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Executive summary

This deliverable presents a methodology for the VSC role assignment of VSC in modern
power systems. This methodology is based on performance indices and allows the
study of many GFOL/GFOR combinations for a power system with several converters.

The indices show both small -signal and transient performance of the system. By
applying them to several GFOL/GFOR combinations, the most suitable role assignment

for every converter can be assessed.

The methodology has been applied to a POSYTYF scenario. As both small-signal and
EMTresults are needed as inputs of this methodology, both state -space and Simulink
models have been developed. Transient stability, especially f aults, ha s been found to
be the most restrictive aspect. After analysing all possible GFOL/GFOR combinations

for the case study scenario , it has been demonstrated that the best overall system
performance is achieved when all the converters are operated in GFOR mode.

The methodology has been developed in MATLAB /SIMULINIK®. The data and script files
used to apply this methodology have been share d and are accessible in GitHub as
part of this deliverable.
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1 Introduction

1.1 Objectives

The objectives of the POSYTYF Task 1.4 related to this deliverable  were :

9 Definition of a methodology to assign the operating modes for VSCs (e.g. grid -
following, grid -forming) integrated in the power system
9 Application of the proposed methodology in a POSYTYF case scenario.

These objectives were properly addressed and the results can be found throughout
this deliverable.

1.2 Positioning in the overall P OSYTYHroject

Due to the increasing penetration of power electronics -based converters in the power
system, new stability challenges may arise. Although VSCs have been traditionally
operated in grid -following mode, in order to overcome potential instability issues, such
converters could be operated in grid -forming mode. Howev er, it is necessary not only
to analy se if VSCs in GFOR operation can improve the system performance even in
scenarios where several converters are connected into the power system, but also if

such strategy is also valid for different penetration levels of converter -based
generation. In this deliverable, a methodology that allows the study of several
combinations of GFOL/GFOR and the selection of the best solution is introduced. The
proposed methodology has been applied to a POSYTYF scenario defined in
Deliverable 1.1 [1], whereby the GFOL/GFOR combination that provides the best
system performance response is highlighted

1.3 Deliverable structure

This deliverable w as organized as follows:

In Chapter 2, the methodol ogy to assign GFOL and GFOR roles to all the VSCs present
in a power system is introduced . This methodology is based on the performance
indices [2], where t he calculation of such indices is also described in this chapter.

In Chapter 3 , the present ed methodology is applied to a POSYTYF case scenario ,
specifically to the scenario 1 defined in Deliverable 1.1  [1]. Such case scenario is used
to show the working principle o f the method and the results obtained through it.

Chapter 4 describes the MATLAB files (data and scripts) that have been used to apply
the methodology to the POSYTYF scenario.

Finally, Chapter 5 presents the conclusions of this deliverable .

10
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2 Methodology for VSC role assignment

In this chapter , the methodology to assign GFOL or GFOR roles to the VSCs in a power

system is presented. This methodology is based on performance indices [2], which are

obtained from small -signal and transient analysis, provid ing information about s everal
variables of the system, such as buJ3heseinticesges or
gather many information about the system performance, reducing the analysis time

of the power system engineers, especially when several cases are evaluated. The
methodology as well as the  particular performance indices used are detailed in the

following sections.

2.1 Methodology description

The methodology for VSC role assignment is based on performance indices obtained

from small -signal a nd transient analysis. Then, both state -space and non -linear models
of the system under study must be built  in order to execute this methodology. These
models and their corresponding parameters will be the inputs of the methodology , as
shown in Figure 1. The methodology follows the next steps:

1. Power flow calculation: initially, a power flow calculation is executed to
examine the static stability of the system. If the system converges in a stable
point, the small -signal analysis is c arried out, using the values obtained from the
power flow analysis.

2. Small-signal analysis: this analysis allows to consider dynamic restrictions of the
system. The analysis is based on the poles and participation factors of the
system. If the system is sta ble, the transient analysis is executed.

3. Transient analysis: this final step allows to examine large disturbances that can
be found in the system, such as faults or generators disconnections.

Start Analysis Indices calculation

v

Model definition
Y

€S

Small signal Results

Plot indices

Small signal

Transient

System model

Assign
Set parameters vesien
Y
< End? >
No Yes L

Figurel. Flowchart of the methodolyy to assign GFOL and GFOR roles to VSCs

11




POSYTYF Deliverable 1.3

2.1.1Small-signal analysis

The small-signal analysis is based on the system poles and participation factors. The
participation factor  sallow to identify which variables participate in every mode [3].In
this document, a minimum participation of 0.3 has been set to considered that a
variable participates in a mode [4].

Three indices ha ve been defined to represent the small -signal performance of the
system:

1. Dampingindex (DI): this index represents the minimum damping of the differ ent
elements involved in the system. In this case, it has been used to show the
minimum damping of SGs and VSCsseparately. Then, the DI can be calculated
as follows:

o0 p I EI B h I phe (1)

00 p 4'Q¢ 8 i 1 phe ()

Where ¢ and ¢ are the number of synchronous generators and VSC,
respectively, found in the system and 0 is the number of poles.

2. Interaction Index (Inl): this index shows the presence of interactions in the
system. In order to identify interactions, the maximum participa tion factor (PF)
of every element is identified for every mode. In this document, interactions
between two SGs, between two VSCs and between one SG and one VSC have
been analysed. Then, three k= Has been defined as follows:

0O | Agi AdO i AGO
(3)
L'oRQN pRe A a v phd
0% GOm Ao & & O
(4)
LonQn ple Ha N phd
(e}a) GHoaddo & O
(5
I ple HQ pRe AHan pld

12
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3. Risky interaction index (RInl): this index evaluates the negative interactions of
the system which can decrease the system stability. The damping ratio is
included to the L= dalculation in order to include the risk of instability for the
interactions. Therefore , the 4 k= idcalculated as follows:

YOO | Agp i A@O i A@O
(6)
| oHQN pRe Ha N phDd
Y '0® avwp |, G Moo & o0
(7)
1onQN pRe Ha~ phd
Y08 aoop , GO®DO a o
(8)
' ple A pRe A&~ phd

2.1.2 Transient analysis

Time-domain simulation s are the most accurate method to assess stability of a power
system. Additionally, it allows the analysis of transient e  vents, such as faults or SG
disconnections. Five more indices have been defined, which are calculated from

time -domain simulations as follows:

4. Dynamic Generator Angle Index (DGAI): this index evaluates the maximum
rotor angle among all SGs of the system to identify if any of them loses
synchronism. DGAI is calculated as follows:

i Ag mBh
0"06 "0 1 ) w ft (9)

5. Dynamic Voltage Index (DVI):  this index shows the maximum voltage deviation
found for the = } buses of the system. It is calculated as:

i Ag odBhp U s

3V

Ow'O 30 b O (10)

6. Frequency Derivative Index (FDI): it represents the maximum ROCOF of the SGs
in the system. The ROCOF has been calculated usingat ime window of 500 ms
[5][6]. The maximum admissible ROCOF set in this document is 1 Hz/s, which
corresponds to the actual value used in isolated system like Ireland [5] and UK
[6]. The FDI is calculated as follows:

o I A@Q ST haQ  TQo i ‘ o (11)
000 $0 §a0 0 gQo p( UO
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7. Maximum Frequency Deviation Index ( MFDI):the MFDI evaluates the maximum
frequency deviation  suffered by the SGs. A maximum admissible deviation of 1
Hz has been considered.
i AZsQ 98 haQ ) (12)
0 "000 S Q U
Q0 S Sty s p(

8. Converter Synchronization Index (CSI): it is equivalent to the MFDI for SGs, but
applied to converters, showing if any of the converters has lost synchronism. It
is calculated as:

i AgQ d9BhaQ .
0 "Y'O S Q U (13)
$0 S Q2 ¢ p(

2.2 Role assignment

Evaluating the previous small -signal a nd transient indices for a particular system can
provide the best GFOL/GFOR mode assignment for the VSCs connected to  the grid. It
should be noted that all indices have been normalized , so low values are referred to
safe operation while values higher than 1 referred to unstable operational points or
operation beyond the limits,  e.g. higher ROCOF than the admissible value. Therefore,
appl ying these indices to all possible GFOL/GFOR combinations  can provide the best
role for every converter. This methodology is applied to the Scenario 1 defined in
Deliverable 1.1 of POSYTYF project [1].

14
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3 Applicationto the POSYTYF system

The presented methodology to assign GFOL or GFOR operati  on to converters has
been applied to the Scenario 1 defined in the Deliverable 1. 1 of POSYTYF project [1].
In the following sections, this scenario is briefly described and t he results are presented .

3.1 System descr iption and modelling

The system under study corresponds to the Scenario 1 defined in the Deliverable 1.1 of
POSYTYF project [1], which is shown in Figure 2. It consists in two SGs, two PV power
plants and two wind power plants. Therefore, the system has two SG -based generation
units and four VSC -based generation units. The operational point studied corresponds

to a total load demand of 520 MVA with a power factor of 0.95. The generation is
distributed as shown in Table 1.

VSC2
B3 200 MVA
10% <€ ﬁ
10 km VSC4
B1 B4 B6 400 MVA
40 km 20 km i
oY
| = e
SG1 30% 15%
400 MVA 20 km

10 km SG2
20 km 200 MVA

B5 B7 ll:
@ | 20 km . 5 30km .
VSC1 35% 10%
300 MVA

VSC3
500 MVA

Figure2. System under study: Scenario 1

Tablel. Generatian distribution

Parameter Symbol Value Units
SG1 active power 0 112 MW
SG2 active power 0 100 MW
VSC1 active power 0 90 MW
VSC2 active power 0 40 MW
VSC3 active power 0 100 MW
VSC4 active power 0 80 MW

15
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3.1.1SG modelling

The synchronous generat ors are model led using a round rotor machine and the
associated control. This machine control is composed by the IEEE AC 4A exciter with
Power System Stabilizer (PSS), a classical proportional governor and turbine dynamics.

The complete linear model of the SG generatio n is composed by 16 states, which are
the following:

I Turbine dynamics: modelled as a lead -lag filter and a first -order functions,
leading to two ~ states (] = f] ).

9 Exciter: IEEE ACA4A exciter is also composed by a lead -lag and first -order filters,
also leading to two stat  es (g ¢ i ).

I Power system stabilizer: the PSS adds five more states to the system
(W Fim W Vi W Fm W i W7 ).

1 Electrical machine: the currents in the stator (i

windings ( 'ﬁé , é ) corresponds to six states .

I Mechanical dynamics: the frequency of the machine corresponds to one state

field (\g® and damper

(0 8

1 Angle difference respect to slack: in case the SG is not the slack, an additional
state is considered to include the angle difference respect to the reference
(* 9.

Considering the previous states, the total sta  tes of SG1, which is considered as slack)
and SG2 are:

I~ ~ ~

® "0H A0 Mofomi Mi Mi Mi i FORQRQ AQRQ AQ h (14)

0 ) [0H Mo omi Mmi Mi Mi Mi IQHAQ AQRQ AQ R hw—  (15)

3.1.2 VSC-GFOL modelling

The grid -following operation has been modelled as PQ mode , iIn which the converter
control consists of cascaded controllers. The internal control corresponds to the
current control , which is based in PI regulators expressed in the 1 Qeference frame.
Whereas, t he outer loops regulate P and Q and they are also based on PI controllers .
Grid support loops (frequency and voltage droops) have also been implemente d,
which generate the references for the P and Q controllers. The final control strategy is
shown in Figure 3.

The linear model of the VSC in GFOL operation is composed by 10 states:
o ofiolio fo [ & di ke mama’ (16)

Where "Qand "Q are the converter 1 ‘Qurrents, @ and "© are the stat es of the current
control, 0 déand 0O Oare the states of the P and Q regulators, "Q and w are the state
of the filters of the frequency and voltage in the droops and n a and n a are the two
states of the PLL.

16
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1o P it v
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i qapie 5
: abce d v oc_> _>P:' 0 —> fll :
| UpocUgoc ;:gd PQ Calc._> Q:: —0O—> PLL L Bp .

ng;*

Current | ¢
control

_______________________________________________________________________

Figure3. Gridfollowing operation

3.1.3 VSC-GFOR modelling

The grid-forming operation is based on cascaded current and voltage controllers. Both
loops are expressed inthe 1 Qeference frame. The synchronization loop is based on a

P/t dr oop, which provides the internal frequency of the converter "Q and the angle
for the control —. Additionally, a V/Q droop control is also included, which modifies

the reference of the voltage control. It should be noted that the droop contro Is in
GFOL and GFOR control can be designed to have the same static characteristic. The

scheme of the GFOR control is shown in  Figure 4.

The linear model of the VSC in GFOR operation is composed by 11 states:
& OFOR) B G AG Fod Fid D oD (17)

Where 0 and 0 are the 1 ‘Qoltages at the point of connection, w0 and wd are
the states of the voltage control, O and O are the state of the filters of the active

and reactive power in the droops and 3—is the angle difference respect to the
reference.
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quq U, Rc Lc

“ abc->f'}—fwv\—m - 0 POC

TOC {bc ibc CCT {bc I

___________ 0o ke e

| q !
! b qd :: Pref —>» fvs
poe [t Y g cale[ ] it p _ZxQ—{P/f droop "
1 l :: . c
i b it {S>[Fiter ] 5
' Q/Vdroop control  #  Vcontrolloop :  Icontrolloop
' ! q ! . |
0 g q*v”"" i@y, z3¢ Ufiey E
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—20—>Q/ VdYOOP—f:ﬂ’O—’ Voltage #O_’ Current E‘fi ;
;9) Filter _f . 0 —:O—» control mo-» control :
: nopd T e ] )
! ,': poc " l; 1
Figured. Gridforming operation
3.1.4 Complete state -space model
The complete state -space model is composed by a total of 125 -129 states, depending
on the operation model of the converters. The state space model of the grid has 52
states, including transformer currents, line currents, bus voltages and load currents. A
simplified block diagram of the complete state -space model is shown in  Figure 5.
-qd
U, 1Vsce
d d
Vg1 Ud
—>
VSC4
-qd -qd
161 State space 1Vsca
vid Grid vgd
—>
SG2
<_
.qd .qd
lvscr lSG2

d

d .q
vis LySCs

Figureb5. Block scheme of the Scenario 1 stsp@ce model
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3.2 Applicatio n of the methodology to Scenario 1

The methodology presented in Chapter 2 has been applied to the Scenario 1. This
scenario presents four VSCs, which can be operated in GFOL or GFOR operation. In

order to assess the role assignment which provides the best performance for the
system, all 16 combinations have been evaluated. The 16 cases tested are
summarised in Table 2.

Table2. All possible cases assigning GFOL or GFOR roles to VSCs in Scenario 1

Case VSC1 VSC2 VSC3 VSC4
1 GFOL GFOL GFOL GFOL
2 GFOR GFOL GFOL GFOL
3 GFOL GFOR GFOL GFOL
4 GFOL GFOL GFOR GFOL
5 GFOL GFOL GFOL GFOR
6 GFOR GFOR GFOL GFOL
7 GFOR GFOL GFOR GFOL
8 GFOR GFOL GFOL GFOR
9 GFOL GFOR GFOR GFOL
10 GFOL GFOR GFOL GFOR
11 GFOL GFOL GFOR GFOR
12 GFOR GFOR GFOR GFOL
13 GFOR GFOR GFOL GFOR
14 GFOR GFOL GFOR GFOR
15 GFOL GFOR GFOR GFOR
16 GFOR GFOR GFOR GFOR

The disturbances considered for the transient analysis are faults in every bus of the
system and the disconnection of the 6 generation units separately. Therefore, 13
different disturbances ha ve been tested, consisting of 7 faults and 6 disconnections
for every case, leading to a total of 208 simulations.

To exemplify the results obtained for every case, the following subsec tions show the
small-signal and transient results of Case 16. T o exemplify t he system operation of
different cases, the results of several cases can be found in  Appendix A: Small -signal
results and Appendix B: Transient results .

3.2.1Small-signal results of Case 16

Case 16 corresponds to all VSCs operating in GFOR mode. Therefore, a total of 129
poles are found in the system. The frequency and damping ratio of the 129 poles are

shown in Figure 6. Figure 7 shows the participation factor matrix, which has been
represented using a grey scale, where black is related to high participation and white

to low participation. Combining both pole and participation factors, the indices
defined in S ubsection 2.1.1 can be calculated for this case

00 Tonip p 00 TOO T UL
00 ™ wop 00 ™ Pyt 00 ™ wo p 00 ™ P YT
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DO mowomn 0D

YOO 18 Yy

These indices show a stable system,

can be observed in the high values of
However, the interactions between SG and VSC are not very strong, as

equal to 0.4411. Despite

shown by 'Y'0¢ O

# £ (Hz) 13
1 0 1
2 0 1
3 0 1
4 0 1
5 7100.6 0.233
6 7100.6 0.233
7 7000.6 0.236
8 7000.6 0.236
9 4329.5 0.16
10 4329.5 0.16
11 4229.5 0.164
12 4229.5 0.164
13 3897 0.174
14 3897 0.174
15 3737.1 0.06
16 3737.1 0.06
17 3797 0.178
18 3797 0.178
19 3637.1 0.062
20 3637.1 0.062
21 2359.1 0.246
22 2359.1 0.246
23 2259 0.256
24 2259 0.256
25 1981.5 0.055
26 1981.5 0.055
27 1880.7 0.058
28 1880.7 0.058
29 1290.1 0.412
30 1290.1 0.412
31 866.98 0.56
32 866.98 0.56
33 789.23 0.597
34 789.23 0.597
35 1222.5 0.443
36 1222.5 0.443
37 1180.3 0.45
38 1180.3 0.45
39 1177.3 0.451
40 1177.3 0.451
41 1131.3 0.48
42 1131.3 0.48
43 1128.5 0.481

Mowmne 0D

i.e. all DI are below 1, which corresponds to
po sitive damping . Strong interactions between SGs and between VSC are found. This

YCO® ™ XPpC

VOO

T8 T pp
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T X Y

‘0% and OO , which are very close to 1.

these strong interactions

‘0

IS

, the risk of instability is very low, as

# £ (Hz) 13

44 1128.5 0.481
45 1182.4 0.449
46 1182.4 0.449
47 1133.3 0.479
48 1133.3 0.479
49 49.59 0.099
50 49.59 0.099
51 49.57 0.065
52 49.57 0.065
53 45.71 0.054
54 45.71 0.054
55 45.53 0.043
56 45.53 0.043
57 45.4 0.033
58 45.4 0.033
59 49.92 0.001
60 49.92 0.001
61 50 0
62 50 0
63 50 0.001
64 50 0.001
65 49.99 0
66 49.99 0
67 49.99 0
68 49.99 0
69 50 0.278
70 50 0.278
71 50 0.278
72 50 0.278
73 4.48 0.407
74 4.48 0.407
75 4.38 0.414
76 4.38 0.414
77 4.26 0.423
78 4.26 0.423
79 0 1
80 0 1
81 0 1
82 0 1
83 0 1
84 0.94 0.97
85 0.94 0.97
86 0 1

# £ (Hz) 3

87 0 1
88 1.45 0.138
89 1.45 0.138
90 1.32 0.32
91 1.32 0.32
92 0 1
93 0 1
94 0 1
95 .2 0.962
96 .2 0.962
97 0 1
98 0 1
99 0 1
100 0 1
101 0 1
102 0.07 0.84
103 0.07 0.84
104 0.04 0.948
105 0.04 0.948
106 0 1
107 0 1
108 0 1
109 0 1
110 0 1
111 0 0.997
112 0 0.997
113 0 1
114 0 1
115 0 1
116 0 1
117 0 1
118 0 1
119 0 1
120 0 1
121 0 1
122 0 1
123 0 1
124 0 1
125 0 1
126 0 1
127 0 1
128 0 1
129 0 1

Figure6. Pole characteristics of Case 16
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3.2.1Transient results of Case 16

All the 16 disturbances, 7 faults and 6 disconnections, ha ve been applied to each
case. In order to exemplify how the transient indices are calculated, only fault at bus
5 (see Figure 8), which corresponds to the terminals of the VSC with higher rating, and

SG1 disconnection (see Figure 9) are shown in this Subsection . Additional results of
several cases are presented in  Appendix B: Transient results .

In order to evaluate the stability of the faults, the indices have been calculated after

t = 2 s, when the system tends to recovery in case of stability . In case of instability, the
main magnitudes of the system are already out of proper limits. Table 3 shows the
transient indices for the fault at BS and the SG1 disconnection. It is observed that both

cases are stable. This is confirmed in  Figure 8 and Figure 9, which show the results of
fault at B5 and SG1 disconnection respectively. However, FDI for the fault is higher than
1, which correspond to a high ROCOF of  one of the SGs. It is observed in  Figure 8 that
SG2 frequency pre sents large oscillations, leading also to large ROCOFs. The voltage
recovers properly for both cases. For the SG1 disconnection, the frequency deviation

is very reduced even after removing two thirds of the system inertia and around 20%

of the total genera tion.

Table3. Example of transient indices for Case 16

Index Fault at B5 SG1 disc.
DGAI 0.328 0.323
DVI 0.194 0.561
FDI 1.427 0.124
MFDI 0.337 0.070
Csl 0.053 0.060
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Case 16 - Fault at bus 5
4.
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Figure8. Fault at bus 7 for Ge 16
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Figure9. Disconnection of SG1 for Case 16
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3.2.2 Role assignment using indices

Small-signal and transient indices have been applied to the all the possible GFOL -
GFOR combinations, i.e. the 16 cases shownin Table 2. The corresponding results have
been represented in a matrix form using a three -color based code, as shown  in Figure
10. The indices depicted in green correspond to stable indices, yellow and clear
orange represent indi ces close to instability or operational limit excess, dark orange
corresponds to operational limit violations and red represent unstable cases.

Regarding small -signal indices, they show stable operation for all cases. The minimum
damping of the SG is redu ced, as it is observed in ‘00, which is depicted in clear
orange for all cases. ‘O¢ &Xko0 reveals strong interactions for all cases, especially
between VSCs. The introduction of GFOR converters help to reduce the interaction
between SGs and VSCs (see "O%®© ), which are stronger for Case 1 (all VSC
operating in GFOL) compared to Case 16 (all VSCs operating in GFOR). GFOR
operation also improve the damping of SG interactions, as it can be observed in
YOO .

Considering transi ent indices for disconnections of generation units, the SG1
disconnection is unstable for all cases except Case 16 (all GFOR). The rest of the cases
are stable and the response is within operational limits. However, Case 16 provides

better results, especia lly related to the voltage, where many yellow and clear orange
can be found for cases with three or four GFOL converters.

The management of faults in the system clearly presents better performance for GFOR
mode compared to GFOL mode . In GFOL mode, m any cas es are found to be
unstable, which are depicted in red. Cases 1, 2 and 3 are unstable for all the faults
applied. Introducing GFOR converters allows the system to be stable for more faults.
However, when the fault is applied to bus 4, all the cases are uns table except Case
16. Analogously to disconnection, only Case 16 can outstand all the faults applied in

the system.

Considering previous small -signal and transient indices, it is clear that the only case
that provide the best performance to every disturba nce applied to the system is Case
16. Therefore, the preferred option to operate this Scenario 1 with the operational point
tested is to assign grid -forming operation to all converters, as this operation mode
shows superior performance for transient events
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Case
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Figurel0. Smallsignal and transient indices applied to the 16 Cases
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4 MATLARB files

The MATLAB scripts that calculate the indices from small  -signal and transient results
can be found in the fo llowing link:

https://drive.google.com/file/d/1G -VJINsT9jPSlodWChuui2lp2BODKOUX/view?usp=sharing

This repository also includes all the data related to small -signal and transient results. The
small-signalresultsar e saved Bmat heSf ghal fandeixlude thesstatma t 6
names of the complete state -space model, the poles, the damping ratio and
participation factors for every pole for the 16 cases , as shown in Figure 11.

1x16 struct with 4 fields
= F“"IETD. . | Fields states Iﬁ lambda ﬁdamping_ratio @ nPF
isconnection_results
Fault_results 1 1257 cell 125x1 compl..| 125x7 double 125x125 double
El Seri 2 1267 cell 126x7 compl..| 126xT double 1266126 double
plot_index_matriz.m 3 1267 cell 126x1 compl..| 126xT double 1266126 double
) 55_indices.m 4 1267 cell | 126x7 compl...| 126x1 double 1266126 double
% ?E”‘—?”:fce‘—:':"m 5 126x1cell  |126x1 compl.| 126x1 double 126x126 double
AT ﬂ:“"" e 6 1271 cell  |127x1 compl..| 127x1 double 127x127 double
= Small_Signal_indices.mat i 127x7 cell 127x71 compl..| 1271 double 127%127 double
B8 Small_Signal_results.mat 2 127l cell 1277 compl..| 1271 double 127127 double
H Trans_indices_disc.mat q 127%7 cell 127x1 compl..| 127x7 double 127x127 double
EH Trans_indices_fits.mat 10 1271 cell 1271 compl..| 127x1 double 127%127 double
Small_Signal_results.mat (MAT-file) 11 127x1 cell 127x1 compl..| 127x7 double 127127 double
HH = = 12 128x7 cell 128x1 compl..| 128x7 double 128x128 double
Name Value 13 1281 cell | 128x7 compl.. 128x1 double 128x128 double
results_SS b1 struct 14 1281 cell | 128x7 compl... 128¢1 double 128x128 double
15 128x7 cell 128x7 compl..| 128x7 double 128x128 double
16 1297 cell 129%1 compl..| 1297 double 129%129 double

Figurell. Smaksignal results

The transient results are saved independently for every simulation in the two folders
@isconnection_results 6a n dFadt_resultsd as shown in Figure 12.
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<= B H E ﬁ ¥ Disconnection_results <= = 5 E E » Fault_results
Current Folder Current Folder
Mame =« MName
= MAT-file = MAT-file A

sim_results_Casel_disc_5G1.mat
BE‘ sim_results_Casel_disc_5G2.mat
Hﬂ sim_results_Casel_disc_VSC1.mat
Eﬂ sim_results Casel_disc_VSC2.mat
BE‘ sim_results_Casel_disc_VSC3.mat
Eﬂ simn_results Casel_disc_VSC4.mat
BE‘ sim_results Case? disc_5G1.mat
Ba sim_results_Case?_disc_5G2.mat
Eﬂ sim_results_Case?_disc VSC1.mat
BE‘ sim_results_Case?_disc_VSC2.mat
Hﬂ sim_results_Case?_disc_VSC3.mat
BE‘ sirmn_results Case? disc_VSCd.mat
BE‘ sim_results_Case3_disc_5G1.mat
Eﬂ sim_results_Case3_disc_5G2.mat
BE‘ sirm_results Case3 disc_VSC1.mat
Hﬂ sim_results_Case3_disc_VSC2.mat
Eﬂ sim_results Case3 disc_VSC3.mat
BE‘ sim_results_Case3_disc_VSCd.mat
Hﬂ sim_results_Cased disc_5G1.mat
BE‘ sim_results Cased disc_5G2.mat
Ba sim_results_Cased disc_VSC1.mat
Eﬂ sim_results_Cased disc VSC2 mat
BE‘ sim_results_Cased disc_VSC3.mat
Hﬂ sim_results_Cased disc_VSCd.mat
Eﬂ sim_results Cased disc_S5G1.mat
E sim_results_Cased_disc_5G2.mat

sim_results_Casel_flt_1.mat
Ea sim_results_Casel_flt_2.mat
Eﬂ sim_results_Casel_fit_3.mat
EE‘ sim_results_Casel_flt_4.mat
Eﬂ sim_results_Casel_flt_3.mat
HE‘ sim_results_Casel_flt_6.mat
EE‘ sim_results_Casel_flt_7.mat
Hﬂ sim_results_Cased_flt_1.mat
HE‘ sim_results_Cased flt_2.mat
Ea sim_results_CaseZ_flt_3.mat
Eﬂ sim_results_Cased flt_d.mat
EE‘ sim_results_Case?_flt_3.mat
Eﬂ sim_results_Case?_flt_&6.mat
HE‘ sim_results_Cased flt_7.mat
EE‘ sim_results_Case3_flt_1.mat
Eﬂ sim_results_Case3 flt_2.mat
EE‘ sim_results_Case3_flt_3.mat
Eﬂ sim_results_Case3_flt_4.mat
Hﬂ sim_results_Case3 flt_3.mat
EE‘ sim_results_Case3_flt_&.mat
Eﬂ sim_results_Case3_flt_7.mat
HE‘ sim_results_Cased flt_1.mat
Ea sim_results_Cased_flt_2.mat
Eﬂ sim_results_Cased flt_3.mat
EE‘ sim_results_Cased_flt_4.mat
E sim_results_Cased_flt_3.mat

Figurel2. Data files corresponding to transient simulation results

The indices described in Section 2.1 are applied to this data in MATLAB scripts

S _indices.md ,Trars_indices_disc.md a Amnsdndices ftkmd&. These scripts g
the files @mall_signal_indices.mat 6 , Trargs_indices_disc.m at & and
Ofrans_indices_fltsmaté, whi ch are used in O0plot_index_
matrix shown in Figure 10, providing the full overview of the system performance for

every case.

matr i




POSYTYF Deliverable 1.3

5 Conclusions

This deliverable introduced an index -based methodology that ca n be used to assign
the role of the different VSCs connected into the same power system . This
methodology includes sma lI-signal and transient indices, which allow to have an
overview of the system performance.

In Chapter 2, the proposed methodology is presented, in which t he indices and their
expressions are also detailed. In order to enhance the analysis time, all the in dices are
normalized and, based on their values, a decision regarding the best converter role
assignment can be reach.

In Chapter 3, the methodology has been applied to a POSYTYF scenario. In particular,

the Scenario 1 is described. The indices introduced in Chapter 2 are calculated for this
specific scenario for all the possible GFOL/GFOR combinations. The system presents

four VSCs, leading to a total of 16 cases. For  each case, faults in all the different buses
and the disconnection of every generation un it,doneone atatime, have been tested
as transient disturbances ; totalizing 208 simulation s. Based on the indices, the
combination that provides the best performance of the system is Case 16, where all

the VSC s operate in GFOR mode.

Finally, Chapter 4 introduced the MATLAB files that which have been used to apply
the methodology to this Scenario 1

The methodology presented in this deliverable can be applied to any power system.
The indices may be adapted to the particular characteristic of the studied s cenario,
but the methodology itself can be scalable to any power system.
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7 Appendix A: Small -signal results

7.1 Case 1

# £ (Hz) ¢ # £ (Hz) ¢ # £ (Hz) 13
1 0 1 44 0 1 87 0 1
2 0 1 45 49.89 0.083 88 1.41 0.118
3 0 1 46 49.89 0.083 89 1.41 0.118
4 0 1 47 50 0.009 90 0.17 0.999
5 0 1 48 50 0.009 91 0.17 0.999
6 0 1 49 29 0.552 92 0 1
7 0 1 50 29 0.552 93 0.75 0.499
8 0 1 51 50 0 94 0.75 0.499
9 0 1 52 50 0 95 0 1

10 0 1 53 50 0.001 96 0 1

11 0 1 54 50 0.001 97 0.21 0.956

12 0 1 55 50 0.001 98 0.21 0.956

13 6759.6 0.248 56 50 0.001 99 0 1

14 6759.6 0.248 57 50 0 100 0 1

15 6660.3 0.252 58 50 0 101 0 1

16 6660.3 0.252 59 26.45 0.693 102 0 1

17 4124 0.177 60 26.45 0.693 103 0 1

18 4124 0.177 61 0 1 104 0 1

19 4024.6 0.182 62 0 1 105 0 1

20 4024.6 0.182 63 0 1 106 0.06 0.849

21 3693.1 0.178 64 0 1 107 0.06 0.849

22 3693.1 0.178 65 26.25 0.693 108 0 1

23 3592.8 0.184 66 26.25 0.693 109 0 1

24 3592.8 0.184 67 26.24 0.693 110 0 1

25 3429.8 0.092 68 26.24 0.693 111 0 1

26 3429.8 0.092 69 50 0.278 112 0 1

27 3330.3 0.097 70 50 0.278 113 0 1

28 3330.3 0.097 71 50 0.278 114 0.03 0.929

29 2312.1 0.257 72 50 0.278 115 0.03 0.929

30 2312.1 0.257 73 9.91 0.34 116 0 1

31 2212.1 0.268 74 9.91 0.34 117 0 0.998

32 2212.1 0.268 75 0 1 118 0 0.998

33 1973.4 0.04 76 0 1 119 0 1

34 1973.4 0.04 77 0 1 120 0 1

35 1872.3 0.042 78 0 1 121 0 1

36 1872.3 0.042 79 0 1 122 0 1

37 26.82 1 80 0 1 123 0 1

38 26.82 1 81 2.08 0.904 124 0 1

39 64.09 0.917 82 2.08 0.904 125 0 1

40 64.09 0.917 83 1.88 0.919

41 0 1 84 1.88 0.919

42 0 1 85 1.72 0.931

43 0 1 86 1.72 0.931
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7.2 Case 3

# £ (Hz) 13 # £ (Hz) I3 # £ (Hz) I3
1 0 1 44 0 1 87 0 1
2 0 1 45 0 1 88 1.42 0.121
3 0 1 46 0 1 89 1.42 0.121
4 0 1 47 0 1 90 0.17 0.998
5 0 1 48 0 1 91 0.17 0.998
6 0 1 49 49.8 0.084 92 0 1
7 0 1 50 49.8 0.084 93 0.78 0.572
8 0 1 51 47.67 0.059 94 0.78 0.572
9 0 1 52 47.67 0.059 95 0 1
10 0 1 53 28.68 0.633 96 0 1
11 7100.6 0.233 54 28.68 0.633 97 0.22 0.954
12 7100.6 0.233 55 49.84 0.006 98 0.22 0.954
13 7000.6 0.236 56 49.84 0.006 99 0 1
14 7000.6 0.236 57 26.45 0.693 100 0 1
15 4137.9 0.175 58 26.45 0.693 101 0 1
16 4137.9 0.175 59 50 0 102 0 1
17 4038.3 0.18 60 50 0 103 0 1
18 4038.3 0.18 61 50 0.001 104 0 1
19 3738.3 0.162 62 50 0.001 105 0 1
20 3738.3 0.162 63 50 0.001 106 0.06 0.847
21 3637 0.167 64 50 0.001 107 0.06 0.847
22 3637 0.167 65 50 0 108 0 1
23 3429.7 0.098 66 50 0 109 0 1
24 3429.7 0.098 67 26.24 0.693 110 0 1
25 3330.6 0.103 68 26.24 0.693 111 0.03 0.95
26 3330.6 0.103 69 50 0.278 112 0.03 0.95
27 2324.1 0.254 70 50 0.278 113 0 1
28 2324.1 0.254 71 50 0.278 114 0 1
29 2224.1 0.265 72 50 0.278 115 0 0.998
30 2224.1 0.265 73 7.02 0.47 116 0 0.998
31 1971.3 0.04 74 7.02 0.47 117 0 1
32 1971.3 0.04 75 0 1 118 0 1
33 1870.3 0.043 76 0 1 119 0 1
34 1870.3 0.043 77 0 1 120 0 1
35 1187.7 0.448 78 0 1 121 0 1
36 1187.7 0.448 79 0 1 122 0 1
37 1137.7 0.478 80 2.99 0.574 123 0 1
38 1137.7 0.478 81 2.99 0.574 124 0 1
39 0 1 82 0 1 125 0 1
40 0 1 83 2.07 0.904 126 0 1
a1 56.48 0.985 84 2.07 0.904
42 56.48 0.985 85 1.73 0.93
43 0 1 86 1.73 0.93
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7.3 Case 4

# £ (Hz) 13 # £ (Hz) I3 # £ (Hz) I3
1 0 1 44 0 1 87 1.52 0.84
2 0 1 45 0 1 88 1.42 0.129
3 0 1 46 0 1 89 1.42 0.129
4 0 1 47 0 1 90 0 1
5 0 1 48 0 1 91 0.94 0.631
6 0 1 49 49.53 0.091 92 0.94 0.631
7 0 1 50 49.53 0.091 93 0.33 0.992
8 0 1 51 48.92 0.06 94 0.33 0.992
9 0 1 52 48.92 0.06 95 0 1
10 0 1 53 49.83 0.002 96 0 1
11 6759.5 0.248 54 49.83 0.002 97 22 0.953
12 6759.5 0.248 55 27.42 0.672 98 0.22 0.953
13 6660.3 0.252 56 27.42 0.672 99 0 1
14 6660.3 0.252 57 50 0 100 0 1
15 4277.5 0.171 58 50 0 101 0 1
16 4277.5 0.171 59 50 0.001 102 0 1
17 4178 0.175 60 50 0.001 103 0 1
18 4178 0.175 61 50 0.001 104 0 1
19 3682.9 0.179 62 50 0.001 105 0 1
20 3682.9 0.179 63 26.47 0.692 106 0.06 0.845
21 3582.8 0.184 64 26.47 0.692 107 0.06 0.845
22 3582.8 0.184 65 50 0 108 0 1
23 3426.1 0.092 66 50 0 109 0 1
24 3426.1 0.092 67 26.26 0.692 110 0.03 0.961
25 3326.6 0.096 68 26.26 0.692 111 0.03 0.961
26 3326.6 0.096 69 50 0.278 112 0 1
27 2312 0.257 70 50 0.278 113 0 1
28 2312 0.257 71 50 0.278 114 0 1
29 2212 0.268 72 50 0.278 115 0 1
30 2212 0.268 73 0 1 116 0 1
31 1982.1 0.043 74 4.85 0.614 117 0 1
32 1982.1 0.043 75 4.85 0.614 118 0 0.998
33 1881.1 0.046 76 0 1 119 0 0.998
34 1881.1 0.046 77 0 1 120 0 1
35 1206.1 0.441 78 0 1 121 0 1
36 1206.1 0.441 79 0 1 122 0 1
37 1153.7 0.471 80 0 1 123 0 1
38 1153.7 0.471 81 2.07 0.904 124 0 1
39 420.23 0.817 82 2.07 0.904 125 0 1
40 420.23 0.817 83 1.88 0.919 126 0 1
a1 314.95 0.888 84 1.88 0.919
42 314.95 0.888 85 0 1
43 0 1 86 1.52 0.84
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7.4 Case 7

# £ (Hz) 13 # £ (Hz) I3 # £ (Hz) I3
1 0 1 44 518.17 0.763 87 1.13 0.946
2 0 1 45 0 1 88 1.43 0.134
3 0 1 46 0 1 89 1.43 0.134
4 0 1 47 0 1 90 1.26 0.465
5 0 1 48 0 1 91 1.26 0.465
6 0 1 49 49.51 0.096 92 0 1
7 0 1 50 49.51 0.096 93 0 1
8 0 1 51 49.31 0.064 94 0.12 0.994
9 6763.6 0.253 52 49.31 0.064 95 0.12 0.994
10 6763.6 0.253 53 45.46 0.037 96 0 1
11 6665.8 0.257 54 45.46 0.037 97 0.21 0.955
12 6665.8 0.257 55 26.76 0.682 98 0.21 0.955
13 4263.7 0.165 56 26.76 0.682 99 0 1
14 4263.7 0.165 57 49.88 0.002 100 0 1
15 4163.9 0.169 58 49.88 0.002 101 0 1
16 4163.9 0.169 59 26.26 0.692 102 0 1
17 3730.5 0.084 60 26.26 0.692 103 0 1
18 3730.5 0.084 61 50 0 104 0 1
19 3631.7 0.086 62 50 0 105 0.07 0.843
20 3631.7 0.086 63 50 0.001 106 0.07 0.843
21 3630.8 0.169 64 50 0.001 107 0.03 0.955
22 3630.8 0.169 65 50 0 108 0.03 0.955
23 3529.6 0.175 66 50 0 109 0 1
24 3529.6 0.175 67 50 0.001 110 0 1
25 2320.6 0.257 68 50 0.001 111 0 1
26 2320.6 0.257 69 50 0.278 112 0 0.998
27 2220.7 0.269 70 50 0.278 113 0 0.998
28 2220.7 0.269 71 50 0.278 114 0 1
29 1981.2 0.047 72 50 0.278 115 0 1
30 1981.2 0.047 73 0 1 116 0 1
31 1880.2 0.05 74 0 1 117 0 1
32 1880.2 0.05 75 3.71 0.724 118 0 1
33 1221.4 0.438 76 3.71 0.724 119 0 1
34 1221.4 0.438 77 4.44 0.41 120 0 1
35 1166.4 0.468 78 4.44 0.41 121 0 1
36 1166.4 0.468 79 0 1 122 0 1
37 1132.4 0.479 80 0 1 123 0 1
38 1132.4 0.479 81 1.95 0.914 124 0 1
39 1181.4 0.45 82 1.95 0.914 125 0 1
40 1181.4 0.45 83 0 1 126 0 1
a1 611.03 0.704 84 0 1 127 0 1
42 611.03 0.704 85 0 1
43 518.17 0.763 86 1.13 0.946
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POSYTYF Deliverable 1.3

7.5 Case 11

# £ (Hz) 13 # £ (Hz) I3 # £ (Hz) I3
1 0 1 44 586.12 0.707 87 1.09 0.952
2 0 1 45 0 1 88 1.43 0.135
3 0 1 46 0 1 89 1.43 0.135
4 0 1 47 0 1 90 1.29 0.425
5 0 1 48 0 1 91 1.29 0.425
6 0 1 49 49.51 0.097 92 0 1
7 0 1 50 49.51 0.097 93 0 1
8 0 1 51 45.56 0.042 94 0 1
9 6759.5 0.248 52 45.56 0.042 95 0.08 0.997
10 6759.5 0.248 53 49.38 0.065 96 0.08 0.997
11 6660.2 0.252 54 49.38 0.065 97 0.21 0.956
12 6660.2 0.252 55 26.84 0.688 98 0.21 0.956
13 4332 0.164 56 26.84 0.688 99 0 1
14 4332 0.164 57 26.35 0.691 100 0 1
15 4232.2 0.168 58 26.35 0.691 101 0 1
16 4232.2 0.168 59 49.9 0.001 102 0 1
17 3860.7 0.189 60 49.9 0.001 103 0 1
18 3860.7 0.189 61 50 0 104 0.07 0.842
19 3761.7 0.194 62 50 0 105 0.07 0.842
20 3761.7 0.194 63 50 0.001 106 0.03 0.953
21 3494.1 0.068 64 50 0.001 107 0.03 0.953
22 3494.1 0.068 65 49.99 0 108 0 1
23 3393.9 0.071 66 49.99 0 109 0 1
24 3393.9 0.071 67 50 0 110 0 1
25 2327.8 0.251 68 50 0 111 0 0.998
26 2327.8 0.251 69 50 0.278 112 0 0.998
27 2227.7 0.262 70 50 0.278 113 0 1
28 2227.7 0.262 71 50 0.278 114 0 1
29 1987.9 0.047 72 50 0.278 115 0 1
30 1987.9 0.047 73 0 1 116 0 1
31 1886.9 0.05 74 0 1 117 0 1
32 1886.9 0.05 75 4.38 0.414 118 0 1
33 1229 0.431 76 4.38 0.414 119 0 1
34 1229 0.431 77 3.33 0.762 120 0 1
35 1172.3 0.462 78 3.33 0.762 121 0 1
36 1172.3 0.462 79 0 1 122 0 1
37 1130.6 0.48 80 0 1 123 0 1
38 1130.6 0.48 81 1.89 0.919 124 0 1
39 1179.7 0.45 82 1.89 0.919 125 0 1
40 1179.7 0.45 83 0 1 126 0 1
a1 676.93 0.652 84 0 1 127 0 1
42 676.93 0.652 85 0 1
43 586.12 0.707 86 1.09 0.952
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POSYTYF Deliverable 1.3

7.6 Case 16

# £ (Hz) 13 # £ (Hz) I3 # £ (Hz) I3
1 0 1 44 1128.5 0.481 87 0 1
2 0 1 45 1182.4 0.449 88 1.45 0.138
3 0 1 46 1182.4 0.449 89 1.45 0.138
4 0 1 47 1133.3 0.479 90 1.32 0.32
5 7100.6 0.233 48 1133.3 0.479 91 1.32 0.32
6 7100.6 0.233 49 49.59 0.099 92 0 1
7 7000.6 0.236 50 49.59 0.099 93 0 1
8 7000.6 0.236 51 49.57 0.065 94 0 1
9 4329.5 0.16 52 49.57 0.065 95 0.2 0.962
10 4329.5 0.16 53 45.71 0.054 96 0.2 0.962
11 4229.5 0.164 54 45.71 0.054 97 0 1
12 4229.5 0.164 55 45.53 0.043 98 0 1
13 3897 0.174 56 45.53 0.043 99 0 1
14 3897 0.174 57 45.4 0.033 100 0 1
15 3737.1 0.06 58 45.4 0.033 101 0 1
16 3737.1 0.06 59 49.92 0.001 102 0.07 0.84
17 3797 0.178 60 49.92 0.001 103 0.07 0.84
18 3797 0.178 61 50 0 104 0.04 0.948
19 3637.1 0.062 62 50 0 105 0.04 0.948
20 3637.1 0.062 63 50 0.001 106 0 1
21 2359.1 0.246 64 50 0.001 107 0 1
22 2359.1 0.246 65 49.99 0 108 0 1
23 2259 0.256 66 49.99 0 109 0 1
24 2259 0.256 67 49.99 0 110 0 1
25 1981.5 0.055 68 49.99 0 111 0 0.997
26 1981.5 0.055 69 50 0.278 112 0 0.997
27 1880.7 0.058 70 50 0.278 113 0 1
28 1880.7 0.058 71 50 0.278 114 0 1
29 1290.1 0.412 72 50 0.278 115 0 1
30 1290.1 0.412 73 4.48 0.407 116 0 1
31 866.98 0.56 74 4.48 0.407 117 0 1
32 866.98 0.56 75 4.38 0.414 118 0 1
33 789.23 0.597 76 4.38 0.414 119 0 1
34 789.23 0.597 77 4.26 0.423 120 0 1
35 1222.5 0.443 78 4.26 0.423 121 0 1
36 1222.5 0.443 79 0 1 122 0 1
37 1180.3 0.45 80 0 1 123 0 1
38 1180.3 0.45 81 0 1 124 0 1
39 1177.3 0.451 82 0 1 125 0 1
40 1177.3 0.451 83 0 1 126 0 1
a1 1131.3 0.48 84 0.94 0.97 127 0 1
42 1131.3 0.48 85 0.94 0.97 128 0 1
43 1128.5 0.481 86 0 1 129 0 1
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8 Appendix B: Transient results

8.1 Case 1

Case 1 - Fault at bus 1
e

POSYTYF Deliverable 1.3
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