with these problems is finite control
set-model predictive control(FCS-MPC). This method can handle multiple inputs
and determine the optimal action for the next step or multiple steps for the best
performance.

2.1.1 Finite Control Set-Model Predictive Control

In this project the FCS-MPC method was utilized to determine the next optimal
switching state for the inverter for each time step. For inverters, it can however be
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relevant to predict multiple steps ahead when switching at lower frequencies [10].
The inverter employed in this project is a two-level, three phase inverter with eight
different switching states, as shown in Figure

B
A
BRI 1y,
u’@ \\L}Qq’
QOJJ’O e
G2 =
= ilgr OF() OF
~ Vo (0!050) Va(l 1 l)
N
OF,
S 2
g@h 5 &
A %
A O ‘;f‘ = .
: e
- %I{k _J\/%_I(/fc %Idr = j\/; de

Figure 2.2: The voltage vectors that the inverter can apply[9].

Keep in mind that OF) and OF; reach the same value, but use different switches.

FCS-MPC implements all the switching states into the discrete model of the
inverter to predict the output current and voltage. These values will then be imple-
mented into a cost function to decide which switching state to use. The differential
equation for the LC filter as shown in the following equation.

di ,

LfE = Vi+V0—|—Rflf (2.1)
o iy 2.2)
f = i o :

Here C; and Ly is the LC filter capacitance and inductance respectively. if is
the inductor current and Vj is the capacitance voltage. V; is the voltage vector state
of the inverter and iy is the output current. These differential equations give the
following continuous state space model.
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d [1 fl if
dt [VO] B [VO] -
Zero order hold is used to make the continuous model into a discrete model.

This has to be done for digital implementation. The following equation shows the
discrete model equation.

. R
irk+1)] _ [~ -1
& 0
f

1
L
0 1

Cr

_Rf 1
Ly Ly '
1o

L 0
Cr

[Vi] (2.3)

1
L Vi(k) +

i) *

0
_1] (2.4)

Volk+1) z

This equation will predict the output voltage and inductor current for the next
time step. The voltages and currents measurements of the system are transferred
from the abc reference frame to af by Clark Transformation. The predicted current
and voltages are then implemented into the cost function.

CF = (Via — Vou)2 + (Vi B — VoB)* + AwSW? + AderGuter (2.5)

Ader and A, are the weighting factors for Gg,, and SW respectively. G, is used
to regulate for the error from the derivative of the output voltage. SW considers
the amount of transistor switching that has to be done to get into the next state, so
the more switches that need to be switched the higher SW is. G, is found by the
following equation.

Gaer = (Crw* Vo — i + ign)* + (Crw* Vi B+ ipp — ioB)> (2.6)
The equation for SW:
SW = [[vi(k) — vi(k = 1)]| 2.7)

v;(k) is the switching for this step and v;(k — 1) is for the previous step.
Figure [2.3]shows the block diagram of the FCS-MPC controller.
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Ade;" )\w

FCS-MPC

Vaﬁre T Sabe
—_—> Cost Function —>

A
x(k+1)

Prediction Model

Viag Lfaf 10ap

Figure 2.3: Block diagram of FCS-MPC [9].

Here S, is the switching signal that tells the inverter to switch to get the
reference voltage.

Table 2.2 shows the weighting factors used in this project. These values were
the ones implemented in the experimental set-up, therefore these were also used
for the simulation.

Table 2.2: Weighting factors used in the project.

Parameter | Value
Ader 3
Aw 1

2.2 Power Control

The power control in this project is based on conventional droop control. Both the
active and reactive power control will use a PI controller where the proportional
gain is determined by droop characteristics and the integral gain is implemented
to get rid of the steady state error. Although the integral part of the active power
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controller(APC) is not necessary, a small integral gain is added to maintain PI
controllers for both the APC and RPC. As the droop equations were introduced in
Chapter (1] this section will focus on the explaining the power loops, the design of
the controllers and the frequency and step response of the system.

2.2.1 Active Power Control(APC)

Figure 2.4|shows the block diagram of the active power loop [1]].

wo
Pr&f wy X Ki |Aw H‘\ Wref
)

s+ wf

—_
D

svv, | P
2X,

W

Figure 2.4: Active power control loop [1].

The PI adjusts frequency reach the active power reference. The active power er-
ror goes through the first order low pass filter with a cut-off frequency of w; before
the PI controller. The PI then computes the change in frequency needed to correct
the active power error which is added to the nominal frequency wy to get the ref-
erence frequency w. This frequency is integrated to get the power angle 6 needed
to correct the active power. The angle multiplied by simplified power exchange
equation between inverter and grid from Equation Although the integral part
of the active power control is not necessary a small integral gain is added to have
a PI controller for both controllers. Therefore for the rest of this section the bode
and step response will not include the integral part.

To measure the output active power of the the inverter the following equation
is used.

P = Vpdipd + Voqioq (2.8)

Here the voltages and currents of the PCC are transferred to the dq domain by
the park transformation.

The open loop transfer function is shown below.

a)f 1 3VOVg
S

s+ wy 2X, (2.9)

GoL = Kp,apc :
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It is assumed that Vy and V; are both 70 V is 10 when plotting the bode and closed
loop diagrams. wy is 10.
The closed loop transfer function:

Gor,
Gcp = 2.10
L= 1T Gor (2.10)

Kyp,apc was found by using Equation from the previous chapter. The fre-
quency variation used was 2%, this value is within the droop coefficient limit for
generators in Europe which is between 2% and 12% [11]. Also from testing the
different droop coefficient in the simulation and in step responses in Matlab 2%
gave a good step response compared to higher values.

0.02 - 50
PAPE = 71000
Figure shows the open loop bode plot for the active power loop for the
strong and weaker grid using the calculated K, ;. value.

= 0.001 (2.11)

Bode Diagram
50 _— —

Strong Grid
— Weak Grid

Magnitude (dB)

-50

100 . I . I O . I A
90 ———————— T — T —

135 - g

Phase (deg)

-180 &= L L I | L L N | L L I |
107 10° 10 102 10°
Frequency (rad/s)

Figure 2.5: Open loop bode plot.

The table below shows the gain and phase margins of the system with a strong
and weaker grid.
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Table 2.3: Gain and Phase Margins for Strong and Weak Grid

Parameter | Strong Grid | Weaker Grid
Gain Margin Infinite Infinite
Phase Margin | 60.5 degree | 81.5 degree

Figure [2.6|shows the step response of the closed loop system with a strong and
weaker grid.

Step Response

—Strong Grid
Weak Grid

0.8

Amplitude
=)
o

0.2

0 1
1 15 2
Time (seconds)

Figure 2.6: Closed loop step response.

From the gain and phase margins and step response it shows that K, ,,c will be

a suitable gain for this system.
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2.2.2 Reactive Power Control(RPC)

Figure shows the block diagram of the reactive power loop.

Vnom

Qref (7 wy ki | AV Vref 3V Q
= S

s+ wy 2X,

g

Q

Figure 2.7: Reactive power loop.

Here the PI controller gives the needed change in voltage magnitude AV to
reach the reactive power reference. Before the reactive power error goes to the
PI controller it goes through a first order low pass filter. This correction change
will be added with the nominal voltage V,; to get the reference voltage V. 7 By
multiplying the Vs with ZST‘?; we get Equation [1.4{ which gives the reactive power
flowing from the inverter to the grid. Here there is also a low pass filter in the
feedback. To measure the output active power of the the inverter the following

equation is used.

Q = Vogqiod — Vodiog (2.12)

Here the dq voltages and currents of the PCC are transferred to the dq domain by
the park transformation.

The open loop transfer function is shown below.

Ki rpc w f 3V0
= ) - . 2.13
Gor = (Kppe + s ) s+wyp 2Xg @13)
The closed loop transfer function is then:
Gel Cor (2.14)

:1—|-GQL

The reactive power droop gain is calculated by using Equation The drop
coefficient was 2 percent like for the APC and the maximum reactive power was
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400 VAr, which was an estimated value as the maximum value was not certain.
This gives the following calculation for the droop gain:

0.02-70
Kp,rpc - W - 00035 (215)

To find the integral gain the closed loop transfer function was used. The reac-
tive power loop transfer function can be written as [3]:

S (Kp,apes + Kippe) (5 + wp)

— ZXg
Q= §2 + 28wys + w2 Qref (2.16)
This gave the the damping coefficient § and natural frequency wy:
Wr(14 Ky ape )
5= f pape2X, (2.17)

2wy,

| 3V

The value decided for K; ;. will be 0.132 as this gave a critical damping for the
weaker grid and a good closed loop step response for the strong grid as seen in

Figure 2.8|

Step Response

Strong Grid
Weak Grid

0.8~

Amplitude
=)
o
T

o
~
T

02

0 0.5 1
Time (seconds)

Figure 2.8: Closed loop step response for RPC loop.

Figure 2.9| shows the open loop bode plot for the reactive power loop.
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Bode Diagram
T T

40

T
— Strong Grid
—— Weak Grid

20 —

Magnitude (dB)

40 -

Phase (deg)

130 = L L o | L L P | L L o | L L .
107 10° 10’ 102 10%
Frequency (rad/s)

Figure 2.9: Open loop bode plot for RPC loop.

The table below shows the gain and phase margins of the system with a strong
and weaker grid.

Table 2.4: Gain and phase margins for strong and weaker Grid

Parameter | Strong Grid | Weak Grid
Gain Margin Infinite Infinite
Phase Margin | 61 degree | 78.8 degree

The phase and gain margins and closed loop step response shows that the gains
used gives a stable system.

2.3 Virtual Impedance Control

The virtual impedance added is determined by the virtual impedance profile(VI-
PR). This method calculates the virtual impedance needed to get to the desired
X/R ratio. An Equivalent grid impedance estimation(EGIE) method is also imple-
mented in this project as it can show the effect of the virtual impedance. The EGIE
estimates the resistance, reactance and X/R ratio of the line impedance [3]. Figure
shows how the virtual impedance control works in this project.
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iOaﬂ Re
Vies—>  EGIE "
Vo, —> ESSN
refaf Rv
A Vv
Rg VI-PR Xv | Calculation

Grid Impedance

]

X9 IiOQﬂ

Figure 2.10: Block diagram showing how the virtual impedance is found using EGIE and VI-PR.

Here it can be seen that a voltage reference called V4, is added to the voltage
vector created by the power loop to give the inverter the voltage reference. In the
Figure the known grid impedance is first sent to the VI-PR block which gives the
needed virtual impedance needed to decouple the power. Then a voltage reference
is created by the Vv calculations to alter the feeder impedance X/R ratio. The
EGIE block is there to show how it can easily be implemented to use the estimated
impedance as the feed for the VI-PR.

The Vv calculations is shown below.

Vapo = (Rv+ X0)iag (2.19)

VI-PR is one of two main virtual impedance methods. Another known method
is the Q-V modified droop control(QV-MDC ).This method uses voltage restora-
tion to decouple the power. Both the mentioned methods can be used for open
and closed loop control. In this project an open loop method is used as it has a
fixed virtual impedance. A closed loop method would be beneficial for grids with
altering impedance. Here the EGIE for example can estimate the grid impedance
continuously so the virtual impedance alters to fulfill the desired X/R ratio at dif-
ferent grid impedance.

2.3.1 VI-PR

To determine the virtual resistance desired the grid resistance R, is multiplied by

¢.

Ry, = ¢R. (2.20)
¢ is gives the value needed to be multiplied to get the X/R ratio wanted, it is
also depended on the power ability of the inverter This value is often negative to
increase the X/R ratio. This is also the case for A which is the value needed to get

the desired virtual impedance seen in the equation below. This equation gives the
desired virtual reactance.
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Xy = AX, (2.21)

2.3.2 EGIE

To estimate the grid impedance EGIE calculates the overall power that includes the
effect of the virtual impedance [3]]. This effect is not included in the active and
reactive power equations [2.8 and The following equation shows the overall
power equations used:

Pe = 6vcqton + 00cplop (2.22)

Qc = 5vcﬁi01x - (Svcaioﬁ (2.23)

Here 6V, = Vfa g~ Viap is the difference between the reference and output in-
verter voltage. ip,p is the measured PCC current.

The impedance can be estimated by:

vr Vg
Z, =& —_F (2.24)
Lon 105

Here V;a 8 and ig,p is the rms reference voltage and rms PCC current respectively.
The equations below is then used to estimated the resistance and impedance of the
grid.

Q:&E (2.25)
Sc

x, = 2L (2.26)
Sc

Here S, is the apparent power of the system with the virtual impedance added.

Se = 4/ P2+ Q2 (2.27)

There is a maximum reactance limit that can be added to the inverter because
of it’s power limit.

2
3Vq

xmax I
NGE

Here V; is the rms nominal grid voltage, S, and P, is the apparent power limit and
active power delivery of the inverter. The maximum active power delivery tested

(2.28)
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in this project was 500 W and the the nominal apparent power is 1000 VA. The rms
nominal rms grid voltage is 70 V, this gives the following X;y.

3702

Xy = —— = 170) 2.29
M /10002 — 5002 (2.29)

2.4 Initial Synchronization

The initial synchronization for grid inverter needs a PLL. After synchronization
GFM will be used. Figure shows the block diagram of the transition.

wo
Pref Aw w 1 Oarc
APC o y = SN 6
G APC/PLL ———>
. >
Vabc OpLL
—> PLL

Figure 2.11: Block diagram showing PLL/APC transition.

The transition is done after a short time, in this project it will be done after 0.45
seconds. Figure shows the transition from PLL to APC for the phase angle
after around 0.35 seconds.
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Figure 2.12: Voltage angle during PLL to APC transition.
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Here PO is when the inverter operates in GFM mode.
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Chapter 3

Simulation Tests

In this chapter, simulation results from the Simulink tests will be presented. The
tests in this chapter will examine the coupling between active and reactive power
during steps and see if increasing the X/R ratio will give less coupling. For de-
termining the coupling effect the deviation from the reference during a step of the
opposite power type will be used. Also the settling time and overshoot of the active
and reactive power will be examined for the different X/R ratios. There will be 3
different X/R ratios tested for both a strong grid with a SCR of 13 and a weaker
grid with a SCR of 3. The estimated resistance, reactance and X/R ratio will also be
presented to show effect of the implemented virtual impedance. Voltage analysis
is also implemented to make sure it is within standard THD grid requirement. Ac-
cording to IEEE Standard for voltage under 1 kV the THD should be under 8% and
no single harmonics should be above 5% [12]. The different steps of the simulation
are shown in the Table

Table 3.1: The steps for the simulation test.

Time(s) Step Active Power(W) | Reactive Power(VAr)

0 PLL Synchronisation 0 0

0.45 GFL to GMF Transition 0 0

0.6 Active Power Ramp Up 0-100 0
1 Reactive Power Step 0 0-100
2 Add Virtual Reactance 0 0
3 Add Virtual Resistance 0 0
5 Active Power Step 100-800 0
8 Reactive Power Step 0 100-400

The plots for the tests exclude the start up phase as it is not relevant for the
decoupling analysis. The plots will start after 4 seconds.
Table shows the PI gains for the active and reactive controllers. Here the
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gains were not the exact same as the ones in the modelling chapter as after doing
multiple tests it was found that modification could be done for better responses.

So more aggressive gains were used so the response would not be too slow for the
weaker grid.

Table 3.2: Simulation PI controller gains for active and reactive controllers .

Parameter | Value
Kpapc 0.0012

Kigpe | 0.00001
Kype | 0.0035
Ki e 0.2

Here apc and rpc stands for the is active power controller and reactive power
controller respectively.

3.1 Tests on a Strong Grid

In this section the tests with different X/R ratios are presented with SCR of 13. The
grid parameters of the strong grid are presented in Table

Table 3.3: Grid line impedance and grid strength for the strong grid test.

Parameter Value
Grid Resistance | 0.4 Q)
Grid Inductance | 3.6 mH
Grid Reactance 1.13Q)

X/R Grid 2.83

SCR Grid 13

The virtual impedance added and reference X/R ratios for the different tests
can be seen in Table

Table 3.4: Virtual impedance added for the tests.

Test | Virtual Resistance(Q)) | Virtual Inductive Reactance((2) | Desired X/R ratio

1 0 0 2.83

2 -0.2 1 10.65

3 -0.2 1.87 15
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3.11 Test1

In this test, no virtual impedance is added. This results in a X/R ratio of 2.83 as
the grid resistance is 0.4 () and grid reactance is 1.13 (), which is inductive. Figure
shows the active and reactive power delivered to the grid during the test.
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0 \ \ \ \ \ \
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Time(s)
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Figure 3.1: Active and Reactive Power Steps Test 1.

Here there is a clear coupling between the active and reactive power. The
reactive power deviates 79.8 VAr from the reference during the active power step.
The reactive power step leads to the active power deviating 110.3 W from the
reference. There is a considerable overshoot of 21.3 % for the active power and
19.4% for the reactive power. The settling time is 0.9 and 1 seconds for the active
and reactive power respectively. The considerable overshoot can stem from the
low X/R ratio and aggressive gains needed so the weak grid test would get an
acceptable transient response. The overshoot can lead some extra deviation as it
went to higher active power values.

Figure 3.2/ shows the estimated resistance, reactance and X/R ratio respectively
during the test.
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Figure 3.2: The estimated resistance, estimated reactance and estimated X/R ratio for test 1.

The estimated X/R ratio can be seen to be almost 10 before the reactive power
step as the estimated resistance goes closer to zero. After the reactive power step
the resistance increase and X/R goes to around 4.2. This means that the EGIE does
not estimate the values with high accuracy especially not before the reactive power
step.

Figure 3.3|shows the steady state abc voltage after both of the power steps have
been applied.
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Figure 3.3: Steady state abc voltages after power steps.
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Here the THD is 3.3% so it is well within the grid codes. The peak voltage here
is about 108 V.

3.1.2 Test2

This test will add a negative virtual resistance of 0.2Q) and a virtual reactance
of 10). This gives a X/R reference of 10.65, with the incentive of making feeder
impedance inductive. Figure [3.4{ shows the active and reactive power delivered to
the grid during the test.

Active Power
1000 \

800 [

—P
600~ —Pref] |

=

400 - n

200 - n

0 \ \ \ \ \ \
0 1 2 3 4 5 6 7

Reactive Power
500 T T

400 -

300 - —Qref]]
200 - n

VAr

100 n

Time(s)

Figure 3.4: Active and Reactive Power Steps Test 2.

The coupling effect here is less than in Test 1, here the reactive power deviation
is 41.1 VAr and the active power deviates 67.2 W. The settling time is shorter for
both the active and reactive power step and the overshoot is considerably smaller
with 8.25% for the active power and 9.25% for the reactive power. This means
that the virtual impedance gives a damping effect on the systems. The smaller
overshoot will effect the coupling deviation magnitude however it is clear that
adding the virtual impedance leads to a decoupling effect of the powers.

Figure |3.5[shows the estimated resistance, reactance and X/R ratio respectively
during the test.
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Figure 3.5: The estimated resistance, estimated reactance and estimated X/R ratio for test 2.

Here the estimated resistance goes to around zero after the active power step.
This lead to a large spike in X/R ratio, which had to be cut out because of it’s
magnitude. After the reactive power step the resistance increase to around the
reference of 0.2 (). The estimated reactance stays steady at around 2.65 () which is
a bit higher than 2.13 which is the reference. This gives an estimated X/R ratio of

around 14.1.

Figure 3.6|shows the steady state abc voltage after both of the power steps have

been applied.
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Figure 3.6: Steady state abc voltages after power steps.



3.1. Tests on a Strong Grid 29

Here the is THD = 3.5% so not any significant difference compared to test 1.

3.1.3 Test3

This test will add a negative virtual resistance of 0.2() and a virtual reactance of
1.87Q). This gives a X/R reference of 15. This test was done to see if a higher X/R
ratio making the feeder impedance more inductive would lead to better power
decoupling. Figure |3.7] shows the active and reactive power delivered to the grid
during the test.
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Figure 3.7: Active and Reactive Power Steps Test 3.

Here the reactive deviation was smaller than in test 2 with 38 VAr but the
settling time was a slightly longer. For the active power deviation it was larger
than in test 2 with 72.8 W. The active power overshoot was 3.5% and the settling
time was a bit slower than the other tests with 0.96 seconds. For the reactive power
the overshoot was 6.6% and the settling times was 0.78 so a bit slower than for test
2 but faster than test 1.

Figure 3.8/ shows the estimated resistance, reactance and X/R ratio respectively
during the test.
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Figure 3.8: The estimated resistance, estimated reactance and estimated X/R ratio for test 3.

The estimated resistance like in test 2 goes down to around zero after the active
power step giving very high X/R ratios. After the reactive power step the resis-
tance increase to the reference of 0.2 (). The estimated reactance is around 3.4 ()
compared to the reference of 3. This gives an estimated X/R ratio of around 19.

Figure 3.9|shows the steady state abc voltage after both of the power steps have
been applied.
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Figure 3.9: Steady state abc voltages after power steps.

Here the is THD 4% which is the largest for the strong grid tests.
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3.2 Tests on a Weaker Grid

In this section the the tests with the same X/R ratios are done with a weaker grid
which has a SCR of 3. This grid strength is at the limit between strong and weak.
Table 3.5/ shows the grid parameters.

Table 3.5: Grid parameter of weak grid.

Parameter Value
Grid Resistance 10
Grid Inductance | 15.5 mH
Grid Reactance 4.87 O)

X/R Grid 4.87

SCR Grid 3

The grid inductance here is increased compared to test 1 to get a weaker grid
and the grid resistance is increased so the virtual impedance needed to be added
did not have to be too large.

The implemented virtual impedance here are added to get the same X/R ratios
as the strong grid tests. Table 3.6{shows the implemented virtual impedance in the
tests.

Table 3.6: Virtual impedance implemented for the weak grid tests.

Test | Virtual Resistance(()) | Virtual Inductive Reactance(()) | X/R ratio
1 0.72 0 2.83
2 -0.25 3 10.5
3 -0.4 4.15 15

321 Test1

In this test the X/R reference is 2.83. As the X/R ratio of the grid is 4.87 a positive
reactance of 0.72 () is added. Figure [3.10shows the active and reactive power
delivered to the grid during the test.
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Figure 3.10: Active and Reactive Power Steps Test 1.

Here the reactive deviation is 70 VAr which is a bit smaller than for same X/R
ratio with the stronger grid. However here the active power only had a 1% over-
shoot. The active power deviation is 123 W which is larger than for the strong grid
and here the overshoot is 0% compared to 19.4 for the strong grid. The settling
time for the active power is 0.92 seconds and for the reactive power it is 1.07 sec-
onds. This is similar to the settling times of test 1 with a strong grid even though
the overshoot it much larger for the strong grid, which stated earlier can lead to
more deviation.

Figure shows the estimated resistance, reactance and X/R ratio respectively
during the test.
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Estimated Resistance
I

3 \ \ \ \ \
g2 Wﬁ\fﬂ Il -
g 1
0 1 1 1 1 1 1
0 1 2 3 4 5 6 7
Estimated Reactance
4l =
)
<2 7
0 1 1 1 1
0 1 2 3 4 5 6 7
4 X/R
e SoraE
320
<
0 I 1 1 1 1 1
0 1 2 3 4 5 6 7
Time(s)

Figure 3.11: The estimated resistance, estimated reactance and estimated X/R ratio for test 1.

Here the estimated X /R is lower than the reference at about 2. The estimated re-
sistance is around 2.2() which is higher than the reference of 1.72Q). The estimated
reactance is about 4.48(0) which is not far of the reference of 4.87Q).

Figure [3.12] shows the steady state abc voltage after both of the power steps
have been applied.
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Figure 3.12: Steady state abc voltages after power steps.

The THD here is about 5.5% which is significantly higher than for the weaker
grid. Also the peak voltage is about 133 V which is higher than for the strong grid
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because higher grid impedance.

3.2.2 Test2

In this test a negative resistance of 0.25 and a virtual reactance of 3 was added.
This gives a reference X/R of 10.5. Figure [3.13shows the active and reactive power
delivered to the grid during the test.
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Figure 3.13: Active and Reactive Power Steps Test 2.

In this test the reactive power deviation is 27 VAr which is a significant decrease
compared to test 1 with a weak grid and also the test 2 with the strong grid. The
active power deviation is 117.7 W which is close to that of test 1 and significantly
larger than test 2 for the strong grid. There is no overshoot for the powers and the
settling time for the active power is twice as long and for the reactive power it is
around 1.5 times as long.

Figure shows the estimated resistance, reactance and X/R ratio respectively
during the test.
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Figure 3.14: The estimated resistance, estimated reactance and estimated X/R ratio for test 2.

Here the estimated X/R is lower than the reference of 10.5. This is because the
estimated resistance is around 1.2() which is higher than expected.

Figure3.15 shows the steady state abc voltage after both of the power steps have
been applied.
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Figure 3.15: Steady state abc voltages after power steps.

The THD is a bit higher than test 1 with 5.75%.
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3.2.3 Test3

In this test a negative resistance of 0.4 and a virtual reactance of 4.15 was added.
This gives a reference X/R of 15. Figure 3.16shows the active and reactive power
delivered to the grid during the test.
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Figure 3.16: Active and Reactive Power Steps Test 3.

Here the reactive power deviation is the same as for test 2. The active power
deviation is 122.3 W which is larger than for test 2 and significantly larger than
test 3 with the strong grid. The settling time is the longest for all the test for both
powers.

Figure shows the estimated resistance, reactance and X/R ratio respectively
during the test.
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Figure 3.17: The estimated resistance, estimated reactance and estimated X/R ratio for test 3.

As in test 2 the estimated resistance is higher than the reference leading to a
lower estimated X/R ratio than the reference.

Figure3.1§ shows the steady state abc voltage after both of the power steps have
been applied.
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Figure 3.18: Steady state abc voltages after power steps.

Here the THD is 5.8% which is the highest of all test but still withing the grid
code limits.
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3.3 Comparison

This section shows a comparison of all the results for the different test. These
results will be discussed further in Chapter

Table [3.7| compares the active and reactive power response with different X/R
ratios and SCR.

Table 3.7: Comparison of the test with different X/R ratios for the strong and weak grid tests.

SCR Parameter X/R=283| X/R~10.5 | X/R=15
AQ during P Step(VAr) 79.8 411 38
13 Overshoot P(%) 21.3 8.25 3.5
Settling Time P Step(s) 0.9 0.845 0.96
AP during Q Step(W) 1103 67.2 72.8
Overshoot Q(%) 19.4 9.25 6.6
Settling Time Q Step(s) 1 0.62 0.78
AQ during P Step(VAr) 70 27 27
3 Overshoot P(%) 1 0 0
Settling Time P Step(s) 0.92 1.89 2.08
AP during Q Step(W) 123 117.7 122.3
Overshoot Q(%) 0 0 0
Settling Time Q Step(s) 1.07 1.56 1.59

Table [3.8| shows the voltage THD of the different tests.

Table 3.8: Voltage THD during steady state after both power steps.

X/R | THD, SCR=13 | THD, SCR=3
2.83 3.3 55
10.65 3.5 5.75

15 4 5.8




Chapter 4

Experimental Tests

In this chapter the Simulink model was tested on an experimental set-up. The
power grid was emulated by a Cinergia grid emulator. The model was fully dis-
cretize and implemented on a dSPACE Simulink set-up in the lab. The set-up had
the same grid parameters as in Table 3.3| which is for the strong grid simulation
test. Except the grid voltage is 35 Vrms and this leads to a SCR of 6.6. There was
no possibilities to change the load to do experimental test with a different SCR.
The active power step was 400 W and reactive power step was 200 VAr. The reason
for this was complication with the set-up at higher voltage and power. The tests
will be examined in the same way as in
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4.1 Experimental Set-up and Tests

The Laboratory set-up is shown in Figure

- S 7 \

DC Source

- =R y -
| O | e e

Cinergia
N LN Grid Simulator /

Figure 4.1: Experimental set-up.

Here the VSI is the voltage source inverter and the set-up contains two induc-
tor coils which work as the grid impedance with an inductance of 18 mH and
resistance of 0.2() each.

The different steps of the experimental tests and when the steps occur can be
seen in Table

Table 4.1: The steps for the experimental test.

Time(s) Step Active Power(W) | Reactive Power(VAr)

0 PLL Synchronisation 0 0

0.45 GFL to GMF Transition 0 0

0.6 Active Power Ramp Up 0-70 0
1 Reactive Power Step 0 0-100
1 Add Virtual Reactance 0 0

1.5 Add Virtual Resistance 0 0

40 Active Power Step 100-500 0

60 Reactive Power Step 0 100-300

Compared to the simulation steps the experimental steps are much further
spaced apart and the whole process takes longer.

The gains used in the experimental part were not the same as the simulation as
more aggressive proportional gains were needed for a better response.



4.1. Experimental Set-up and Tests 41

Table 4.2: PI controller gains for active and reactive controllers.

Parameter Value
Kpape 0.002005
Kiape 0.0010732
Ky, rpe 0.00795
Kirpe 0.0795

In Table [4.3| the virtual resistance and impedance added is displayed. These are
the same virtual impedance values as Test 1 and 2 in the simulation tests for the
strong grid.

Table 4.3: Virtual impedance for experimental tests.

Test | Virtual Resistance(()) | Virtual Inductive Reactance((?) | X/R ratio
1 0 0 2.83
2 -0.2 1 10.65

41.1 Test1

This test did not have any virtual impedance added and therefore the X/R ratio
will be 2.83. Figure shows the active and reactive power delivery to the grid
during the test.
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Figure 4.2: Active and reactive power step with no virtual impedance
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From the graphs it can be clearly seen that there is coupling between the pow-
ers. The reactive power deviates 30.2 VAr and the active power deviated 63.8 W
from the reference. This is less of a deviation compared to the simulations with
the strong and weak grid for this X/R ratio. In terms of overshoot there is none
for the active power and 13.7% for the reactive power. Also the power steps are
smaller for the experimental test which can also lead to less deviation. The settling
time for the experimental test was 8 seconds for the active power which is a sig-
nificantly longer than for both simulations tests the same X/R ratio. The reactive
power settling time was 2.3 which is also longer than for the simulations.

Figure shows the estimated resistance, reactance and X/R ratio.
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Figure 4.3: X/R ratio with no virtual impedance.

The resistance is here more than 0.6() larger than that of the known grid re-
sistance. The reason that this resistance might be higher than for the simulation
is the lower voltage and that the simulation does not account for resistance in the
equipment. The higher resistance than expected results in a lower X/R ratio of
around 0.7.

Figure 4.4/ shows the steady state abc voltage after both power steps.
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Figure 4.4: abc voltages during steady state with no virtual impedance.

Here the THD is around 4.7 so it is higher than the simulation test%.

41.2 Test?2

For this test a negative resistance of 0.2 was added and a virtual reactance of 1.
This gives the X/R reference of 10.65. Figure shows the active and reactive
power during the test delivered to the grid.
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Figure 4.5: Active and reactive power step for test 2 with virtual impedance.

The reactive power deviates 18.1 VAr and the active power deviated 45.2 W
from the reference. This is significantly smaller compared to test 1. The settling
of the active power is 1.2 seconds shorter compared to test 1 and for the reactive
power it is 0.35 seconds longer.

Figure shows the estimated resistance, reactance and X/R ratio.
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Figure 4.6: Estimated resistance, reactance and X/R ratio with virtual impedance.

Here the X/R ratio only goes to up to around 1 which is far from the reference
of 10 but higher than for test 1. The low ratio is mainly due to the high estimated
resistance which is around 1.45 after both power steps.

Figure 4.7|shows the steady state abc voltage after both power steps.
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Figure 4.7: abc voltages during steady state with virtual impedance.

THD around 5.5% so it is higher than for test 1 and higher than compared to
the simulation test.
4.1.3 Comparison

This section shows a comparison of the experimental results. These results will be
discussed further in Chapter

Table 4.4: Comparison of the test with different X/R ratios for the experimental results.

SCR Parameter X/R =283 | X/R=10.65
AQ during P Step(VAr) 30.2 18.1
13 Overshoot P(W) 0 0
Settling Time P Step(s) 8 6.8
AP during Q Step(W) 63.8 45.2
Overshoot Q(VAr) 13.7 8.5
Settling Time Q Step(s) 23 2.65

Table shows the THD of the voltage for both tests.
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Table 4.5: THD of the steady state voltage after both power steps.

X/R | THD
2.83 4.7
10.65 | 5.5
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Chapter 5

Discussion

The simulation and experimental results both showed clear decoupling between
the active and reactive power. This was the case for all the tests expect the tests
with the weaker grid during the reactive power step. This was an unexpected result
and the because of limited time to figure out the reason for this, an explanation for
this will not be discussed.

When it comes to the exact effect of the virtual impedance on the X/R ratio
there is an uncertainty. The EGIE did not always give good estimations, it did
however give some rough estimates after both power steps were done. For exam-
ple the strong grid had a X/R ratio of 2.83 and The EGIE showed a X/R ratio of
around 8 after the active power step and 4.2 after the reactive power step. This
means that the impedance estimations when adding virtual impedance can not be
certain. Also the EGIE in the simulations showed higher X/R ratios for the strong
grid and lower for the weak grid. For the experiments it showed a significantly
lower X/R ratio than expected.

However the simulation results for the strong grid showed there was a signif-
icant decoupling when going from a desired X/R ratio of 2.83 to 10.65 for both
active and reactive power. The difference between a ratio of 10 and 15 was not as
significant in terms of decoupling. It is important to note that there was a signif-
icantly larger overshoot for the X/R ratio of 2.83 compared the other ratios. This
could have lead to a higher deviation because the active power went higher. How-
ever there was still a clear decoupling as the deviation from the reference decreased
significantly.

For the the weaker grid during the active power step there was also significant
decoupling between X/R of 2.83 and 10.65, even more than for the strong grid.

A reason that going from 2.83 to 10.65 in X/R ratio decouple more than going
from 10.6 to 15 can be because the feeder impedance goes from resistive to induc-
tive. The results shows that there is not a significant benefit in terms of decoupling
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to increase the X/R more than 10.65 where the line becomes inductive.

For the experimental tests there was only two X/R ratios tested. The coupling
halved during the active power step when increasing the desired X/R ratio from
2.83 to 10.6. The decoupling during the reactive power step was not as significant
but still there was a clear decoupling. The EGIE however showed higher resistance
and lower reactance than that of the desired value. These values were far from the
rough estimates seen in the simulation results. This can mean that there is an extra
resistance coming from a connection between the grid simulator and inverter. The
lower reactance is not certain but can possibly come from the lower voltage. When
adding the virtual impedance the EGIE did not give estimated values close to the
desired ones.

Comparing the step responses for all simulation tests there was a clear damping
factor from virtual impedance. In theory grid impedance lead to damping and
from these results it can be seen that virtual impedance has a similar effect. The
weaker grid had a higher line impedance therefore there was more damping in
the system and the responses was slower compared to the strong grid. For the
experimental test however there was not a damping effect on the active power
when adding virtual impedance. Here the step response became less damped it
seemed. For the reactive power it became more damped however.

The experimental test for the active power step was significantly slower than
for both simulations and the reactive power step was also slower. This is most
likely due to the the low voltage which as seen in Equations [2.9) and plays a
role on the transfer function. For the active power the voltage is the grid voltage
squared and this could lead to the much slower response.

The voltage for the weak grid was higher during the reactive power step to
compensate for the higher grid impedance. The THD of the abc voltage also in-
creased for the weak grid. Adding virtual impedance also increased the THD. For
the experimental tests the THD was a bit lower than for the weak grid. All the tests
were within the IEEE standard THD limits.

5.1 Future Work

The first thing that would be beneficial for this project is to do the experimental
tests with the same voltage and the same SCR of the simulation tests. Also the X/R
ratios of 15 would be interesting to test experimentally.

Also it would be interesting to do more tests to try to figure out why the active
power did not decouple when adding virtual impedance for the weak grid.

The EGIE could also be improved so the virtual impedance could be controlled
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by a closed loop VI-PR. This would mean that the GFM inverter could decouple
the power without knowing the grid impedance and for varying impedance. There
would have to be a limit for how much the ratio could change before a new virtual
impedance reference would be added. Within this limit a fine tuning algorithm
would be used to give a needed virtual reactance to stabilize the X/R ratio. This
fine tuning method could be a sliding mode controller like in [3]] or artificial neural
network method used in [10], which would be a new fine tuning method for GFM
inverters.






Chapter 6

Conclusion

This thesis focused on decoupling active and reactive power for a GEM inverter by
adding virtual impedance to increase the X/R ratio. This method has been tested
through simulations and experimental tests. Three different X/R ratios were tested
for both a strong and a weaker grid though simulations, also tests for a strong grid
was tested experimentally.

From the tests it can be concluded that there is a clear decoupling between
both the active and reactive power when adding virtual impedance for a strong
grid. The weaker grid test showed clear decoupling during a active power step but
not during a reactive power step. Due to lack of time this unexpected effect was
not investigated further.

Also adding a virtual impedance to get a desired X/R ratio of 15 did not give
significant decoupling compared to X/R ratio of 10.6. Adding virtual impedance
also showed clear effect on the step response of the system, as it gave a damping
effect.

For the experimental tests the settling time was much longer especially for
the active power. This is most likely due to the voltage being halved, due to the
complications during higher voltage.
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Appendix A

Phase Locked Loop

For GFL inverters to synchronizing to the grid a phase locked loop(PLL) is needed[2].
Also GFM inverters usually use a PLL to initially synchronize to the grid. In this
project a synchronous reference frame PLL(SRF-PLL) is used. This method is used
for three phase systems. By using reference frame transformations the three phase
voltage can be transferred into the dq frame. The g-axis voltage is then used as the
reference. When the g-axis voltage is zero the voltage will be synchronized. Figure
[Alshows the SRF-PLL.

SRF-PLL
@,
Vabc abC V‘l » Pl —> ; I 9>
—> Vcl}
I'—> dq (QF
7 % N i
%

Figure A.1: Block di[13]

Here a PI controller is used to correct the Vq voltage by first giving a reference
frequency which is added by the reference frequency. This is then integrated to get
the phase angle needed to synchronize.
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