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Executive summary

This report presents the research carried out under four tasks to address the transient stability
challenges faced by IBR®minated networks in the presence of gfilkming (GFM) inverters. The
report begins with outlining the relevance tie N5 a S NOK (2 ! dzAd N} f Al Q&
summarises the progress against tResearch Roadmaasks 4.2, 4.3 and 5.2, and presents the
adoptedmethodology. The completed research expands on the transient stability analysis-of IBR
dominated (multiiBR) networks, develops a stability assessment tool for ARRI networks,
analyses the impact of negative sequence current injections of individealuBits, and investigates

the transient stability of GFM control in wind turbine generators (WTG).

Taskl expands the theoretical transient stability analysis and stability estimation method
developed in Stage 2 of the project to encompass a larger number of IBRs actldieRs
connected in both radial and mesh network topologiegile Task 2 translates the theoretical
assessment method developed into a generalised stability assessment tool that allows for simplified
yet accurate and fast estimation of stability margfos multi-IBR systems. The accuracy and the
scalability of the stability margin ssssment method have been validated through EMTDC
simulations for a luster #IBR network as well as acfuster 12IBR networkThe method isalso
shown to be useful in determining the optimal network configuration by assessing the sensitivity of
stability margins to the changes in network impedances and dispatch levels.

Task 3 conducts a detailed analysis of how design and control strategies of GFM inverters affect
their behaviour during grid faults and influence overall transient stability and operational reliability.
For this purposePQ priority and the virtual impedand¥1) current limiting techniques have been
investigated The study also investigates the impact of GFM fault responses on the system's
protection mechanisms, particularly analysing the phaskection element. This includes assessing
how the PQ priorityand VI methods, and their specific settings, influence the effectiveness of this
protection element.The implications of negative sequence current allocation are also examined.
was found that he'Q rjmplementation of the PQ priority current limiter in gridllowing (GFL) IBRs

may not effectively regulate active and reactive currents based on PQ priorities in GFM IBRs, thus,
it might not be suitable for GFM technology. In addition, whike PQ priority method can limit the

AY @SNI SNDa théndieNBngtiiod, The EatterSWad found to suppothe voltage more
effectively during faults if théy¥'Y ratio is chosen appropriately.

Task 4 investigates the transient stability characteristics of thefgriding control implemented in
currentlimited wind turbine generators. Detailed investigations have been completed on both
Type3 and Typet WTG, and their transient behaviour in resge to voltage and frequency
disturbances is analysed under different dispatch levels, grid strengths and current limitation
YSGK2RAD CAdzZNIKSNX2NBSX 2¢DaQ GNIFyaASPESS@SK JA 2
shortcomings have been outlinednd suitable methods of mitigation have been proposed and
implemented. It was shown that GFWTG systems offer grstrengthening capabilities equivalent

to GFMBESS, however, conventional GFM control methalgeh as synchronoesachine
emulation are not ideal control strategieis the context of transient behaviour due the unique

WTG characteristics.
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In conclusion, IBRch local networks have increased vulnerability during grid disturbances, and
GFMIBRs have critical role in maintaining the stability of such networks. This research contributes
to understanding these stability challenges, determinthg impact of GFMBRs and respective
stability boundaries, and proposes solutions for improvement. The outcomes of this research effort
can be summarised a@n accurate method and a practical tool for the assessment of stability
margins of IBRIominated retworks, and an understanding into how GFM design choices and
control strategies affect the transient behaviour and operational reliability of EBRA.

Future research is recommendeadto incorporate dynamic properties of grid disturbances, such as
various fault profiles and network conditions, into the transient stability analysis of B
networks in order to achieve a more precise representation of stability margins.
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1 Introduction

This section outlines the context and objectives of enhancing transient stability HtoiBRated
grids. It emphasises the need for gf@ming inverters to address stability challenges in weak parts
of the grid where renewable energy sources like wimdl &olar are abundant but distant from
traditional power generators.

1.1 Background and Research Objectives

Renewable energy plants, such as wind and solar farms, are typically located in regions where wind
and solar resources are abundant, yet usually distant to synchronous generators (SGs) and loads
centres. Utilityscale wind and solar generation, also reéefito as invertetbased resources (IBR),

may face stability challenges in weak parts of the grid. To address this and enhance the stability of
IBR dominated weak networks, gifiokming inverters are increasingly being deployed.

Local networks with highconcentratiors of IBRs are typically in radial or partiathesh
configuratiors. Given the vulnerability of power systems during and following faults, it is essential
to investigate the transient stability (TS) of these networks to determine the impacts efogniing
IBRsand stability boundaries, and propose solutions for improvement.

In this respect, Stage 3 of the project aims to analyse, evaluate, and improve the transient stability
of networks dominated by IBRs during and following fault events. The project is divided into four
research tasks:

1 Task lexpandsthe transient stability analysis developed in Stage 2 to encompass larger IBR
clusters with different types of generation and in different network topologies.

1 Task 2developsa transient stability assessment tool that allows for simplified yet accurate
estimation of transient stability margins of mulBR systems. This tool is based on the analysis
completed in Task &f Stage &s well as Stage 2 of the project.

1 Task 3analyse the impact of negative sequence (NS) current injections from IBRs on their
transient stability, while complying with the IEEE P2800 NS current requirement. The assessment
exploresthe influence of various GFMI control features on transient stability, and it evaltlage
impact of NS current allocation on protection system operation.

1 Task 4dinvestigatedransient stability of currentimited gridforming control implementation in
wind turbine generators (WT@} well agheir stability-enhancing capabilities.

10| CSIRO dz& NI f AL Qa bl dA2ylf {OASYyOS | 38yoe



Tablel shows the Research Roadmap tasks being addressed by3Stagearch activities.

Roadmap
Major Tasks

Roadmap Tasks

Stage 3 Tasks

Progress
by the end
of Stage

w

4. Protection

4.3: Assessment an
enhancement of IBR!
reliability

Taskl: Transient stability analysis of mulBR systems
considering a wid@rea network

Task2: Development of ananalysis tool to conduc
transient stability studies for muHBR systems

80%

on

Task3: Investigation into the impact of various contrg
(e.g., GFM controls, curreditmiting, frequency freezing
and K2factor) of GFMIs on the TS of inverters conform

capability for HVDC
stations and wind anc

Task4: Enhancing transient stability of currelimnited
grid-forming control by implementation in neBESS IBRs

Reliabilit .
and Reliability . . to IEEE P2800 NS current requirement. ’
4.2: Enhancing 1B . . .
response during an Task3: Study of the impact of NS current allocation on t 40% 80%
protection system, conducted either through a literatu
subsequent to faults . . -
review, or, if relay models are available, one or two ¢
studies.
Task4: Enhancing transient stability of currelimnited
grid-forming control by implementation in neBESS IBRs
5.1: Developing
alternative  control
methodologies  for
5. Trending| GFMIs
Topics 5.2: Gridforming ‘

solar farms

1Progress to date against roadmap tasks.

2Stage3 Taskn

02y i NROdzii Sa

G2

620K w2l RYl L) (| -anhaicing esponseyaiwelpa® giodnting capabilityl-fdR indButbiaeS.&

1

Tablel: Progress against Research Roadmap
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1.2 Research Relevance to Australia

Thestableoperation and reliability of the power system is becoming increasingly challenging and
critical as the IBR penetration in the NEM gradually increases.

Within the next 25 years, a significant development of renewable energy zones (REZ) is anticipated
across the NEM, which may introduce additional operational challefijeshe REZ developments

are likely to be in radial network configurations and located far from the remaining synchronous
generators. Therefore, transient stability issues may inevitably emerge in such regions.

In addition, wind energy is expected to hold a significant potential both in REZ regions and the wider
NEM. HoweverREZ regions with high concentratswf wind energy potential largely coincide with
weak parts of the networlkl], which is likely to necessitate threquisition ofgrid-strengthening
services from wind turbine generators.

In this respect, Stage 3 of this research project aims to:
i establish a simple framework to allow an accurate analysis and estimation of transient
stability margins of large IB&usters that will constitute REZ regions, and
T investigate the impacts of grfbrming wind generation systems on the transient stability
of REZ regions, and examine their ggickngthening capabilities.

The outcomes of this research effort are expected to alleviate the technical challenges of the energy
transition in the NEM, by:

T supporting network service providers and the network operator in the assessment of the
transient stability of renewable energy zones, and

i contributing to the understanding of gil 2 NY Ay 3 gAY R 3ISYSNI GA2Y
behaviour and stabilisgnhancing capabilities in the context of renewable energy zones.

It is anticipated that the technical challenges this research aims to mitigate arise within the next 3
to 5 years, and the estimated benefits of the research be realised withisaheetimeframe.
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Figurel: Renewableenergy zons in the NEM1].
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2 CompletedResearch

Taskl and Task of Stage3 are largely based on the analysis completed in Sgafge multrIBR

radial networks, which has been published2hand[3]. In Stage2, the transient stability adsimple
network that consists of a gritbrming and a gridollowing inverter connected imparallel was
investigated. Furthermore, a generalized theory fadialy connectedBRswas developed and a
transient stability indicatorO , was introduced for a mulHBR radial network to evaluate the
YySig2N] Qa NI y a Hévgver, thielsdludioh tleveloped v StagRINisés a custom
implementation for analysing a-@uster 4IBR network This necessitated generalisedsolution
implementation in the form of a tool that is both computationally efficient and fully configurable
for any number of IBRs and clusters, which would enable the expansion and application of the
transient stability analysis to significantly largetwerks.

Here, aclusteris defined as multiple IBRs (such as BESS, solar farm or wind farm) that are in close
proximity and radially connected to a local common bus, whiteeavork is defined as multiple
clusters connected to a global common bus (repreaéwé ofan infinite grid), either radially or in

mesh configuration. A REZ could be considexgal cluster or a network depending on its saed

the proximity of IBRSA generic representatioof a multiIBR networks shown irFigure2.

To this end, Task expands the theoretical transient stability analysis and stability estimation to
larger number of IBRs and H8Risters for both radial and mesh network topologies, while Task
translatesthis theoretical work into @eneralisedool. Therefore, the methodology and results for
both Taskl and 2 are presented together.

The followingtable provides a summary of the completed research activities, and a distinction
between the work completed in Stage 2 and Stagé\8.an outcome of Stage 3, a generalized
solution is developed for muHBR multicluster networks connected in radial or mesh
configuration. The scalability of this solution to larger systems is subject to accurate representation
of the infinite grid asvell as how well the network model can be approximated to the standard
structure shown irFigure2.

TS analysis Taskl Task2
Radial network Generalisedheory developed in stage)2 Generalisedolution @eveloped in stage)3
Mesh network Generalisedheory (developed in stage)3 Generalisedsolution @eveloped in stage)3

Table2: Distinction between TSesearch activities.

Task 3of Stage 3 conducts a detailed analysis of how design and control strategies-&o@nithg
Inverters (GFMs) affect their behaviour during electrical faults and influence overall transient
stability and operational reliability. This task assesses twaroarrent limiting techniques for
Virtual Synchronous Machine (VSM) GFMs: the PQ priority method and the virtual impedance
method. Additionally, the task examines the implications of allocating part of the current for
negative sequence current injectiora requirement under various grid codes and standards such

14| CSIRO dz& NI f AL Q& bl dA2ylf {OASYyOS | 38yoe



as the German grid codd] and IEEE 280®]. The modifications to the GFM model include the
integration of these current limiting methods alongside controls for negative sequence current
injection.

Analyses within Task 3 are divided into three phases:

1 initial assessments on a smatlale test system evaluating the performance of both current
limiting methods;

1 a deeper focus on the virtual impedance method through a sensitivity analysis of key factors like
‘O /'O ,"0 ,andrYratio that impact the stability of the inverter control system;

1 and using the IEEEIS test system to provide a more realistic simulation environment.

The third part of the study investigates the impact of GFM fault responses on the system's
protection mechanisms, particularly analysing the phaskection element. This includes assessing
how the PQ priority and virtual impedance methods, and their $meskttings, influence the
effectiveness of this protection element.

Overall, thesanvestigations shed light on the critical role of GFM inverter design choices, such as
different current limiting techniques and their parameter sensitivities, in maintaining transient
stability and enhancing the functionality of protective devices in posystems.

Task 4of Stage 3s set toinvestigate, understand, and improve the transient stabiiwaracteristics
of the gridforming control when implemented in wind turbine generatof8ased on thdindings
in the transient performancestabilityenhancing capabilitieare developedand implemented
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2.1 Methodology

The methodology section details the approaches used in expanding trassability analyses, such

as the development of a generalised tool and extensive simulation testing. It includes detailed
mathematical modelling and system parameter adjustments, proving crucial for understanding
network behaviour under various operatiorsdenarios.

2.1.1 Task 1 and Task 2

2.1.1.1 Transient Stability Analysis ibarge Networks

Meshed networks in power systems, characterized by multiple interconnected paths for electricity
flow, offer crucial advantages particularly when integrating renewable energy sources. Firstly, they
enhance reliability by providing redundancy, ensuring cargd power supply even if one path or
component fails[6]. This is vital for stabilizing grids amid the variable output of renewables.
Secondly, meshed networks enable better balancing of supply and demand by integrating diverse
renewable sources across wider geographical areas. This ensures optimized resitinat®n and
minimizes the impact of fluctuations in generation due to weather conditions, ultimately bolstering
grid stability.

Australia possesses abundant renewable resources, including extensive solar exposure and wind
potential across various regioiig]. A meshed network enables the efficient integration of these
dispersed renewable sources, reducing the impact of variability and intermittency. A meshed
network not only enhances the reliability and stability of power system but also facilitates the
seamess exchange of renewable energy between different states, contributing to a more
sustainable and interconnected energy landscape with high grid security.

Building upon the considerations previously discussed, the research delineates the interconnected
configuration depicted irFigure2. This structure consists of several clusters, each representing a
unique renewable energy domain. Specifically, cluster h integrates n units of GFMI and m units of
GFLI, all connecting at a global common bus. This bus, maintaining a steady volkidgega$
connected to an infinite bus with a voltage ©f — through grid impedancé via a transmission

line with impedanceb , . Within cluster h, the GFME is linked to the local common bi&hrough

the impedance® g, and similarly, the GFI®X is connected to the same bus va 3 .
Additionally, clusterQis interconnected with clusteiQvia a transmission line characterized by
impedancew , .

Inthis study, the subscrip€& signifies a quantity linked to the FMlidentified as®& within cluster

"Q Similarly, the subscriff@ is employed to denote a quantity associated with the GFLI known as
"R . This notation is consistently applied throughout the document to clearly differentiate between
the quantities pertinent to the respectiv@ FMIland GFLI within clustéR
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Figure2: Generalisedepresentation of amulti-cluster multrIBR network

The conceptual implementation stages of the TS tool are shoviaigmre3, where PSCADased
EMTDC simulations are used for validation purposes. The solution script is implemented in
MathWorks MATLAB

Input: Analysis

Generator and Solution of TS Indicator@ )
System system

Parameters RS SEP/UEP Voltages and Angle

A AN

‘( Network Model
PSCAD Simulation

Outputs: I

(_______________'\
I
I

Figure3: Conceptual implementation of the TS tool
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2.1.1.2 Generalised Solution

Considering a larger mesh network and employing Kirchhoff's Current Law (KCL) toQlwstieh
is connected to the grid as shownHigure2. The cosine and sine components of the local common
bus voltage can be represented as follows

WOE | B LTFTOSOEDE — Qs (A)H(I)E T
W pg Wy WET n —x
. e, p
WSy WeEl 5 —
wi Q¢ f I SI DEQE- Qg O [ 1 Q& °* i —h
W fg Wy | W — WSy i Wr —r
C
where
p p p ~
Wi —np - 7 h
W W ps Wn
P -
wW — W R —h :"_—h
=h
P o ) p i
¥ -7 h —h o,
W fs
AT QO 5 — —p8
¥ -7 h h (bﬁ o

0 ,0 , and0 denote the number of GFLI, GFMI, and interconnected clusters associated with
cluster Q respectively. At a SEP, bathand all local common bus voltages are closer to 1 pu.
Conversely, at an UEP, these values fall to lower v@fl]Jeés presented ifi2] and[3], at an EP,

O rg U g of GFMlandd ®p fg. Whereinwy g represents a critical value @b
beneath whichd falls belowd . For a GFLI at an ER, ;g Ttleads to®  ®f fg .

Wi Rg represents a critical value of which can represent as
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Therefore, the EP for a givem value can be determined by simultaneously solving equations (1),
(2), (3), and (4) for all clusters and it yields the paits, h 7 and wyp h 5  for each

cluster.  However, the sets wp A { hor h ; B0, A and

wp h 7 o h 5 MBHwy; A ;  representonly potential candidates for the actual
SEP and UEP of the global system. Once the eqsatiersolved for give value, roots are then
substituted into (6) and (7

WE — 6 @' R pB Ry 7Y i
@ v 6
P20 b hedet s 0 (©)
W W
s e e P @
i Q& YW | phw’™ ] s "7 5 — —0U01 Qe 8 X
w W p
Then, the convergenasondition is checked using)(8
o Hoh YA ps m Y

Should the calculated voltagengle pairs for each cluster #te SEP and UEP satisfy equation (7),
the global stability ofthe equilibrium points can be guaranteed.

If the convergence condition is found to hold for given set of roots, the corresponding equilibrium
LI2Ayda FNB GF1Sy a GKS 3f2o0lf aedadsSvyQa {9t
SEP and UEP angles of each cluster can be calculated9)sing

T fe 1 AR

O 5 8
1 hh W
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To account for the worstase scenario, the lowe , among the clusters is selected as the TS
margin indicator for the whole systethat indicates global stability equilibriumvhich can define
as,

0O 4G Q0 Ho ;MBH ; 8 p Tt

To analyse the impact of system parameters to the TS rel@tivevalue can be calculated as

'Oﬁ h ﬁ h . 00

TheO j guantifies the relative change of tH® concerning a predefined base scenario,
which represents the default setup of the network. This metric holds significant importance in
evaluating system stability as it elucidates alterations in system parameters by compari@g the
under a specific scenario with that of the base case. The base scenario acts as a reference point,
depicting the system's stability under its typical operational conditions. Modifications in critical
parameters, such as power references and the positiohsommon buses, can exert table
impacts on the system's stability. These variations are encapsulated b§ theelative metric,
facilitating an assessment of how such changes either bolster or diminish the system's TS.

Solving equations presented above directly necessitates significant computational resources, while
the accuracy of the solutions obtained is often unsatisfactory. This necessitated a generalised
solution implementation in the form of a tool that is both raputationally efficient and fully
configurable for any number of IBRs and clusters, which would enable the expansion and application
of the transient stability analysis to significantly larger networks. Due to this Task 2 mainly focus on
developing a toolthat can robustly calculate th&® value for any network configuration.

The NewtonRaphson (NR) method has been identified as tabla approach for this purpose,
primarily due to its proven effectiveness in addressing nonlinear equations. The NR method
demonstrates remarkable efficiency in rapidly converging to a solution, even when applied to
intricate and extensive network models. Tlolsaracteristic makes it wedluited for the intended
application, striking a balance between computational complexity and the precision of results.

To be able to utilise the NR method for a generalised network solution, equations (1) and (2) have
been slightly rearranged as shown below:

Op  0p WwWswy AT S W5 wsdy OB @f
P C
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po
where
F wATI0; h
o ORIy h
0h WWAIT Oy Qrg O 5 AT Sy <« f —5
W ps (:)7 A|(]Oﬁ — h
0p WIOEF Qrg @5 OEH 7 —i
W ps (:)7 OE]TH —r 8
pT

To analytically solve the equations in this study, initially, construcbth®atrix to take thed 6 @

as indicated in Appendix, with transformed t&@ 6 0. Next, derive expressions for
»AT10; landw O BT and substitute these into Equations (4) and (5). Proceed to solve these
equations to identifyy  and —; for each cluster, ensuring accurate parameter determination.
Finally, perform a back substitution of these values into the mabria calculatew and] j for

each local common bus. This approach provides a clear and systematic method for analysis within

the framework of the study, facilitating a comprehensive understanding and replication of the
results.
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Values fof| jh—y fiohand] ; can be efficiently determined by following sequential steps

presented inFigure4 using the TS tool.

START

Selectthe desired
equilibrium point

EP=UEP

(EP)
EP=SEP
Y
Vc = {VC.?HiJJ.SEPJVC.JHﬂX.SEP} Vc € {Vc.min.UE JVC.JJ"IHX.UEP}
h J 4

+  Createa B matrix fornetwork arrangement.

+  Derive expressions for 1, cos(é‘z,,h ),and V. 5in (6:_.,;,) and
substitute to (4} and (5)

+  Selecta I, valueandsolve for

¥ 8pnlvoltageangleatn” VSG'sterminal) (x Ny) «
F Oy (voltageangleatm  GFLI's terminal) (x My)

+  Back substitute to obtain
F vy (voltage magnitude at cluster-h local bus)
F 8,5 (voltage angle at cluster-h local bus)

SelectanotherV, and repeat

Checkif(11)

Substitute the V, roots into (9) and (10)

To account for the worst-case scenario, the lowest

holds

Yes

Dgpy is selected as the global system’s TS margin |«
indicator, using (13).

EMND

Figure4: Generalisedsolution methodology forthe TStool.

The corresponding V. roots represent SEP/UEP.
Calculate for each cluster the normalized distance
Dgpy betweenthe SEP and the UEP using (12).
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2.1.2 Task 3

This task aims to analyse the fault response of GFM IBRs with different current limiting methods.
The operation principle and performance of two common current limiting methods are evaluated
from different aspects. Moreover, the impact of these methodgramsient stability of the inverter
control system during faults as well as the protection system is investigated. The following discusses
the current limiting methods considered in this study, and the methodology to assess their
performance.

2.1.2.1 Performanceevaluationof GFM current limiting methods

During fault conditions, the voltage sourbehaviourof GFMs can make their output current to
increase beyond the maximum current allowed by the inverter semiconductor switches, thereby
damaging the hardware. To successfully ride through these disturbances, appropriate €urrent
limiting control techniques & required for GFMs. In this study, two common current limiting
methods for GFMs in the literature are considered, including PQ priority and virtual impedance.

Method 1: PQ Priority Current Limiter

Figure 5 shows the control diagram of a GFM with PQ priority current limiter. The same
implementation of this method in GFL IBRs is applied to the GFM model in this[8}udly this
method, the current limiter receives the positivand negativesequenceQ Acurrent references

o ,0 ,0 ,andO0 andgenerateD ,0 ,O0 ,andO references for the
inner current control loop while prioritizing P or Q using the equations detaild€é]inThe input
current references to the current limiter are generated by the outer control loops in the GFM control
system, which are the voltage control loop andektor control, as illustrated ifigure5.

-

kd_ref
K-Factor
L— Control
A 4 A 4
+
‘I;r:ref {vd_'ref ‘VdJ_rref Eref Pref
< < < e
I; PQ Droop
Current | dref s Voltage
— Priority Ores
Control | I ,es Control ~
Loo < Current . Loo
p :qumf Limiter :qu_ref P Vi, . Wref VSM Qres
‘/ref
vam
A 4
PWM > @Z

Figure5: Control diagram of a GFM with PQ priority current limiter
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Method 2: Virtual Impedance

The second current limiting method analyzed in this study is the virtual impedance. The idea in this

method is to add a large virtual impedance between the inverter and the grid in the event of an
overcurrent and so limit the currerfil0]. A general overview of the GFM control system with this
current limiter is shown ifrigure6. The virtual impedance method acts upon the reference voltage
O generated by the outer control loop by subtracting an emulated voltage drop across a virtual
impedance. As a result, the effective reference voltage for the inner current control loop is reduced,
FYR a2 GKS AYy@SNISNDa OysddEsumes ihat it KadzNdevelop @R

a lower voltage. Since the virtual impedance method is implemented in the poesgygence
circuit, a saturatiorbased current limiter is also implemented in the negatbaguence circuit to
prevent overcurrent.

[(;Tﬁf ‘[l;l,ref
Current [* K-Factor
I35 | Saturationy I, ... Control
I L, Vi 0 P,
. I_ref vd_ref . d_ref ref ref
C t ) Volt ) broop
urren oltage .
g Virtual Erey
Control Control <
Loop + + Loop + Impedance
‘Iql'ef Iva—TCf ‘VqJBf Wre f VSM Qres
Vref
Upwm
A 4
PWM > QEZ

Figure6: Control diagram of a GFM with virtual impedance current limite

Test system

Figure7 andFigure8 show the test system and the GFM IBR plant configurations used for evaluating
the performance of the aboweentioned current limiting methods. The analysis is done using
generic GFM models developed in PSCAD/EMTDC, designed based -ofi-ttedart literature on

GFM IBRs. The details of the GFM model as well as the test system can be fadhd in
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Figure7: Test system configuration.

Aggregated
inverter model

o -~(QD—E D )
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Figure8: GFM IBR plant configuratian

Test plan

The test plan for assessing the performance of PQ priority and virtual impedance current limiting
methods includes applying different faults on the test systenfrigire7 and recording the GFM
L.wQa NBaLlRyaS I i K SFigurgBordedbjéchik df ®atdsts wdultl e toh @ S @

1.evaluate the fault current response of the GFM IBR when PQ priority current limiting method is
used. This current limiter has been originally designed for GFL IBRs, so the focus would be to
understand if this method can operate properly and prioritize B @nin GFM IBRs.

2.assess the fault current characteristic of GFM IBRs when the virtual impedance method is used.
One of the objectives in this part of the analysis would be to understand hodéteatio of the
virtual impedance as well as the share between the positarel negativesequence currents
(‘O /"0 ) affect the fault current characteristic.

3.perform a comparison between the PQ priority and virtual impedance methods in terms of
current limiting speed, active and reactive current generation, grid voltage support, etc.

2.1.2.2 Transient stability assessment of GFM IBRs during faults

This section explores the transient stability of GFM IBRs during faults by conducting a sensitivity
analysis on key parameters affecting the stability of the inverter control system. Three critical
parameters identified for this studgre’© /'O ,"O , anddIYratio. The approach used in this
study is slightly different from the method normally used in conventional transient stability studies,
i.e., identifying the critical clearing time and varying the fault duration. Since the focus of this work
is on sensitivity malysis of certain parameters and their impact on stability of the GFM control
system, a fixed and sufficientlgng fault duration is considered while changiy /O ,0

and@f Yratio. Then the time at which the control system becomes unstable for different values of
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these parameters is compared to find a general pattern. The analysis will primarily focus on the
virtual impedance method, as the PQ priority current limiter showed no transient instability in our
test set. Instances of instability were occasionally obsérdue to voltage recovery scenarios;
however, these case studies did not yield definitive conclusions. The generally robust performance
may be attributed to the override of the outer and voltage control loops in this method, causing the
inverter to functon as a current source without a PLL. Further detailed investigation will be pursued
in future research to deepen understanding in this area.

Test system

In this section, the IEEEb®Is test system isitilized to simulate a more realistic scenarithe
synchronous generators at buses B2 and B10 in the original system are replaced with two GFM IBRs
rated at 100 MW.

& B6 B7 BS B9 B10 —l
ﬂ & (%) L67 178 |R89 .89 Rog| T3 D m
} e O I S ey S S
e —Dpi AN
] [

Source 1

Figure9: IEEE $us test system.

Test plan

Different faults will be applied on the test systenFafjure9 close to the GFM at bus B2. The stability

of the control system of this GFM when the virtual impedance method is used will be evaluated
during the faults. Test cases will be repeated for different valué® of 'O ,"O , anddI Yratio

to understand their impact on transient stability of the GFM control system.

2.1.2.3 Impact of GFM fault response on protection system

This section investigates the impact of GFM fault response on the protection system. The protection
element considered in this study is the phasaection element. Phasgelection element of a relay

is responsible for identifying the type of the fault aredused to supervise different protection
functions, such as distance and singtde tripping. The phase selection element of existing
commercial relays uses two methods to detect the faulty phase, as shofigune10[12]. In this

figure, 0 ., 'O 'O and] .0 | O, where "Qand n i Subscripts designate

duringfault and prefault quantities, respectively. Using the values ofand] and the angle zones
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in Figure10, the fault type is identified. The outcome of these two methods is ANDed or ORed
depending on the type of the fault and the manufacturer design. For ptaghase faults, where
no zeresequence current is present, the relay relies only ormethod.

@) (b)

Figurel0: Phaseselection element methods. (&:: method. (b)#:: method.

Test system

The test system described in the previous section with a minor modification is used for these
assessments as well. To investigate the impact of only the GFM source on the performance of the
phaseselection element, line L56 is taken out of service, andatih@&ysis focuses on the relay at

bus B6 shown in red in the figure below.

I B2 B6 B7 B8 B9 B10 I
m @ gy L67 | 198 |R89 L89 R9 B m

e I—Dpl

| g § |
B5 B4
L35 .34
P2 P3
B3
A
Bl
Source 1

Figurell: Test system used for investigating the performance of the phasdection element.
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Test plan

Different faults will be applied in the test system Eifjure9, and the performance of the phase
selection element of the relay at Bus B6 will be evaluated. The analysis will consider the impact of
the PQ priority and virtual impedance current limiters and their corresponding parameters on the
performance of the phasselection element.

28| CSIRO dz& i NJ £ Al Q& bl iaGA2ylt {OASyOS 1 38yode



2.1.3 Task 4

Task 4 is defined such that it contributes towards both Research Roadmap Tasks 4.2: Enhancing IBR
response during and subsequent to faults, and 5.2: @niching capability for HYDC stations and

wind and solar farms. Grfibrming wind energy resources halseen selected as a ndBESS GFM

IBR. The motivation behind this is that wind energy has significant potential in REZ [&éYiges

these regions largely overlap with weak parts of the network. This increases the likelihood that
WTGs provide gridtrengthening services and have significant influence on the transient stability of
REZ regions. In addition, two different types of@vdnd the kinetic energy stored in their rotating

parts could provide more flexibility in implementation and wider capabilities. Therefore,
implementing grid-forming control in wind turbine generators and investigating their transient
stability as well agrid-strengthening capabilities are found to be relevant research objectives.

The two most commonly used wind turbine generators are ¥¥pend Typed [13]. Generic
representations of each type are showrFigurel2 andFigurel3, and their distinctive features are
summarised imable3.

/

-

e
\ Gearbox /

}

DFIG Grid

AC | DC
DC | AC
Rotor-side Grid-side
Converter Converter
Figurel2: Generic model of Typ&@ WTG
PMSG Grid
/ AC T——|DC
-0 — -
Optiona DC AC
Gearbox
Machine-side gg;ﬂ:itier

Converter

Figurel3: Generic model of Typd WTG

Type3 Wind Turbine Generator Type4 Wind Turbine Generator
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Generator Doublyfed Induction Generator (DFIG) PermanentMagnet Synchronout
Generator (PMSG)

Converter Rotor-connected, typically 30% of generator size  Statorconnected, fullsize converter

Grid-coupling AGcoupled Generator DGcoupled Generator

Table3: WTG Properties

2.1.3.1 Gridforming Type3 WTG

The block diagram of a generic TYp&VTG is showm Figurel4, which consists of three main
components:

1 Aerodynamic Modelgenerates the mechanical and electromagnetic torque references for the
generator and RSC, respectively, based on the available wind speed. In addition, it regulates the
rotor speed using pitch angle control.

1 Rotor-side Converter (RSQ)enerates the voltage applied to the rotor terminals, achieves
RSO2dzL)f SR NB3IdzZA I A2y 2F 5CLDQa S{GRdNBIGT Iy Si
the WTG is implemented in RSC.

1 Grid-side Converter (GS@gulates the Ddink voltage of the backo-back RSGSC system, and
completes the circuit between the rotor and the A€d for bidirectional flow of slip powelGSC
is always controlléin GFkmode regardless of RSC control.

/ Gridside  \ DC link / Rotor side "\ Crowbar
Converter |—|- svstem T Converter I protection
Low pass = Y :
filter ]! 5! [ I
LN |
CTH RS o [ RE
PO '
I I | I
I_I_ _____ I_I
A
) Gaté pulses Gatelpulses
Pg’ Q ] Ifar ) i In"l IP“g_V‘ . I
A Grid side “_5 E"g_* Rotor side
Mt.zasured controller 4—‘51 e controller , Induction
electrical power N I Y =g L

3D C _I? = generator
power g @ =
grid “l— s A\
Three winding

. transformer _Measured rotor
-Nu = Iabc i Speed(’)g
P | B
g U)g._)_ d T Ly T
iv Pitch Win : _

Equivalent we | 6 k . " ! Drivetrain " i -
current source to controller Dieh anale” turbine |Mechanical Mechanica
model the wind : Torque torque

farm k VWI Wind speed VWI )

Figurel4: Block diagram of Typ& wind turbine generator[14].

Detailed modelling of Typ8@ GFM WTG can be found[i®] and[15].
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In addition,crowbar protection has a direct impact on transient behaviour of T\8/TGsDue to

the transformer action of DFIG, large fault currents can be induced across the rotor. clhauit
crowbar protection activates whealarge rotor current magnitude is detectednd it shortcircuits

the rotor terminals via an impedanc&his protects the converters from large currents, and avoids
tripping of the turbine However, while the crowbar is engaged, the R&ce the GFMontrol)is
effectively disaked. Crowbar typically remains active for the first-5B00ms of the fault, after which
the fault current magnitude stastto decay.

2.1.3.2 Gridforming Type4 WTG

The block diagram of a generic TyeNTG is shown ifrigure 15. The main control system
encompasses the grside converter (GSCgontrol, machineside converter (MSC)control, and
aerodynamic controllerWhile the primary control level differs for each converter, the inner loops
remain the same featuring cascaded voltage and current control loops. Detailed explanations of
these loops and their tuning can be found in references sucli@p17].

GFM implementation in Typé wind turbine applications is classified into three strategies based on
DGCvoltage control function as followj48].

1 M-GFM MSC is responsible for regulating DC link veltaghich allowsa typical power
synchronizatiorcontrol in GSC.

1 GGFM GSC is responsible for regulating DC link voltage. HencepltaGebased seH
synchronization is adapted in GSC.

1 EGFM External energy storagegulatesDC link voltage.

MSC
]
3

Gate pulses I Gate pulses
1 1

Mech. Torque
1

Machine-Side
Controller

Grid-Side
Controller

Aerodynamic
Controller

— — — — —

o — — — o — — —

Figurel5: Block diagram of Typd wind turbine generator.

Detailed modelling of Typé GFM WTG can be found[i8].

In this investigation, MGFM mode has been utilizeds GFM contralue toits superior capabilities
such asenergy buffering capacity and black start functionabty well asfeatures that enhance
resilience and operational flexibilisinceGS@anbe controlled in asimilarmannerto a GFMBESS

At the same timewhile theEEGFM modeprovides stiffer Ddink voltage jncreased overall cost and
additional hardware burdemakes it an unattractive optioocompared to MGFM

In this approach
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1 MSCassumes the role of regulating the ik voltage through the control of electromagnetic
torque of the PMSG.

1 GSCregulatesthe output power enabling power-based synchronization mechanisms which
SYdzt  6S {DQ& AYSNIAIFI OKINIOGSNRAGAOa®D

In both Type3 and Typed WTGsyirtual synchronous generatd/SG) control that emulates a
simplified swing equation is used as active power controller (APC) to achieve synchronisation and
active power exchange with the grid. The transfer function of the APC can be expressed as

__P
¢Oi U p L

whereOand0 represent the inertia and damping coefficients.

Parameter Type3 Type4
Number of WTG 50 50
WTGrated capacity(MW) 2 2
WTG rated voltage (kV) 33 33
WTG rated wind speed (m/s) 11 10
WTG Dé€ink voltage (kV) 15 1.45
WTGoverload capability (pu) 1.2 1.2
VSGnertia constant H(s) 1 3
VSGDamping coefficientKd 100 100

Table4: Keyparametersfor Type3 and Type4d GFM WTG.

2.1.3.3 Evaluation of GFMNTG TransienBehaviour

In order to evaluate the transient performanceof GFMWTGs a detailed testplan has been
developed This als@nablesdeterminingthe extent to which GFMANVTGs can support/strengthen
their grid-connection point during and subsequent to transient events.

To allow comparative studies to be carried amder the same conditiongletailed PSCAD models
of both GFM Typ& and Typel models have been developedsing the detailed models, two
separate 100MW wind farms are then developedhe highlevel methodology for the tegplan is
listed below:

1 Apply a range of credible voltage and frequency disturbances in GAdEunder:
i high/rated/low wind speeds
T strong/weak connection to the grid (e.g., hi§€RX/R andow SCRX/R.

1 Examine the transient performance (ridlerough, recovery qf and deviation involtage
magnitudeand angle), in particular, the impact of current limitation, and compare with that of
GFMBESS
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{ Evaluate GFM ¢ DA Q O2y UNROGdziA2y G2 3INARR darieh)ounderia G &
transient conditions.

1 Based on the evaluation results, identify any shortcomings and advantages ofAGIEBd in
comparison with GFMBESS performance.

In addition,in orderto improve and/or mitigate any undesirable stability aspects, the zaise of
the shortcomingsinvestigated and a stablesolutionisdeveloped and validated.

The test details are summarised below

Wind speed Grid strength GFM Current Contingencies
Limitation
Low wind (8 m/s) Strong grid (SCR=10, X/R=10) Q-priority High RoCoF Frequency Disturbance
Rated wind (11 m/s) Weak grid (SCR=2, X/R=3) Nonrpriority 430msShallow fault near POC
High wind (14 m/s) 430msDeep fault near POC

Table5: Type3 GFM WT@est parameters and disturbances.

Wind speed Grid strength GFM Current Contingencies

Limitation
Low wind (8 m/s) Weak grid (SCR=2, X/R=3) Q-priority High RoCoF Frequency Disturbance
Rated wind (10 m/s) Non-priority 200ms Deep fault near POC

High wind (12 m/s)

Table6: Typed GFMWTGtest parameters and disturbances.

To enablea detailed examination, a&et of key variables are observed, including POC voltage
magnitude and angle, POC active and reactive power flows, converter active and reactive current
outputs, converter dynamic current limits, Bi@k voltage, generator rotor speeahd torque.
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2.2 Resultsand Discussion

This section presents comprehensive results from the simulation studies, showing thédrgridg
inverters can significantly enhance grid stability. The discussion also identifies key factors
influencing stability and theffectiveness of different inverter control strategies, providing insights
into optimal grid management practices.

2.2.1 Task 1 and Task 2

To confirm the precision of the theoretical analysis outlined above, PSCAD/EMTDC models were
created for diverse test scenarios, with the primary parameters detailed in Appendix. Furthermore,
atool is developed using MATLAB/Simulink.

2.2.1.1 Three ClusteMeshNetwork

In this section, the system depictedkigurel6, which consists of three clusters is studied with two
cases across three distinct configurations:
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Figurel6: Network diagram of 3 cluster -1BR mesh network
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1 Test 11: Partially mesh network (Breaker 1 & 2 ope@ases a, b, and ¢
9 Testl.2: Fully mesh network (Breaker 1 & 2 close): Casés and ¢

Test 11) Partially mesh networkThe 3cluster network shown ifrigurel6is now considered with

the breakers of the line connecting clusters 2 and 3 closed. Similarly, the active power setpoint of
GFMI 1.1,i.el) jg,and the impedance between clustérand the global common byse.,d ,

are varied to estimate the TS margin of the system. During these simulations, the grid voltage is
reduced to 0.6 pu at 30 seconds, maintained for a duration of 0.8 seconds, representing the Critical
Clearing Time (CCT) for the base case. The estimatbditgtanargins obtained from the time
domain simulation and tool are shownTrable7. The time domain results are shownHRigurel?.

Parameter Case A (Base) Case B Case C
0 rg DO C® cR’ U R
®p NO TSI p TIT® TTa T8l p I 70 ™ip vTEd 0
O p & p c8ru P& X
O i & @ 8t w pBo Tt
O 0 -0.08 -0.16

Table7: Varied parameters and TS margins for tRe@gurel6 system (breakers open)

As depicted irFigurel?, CaseéA illustrates the system returning to normal operation following a
small period of oscillations upon fault clearance. However, in Case b, where the dispatch level of
GFMI1.lisincreasedrom 27.5 MW to 30.25 MWQ(5 pu to 0.55 py the system fails to restore to

its prefault state postclearanceFigurel7 (b), (e), (h), and (k) depict voltage, power, angle, and
frequency parameters diverging towards extreme values. This reduction in stability is also
corroborated by théO values as shown ihable7. Despite Case a exhibiting a high value, an
escalation in the power dispatch level in Case b results in a decrease@ tvalue from 2.26 to

2.09, with Case b'® value recorded at0.08.

In CaseC a transmission line linking the global common bus to local common bus 1 is non
operational, leading to an impedance, Zc,1 1.5 times higher than in the base scenario. This
impedance increment weakens the network, suggesting a IdWervalue relative to Case a. As
anticipated, Case c records'@ of 1.90. Despite experiencing the same voltage sag and
disturbance duration as Case a, the IBRs in Case ¢ demonstrate instability, as evidErgeeld

(c), (M, (i), and (j). The IBRs fail to revert to their-fandt conditions in terms of voltages, powers,
frequencies, and angles. Moreover, the more negatve;; value signifies a deterioration in
system stability.

TheO , values obtained from PSCAD simulations closely correspond 10 thhe values
computed by the developed tool, as illustrated Table 7. These findings from the case study
validate the efficacy 0O in evaluating the TS of larger systems and affirm the precision of the
stability assessment tool.
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Case a: Dgp =2.26

Case b: Dgp = 2.09

Case ¢: Dgp = 1.90
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Figure 17: Time domain results for Tesl.1l: Cases a, b, c. Case a: (a) voltages, (d) powers, (g) angles, and (j)
frequencies. Case b: (b) voltages, (e) powers, (h) angles, and (k) frequencies. Case c: (c) voltages, (f) powers, (i) angles,

and (I) frequencies.

Test 12) Fully mesh networkThe 3cluster network shown ifrigurel6is now considered with the
breakers of the line connecting clusters 2 and 3 cloSéahilarly, the active power setpoint of GFMI
1.1,i.e.,0 g, and the impedance between clustgrand the global common bus, i.€),;, are
variedto estimate the TS margin of the system. The estimated stability margins obtained from the
time domain simulation are shown rable8. The time domain results are shownHigurel8.

Parameter Case A (Base) Case B Case C
0 hs D@ C R R U C®
O No T8 p TITI® T T8 p I 70 mrp v
O i & o P& X P& L
O & w P ¢ P G
O 0 -0.07 -0.16

Table8: Varied parameters and TS margins for tRegurel6 system (breakers closed)

Figure 18 illustrates that while Case a exhibits a recovery to normal operation following fault
clearance, Case b, characterized by an changed dispatch le@&INf 1 from 27.5 MW to 30.25

MW (0.5 pu to 0.55 p) fails to return to its prdault condition. Significant deviations in voltage,
power, angle, and frequency parameters are observed. The reduced stability in Case b is further
evident in theO values presented ifiable8, where the higher dispatch level results in a decrease
inO from 2.29 to 2.12, indicating diminished stability witl®Oa of -0.07. Moreover, Case
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c experiences compromised stability due to a malfunctioning transmission line, leading tfoéd1.5
increase in impedance, thereby weakening the network. This deterioration is quantified by a lower
O of 1.92 compared to Case a. Similar to Case b, the IBRs in Case c exhibit instability under
identical conditions, with system parameters failing to normalize {bagl, indicative of a
significant reduction in stability, as denoted by a nega@ve;, value.

Tests 11 and1.2 utilize identical numbers of clusters and IBRs, but they vary in their network setups.
Upon comparing the base cases of both tests, it becomes evident that a fully meshed network
configuration demonstrates a greater stability margin in contrast to aiplyrtmeshed setup. These
results confirm the effectiveness of this approach in identifying the optimal network configuration
for renewable energy zones.

Case a: Dgp = 2.20 Case b: Dgp = 2.12 Case ¢: Dgp = 1.92
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Figure 18 Time domain results for Test 1.2: Cases a, b, c. Case a: (a) voltages, (d) powers, (g) angles, and (j)
frequencies. Case b: (b) voltages, (e) powers, (h) angles, and (k) frequencies. Case c: (c) voltages, (f) powers, (i) angles,
and (l) frequencies
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2.2.1.2 Optimal Network Configuration Analysis: Comparingf¥alues Across a Fouluster
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Figurel9: Network diagram of 4cluster11-IBR mesh network
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The subject of focus in this section is the system depict&ibuarel9which consists of four clusters.
Through the manipulation of the intealuster impedanced ,, ranging from zero to the values
provided in the Appendix Table 15, a range of network configurations is established. This
methodology facilitates a comprehensive investigation into TS by compaririQ thealues across
these configurations. The aim is to determine the most advantageous network arrangement for
augmenting system stability, utilizif@ as a comparative metric to assess the efficacy of each
configuration.

Configuration Zi» Zis Ziy4 223 Loy Zsa
2.1 Radial T Tt T Tt Tt Tt p8t v
2.2  Ring P Tt P P Tt P PP v
2.3 Fullymesh p P p P P p PP @
24 Mixed T I T p p p pP T
25  Mixed i p P s s P PP T
26  Mixed p T P T p u PP o
2.7  Mixed p p s p Tt u P8t @

Table9: Network arrangements and corresponding . jvalues

In Table9, the value ofb ; signifies the intercluster connections within the network, where a value

of 0 denotes absence of connection and a value of 1 indicates presence of connection, with
corresponding line impedansespecified inAppendixTable 15. An examination of therable9
reveals that when the four clusters are radially interconnected, the system manifests a lower TS
margin, as indicated by'@ value of approximately 1.05. This value is comparatively lower than
other configurations investigated. Specific configurations in T2dtshrough2.7 illustrate radial
connections originating from clusters 1 through 4 respectively, with the remaining clusters
interconnected. Notably, an augmentation in ti@ value is discernible when cluster two lacks
interconnections with other clusters. A fully meshed network configuration exhibits a heightened
stability margin, evident by ® value of 1.16. These findings provide valuable insights into the
influence of network topology on system stability, suggesting that a fully meshed network
configuration could offer a more resilient arrangement for enhancing the TS of the system.

These findings highlight the significance of this methodological approach, as it offers a quantitative
assessment of network configurations using t@e value, a stability metric that enables the
evaluation of transient stability margins in intricate power systems. Through the analysis of various
network topologies and their correspondini@ values, this approach enables a systematic
evaluation of how different intecluster connections impact the TS of the grid.
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2.2.1.3 Sensitivity Analysis of Four Cluster Mesh Network

Based on the aforementioned study, it is observed that a -fbuster mesh networki.e., the
configuration in Test 2.3xhibits the highesO value. Therefore, it is used as thease case
configuration in the following tests his section delves into an examination of the stability margin
variations concerning different system parameters within this foluister meshed network. When
devising renewable energy zones, determining the locations of local and global common buses hold
paramount importance. Additionally, simultaneous operation of IBRs necessitates careful
consideration of the dispatch level of the invertedsnumber of parameters afte stability margins,
including, active/reactive power setpoints, line impedances, voltage setpoints, and network
configurations.Toillustrate the impact ofsome ofthese system parameters on the&value, two
distinct test cases are conducted:

9 Test3.1: Variation ofO with the location of the local common bus.
1 Test3.2: Variation ofO with the dispatch level of GFMIs.

Test 31) Variation Ofrﬁf Homm+ ygjmghe location of the local common busthe alteration in the
location of the local common bus of cluster 1 necessitates a modification in the transmission line
impedance® , . Leveraging thé®© value of the network facilitates the identification of an
optimal bus location conducive to enhancing system stability. In this investigadign,is
systematically varied across a range froh @, to p& @ from the base case valuallowing for

an indepth exploration of the corresponding variationsn j . This analysis endeavours to
elucidate the correlation between the location of the local common bus of cluster 1 and the overall
transient stability of the system.
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Figure20: Variation of TrlH me+ with_location of local common bus in clustdr.
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As shown irFigure20, the installation of a local common bus farther away from the cluster leads to

a rise in the impedance of the transmission line connecting them. As a consequence, the
O 5 value become a negative stance. Conversely, positioning the local common bus in close
proximity to the cluster tends to bolster system stability. Through the execution of this test, we gain
insights into the fluctuations in th® value corresponding to alterations in line impedance,
wherein an increase in impedance is accompanied by a more pronounced negative deviation in the
O ; value. Hence, leveraging this analytical tool enables the identification of the most
optimal placements for both local and global common buses.

Test 3.3 Variation of - |y 4= + iththe dispatch level of GFMIdn a particular test case, we

adjusted the power reference of GFMI and observed theO j variation. In this
investigation,D j gis systematically varied across a range fm@n0 ;5 to p® 0 ;5 from the base
case valueallowing for an irdepth exploration of the corresponding variationsOn . This

analysis endeavours to elucidate the correlation between the power dispatch level ofi G|
the overall transient stability of the system.
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Figure21: Variation of . |y 4= 4 ith dispatch levelof GFMI1.1

The Figure 21 illustrates the inverse relationship between the dispatch level of Gaddning
Inverters and theO j . A discernible increase in th@ value correlates with a
reduction in the dispatch level of GFMI1.1, indicative of an enhancement in system stability. The
execution of this test provides valuable insights into the variability of@hey value as a
function of the power dispatch levels of GFMIs. The observed data thereby offer critical
understanding of the dynamics affecting system stability, which is essential for the optimization of
inverter dispatch strategies to ensure robust andlde power system operations.
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Summary

1 The stability margifO provides a quantitative measure of system's robustness against
changes within the system, offering insights into its ability to maintain stability under varying
conditions.

1 It has been observed that an increase in the distance between the local common bus and the
global common bus adversely affects the stability margin of the network, thereby highlighting a
crucial factor in network design.

1 Elevating the dispatch level of inverters has been found to decrease the transient stability of the
network, necessitating careful adjustment of inverter output settings to maintain grid stability.

1 The transient stability assessment tool has proven to be effective in providing precise values for
the grid stability margin@ ) under different network arrangements and diverse operational
conditions. This tool igsefulfor grid operators and planners aiming to optimize grid performance
and ensure stability.
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2.2.2 Task 3

2.2.2.1 Performance comparison of GFM current limiting methods

PQ priority current limiter

Casel: the performance of PQ priority current limiter is analyzed for a bolted platsephaseG
to-ground (BCG) fault at POM of the planfigure?7. The fault happens @ 5 s and remains on

the system for 100 ms. The GFM uses virtual synchronous machine (VSM) configuration with an
inertia time constant,Q of 5 s and a damping coefficier®, of 150 in the outer control loop.

Moreover, the PQ priority current limiter in P priority mode is used to limit the inverter current in
this case.

Figure22 shows the measurements at POC of the plarigure8, i.e., inverter terminal, for this
case.Figure22(a) shows that the PQ priority current limiter have successfully limited the three
phase instantaneous currents to below the maximum current of the inverter, i.e., 1.5 pu, shortly

after the fault inception. This shows that the PQ priority current limisea irelatively fast current
limiting technique.
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Figure22: Measurements at POC for Case 1. (a) Instantaneous currents. (b) Posiigieence active and reactive
currents. (c) Negativesequence active and reactive currents.

Figure22(b) andFigure22(c) illustrate the positiveand negativesequence active and reactive
currents generated by the IBR during this faukindr) subscripts in these figures show reactive and
active components, respectively. It is showirigure22(c) that the GFM generates a purely reactive
negativesequence current, as the-fidctor control is followed in the negativ&quence circuit
during faults. Furthermorerigure22(b) shows that the GFM is injecting an active current of 1.22 pu
and a reactive current of 0.77 piD is unexpectedly large for this case, especially given that the
fault is bolted and closen and the current limiter is working in P priority mode. To get a better
understanding of why the full capacity of the IBR is not allocated to active current icaas(b)

Figure23 depicts the positivesequenceQandr) axes reference and P@fieasured currents in the

GFM control system. As expected, this figure demonstrates that the control system allocates the
entire capacity of the IBR t®  and makesO  zero to prioritize active current generation.
Moreover, the figure shows that the reference signals are closely tracked at POC. However, this
does not match the actual positiveequence active and reactive currents at POEigure22(b).

The reason for such a mismatch is that tfajaxes of the IBR control system has lost their
synchronism and alignment with the raxes of the grid voltage, as a result of which theand O

in the IBR control system no longer represent active and reactive currents generated by the IBR at
POC during the fault.

To further illustrate the above poinEigure24 shows the reference angular frequengy, , of the

GFM control system that is generated by the VSM loop. Before thefault,is 1 pu, i.e., 60 Hz,

but immediately after the fault inception,  starts deviating from 1 pu because of the mismatch
between the reference and measured active powers during the fault. This deviation results in the
‘Q ryeference frame of the IBR control system to rotate at a speed higher than 377 rad/s, i.e., the
grid'Q rpxis speed, and so synchronism is lost. In addiffagyre25 shows the positivesequenceQ

andr) axes reference and P@fieasured voltages in the GFM control system. Since the PQ priority
current limiter modifies the current references of the IBR control system directly, the voltage control
loop is overridden when this limiter becomes active. Consatjyethe voltage references are not
followed at POC during the fault, as showifrigure25. As a resuliwn  deviates from zero, and so
the 'Q raxes of the IBR control system lose alignment with®h@axes of the grid voltage. This results
in"'O andO in the IBR control system to no longer represent active and reactive currents generated
by the IBR at POC. Therefore, the above discussion shows that the PQ priority current limiter might
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not able to correctly prioritize active and reactive currents in GFM IBRs (assuming that the control

system is implemented in th@ ryeference frame).
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Case 2:To illustrate that the issue mentioned in Case 1 for the PQ priority current limiter is
AYRSLISYRSYylG 2F GKS tkv Y2RSE O2yaARSNI Fy2GdKSN
applied at POM of the plant when the current limiter operates in @iy mode.

Figure26, Figure27, andFigure28 show the measurements in this cagégure26(c) shows that
although the current limiter is operating in Q priority mode, the GFM is injecting a reactive current

of O 0.24 pu and active current equal ©©  1.24 pu. Examinin® andO A Y 0KS DCa
control system irFigure26(a) andFigure26(b),”©0  is 0.5 puandO  is 1.16 pu. Similar to the
previous case, the measured active and reactive currents at the inverter terminal do not match the
reference Q ficurrent in the control system, generated by the PQ priority current limiter. As
discussed earlier, the underlying reason for this mismatch is synchronism and alignment loss of the
‘Q rreference in the GFM control system, illustrated-igure27 and Figure28.

It is also important to point out that in addition to the above reasons for injecting a highly active
current by the GFM in Cases 1 and 2, another reason for sbemaviouris that thePQ priority
current limiter does not have an inherent mechanism to increase reactive current proportional to
voltage drop during faults. hIs current limiter only modifies the references received from the outer
control loop such that P or Q are prioritized. In GFL inverters, however, this mechanism is normally
achieved though the Kfactor control in the positivesequence circuit. Sincefictor control is not
followed by GFMs in the positixsquence circuit and the PQ priority current limiter also does not
have such functionality, the ratio of active to reactive componiarthe positivesequence current
remains unregulated during faults. This can result in an inferior voltage and frequency support
during faults.
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Figure26: (a) Positivesequencd®-axis measured and reference currents. (b) Positsequenceaaxis measured and
reference currents. (c) Positiveequence measured active and reactive currents.
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Figure27: The reference angular frequency of the GFM control system for Case 2.
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Figure28: Positivesequence reference and measured voltages for Case 2.@isl (b) gaxis.

Virtual impedance current limiter

Case 3In this case, the performance of the virtual impedance current limiting method is analyzed.
To this end, 8CG fault with a resistance o¥as applied at POM of the plant, similar to Case 2. The
GFM uses the virtual impedance method with@hY ratio of 4 to limit the inverter current during

the fault. The ratio ofO to O is 3 in this case.

Figure29 illustrates the POC measurements for this faéigure296 I 0 aK2ga OGKIF G GF
current is limited below the 14u limit within about 80 ms. Compared to the PQ priority current
limiter in Figure22(a), the current in this case is limited with a lower speed because, as mentioned
earlier, the virtual impedance method acts upon the references of the voltage control loop, which
is a slower loop compared to the current control loop where the PQ priattyent limiter is
implemented. Moreover, aBigure29(b) demonstratesO is 0.85 pu and© is 1.18 pu. The GFM is
injecting a significantly larger reactive current in this case compared to Cadeiguine26(c). The

ratio of O to O in the virtual impedance method is impacted by the X/R ratio of the virtual
impedance. A large®f'Y ratio results in injection of a larger reactive current during faults. This
establishes a relation between the magnitude of the injected reactive current and the voltage drop
during faults (similar to factor control), which is missing in the PQ priogtyrent limiter. In the
negativesequence circuit, however, both current limiting methods perform similarly, afdicase

29(c) illustrates, the GFM injects a purely reactive current basedfactir control.
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Figure29: Measurements at POC for Case 3. (a) Instantaneous currents. (b) Posiigieence active and reactive

currents. (c) Negativesequence active and reactive currents.

Case 4To shed light on the impact a§f'Y ratio of the virtual impedance on the share of active and
reactive components in the positivequence current of the GFM, Case 3 issimulated for
different WI'Y ratios. Figure30 showsO and"O of the GFM forof Yratios of 2, 4, and 6. It can be
seen that asiI'Y ratio increases,O rises andO drops. In other words, the ratio 6D to "O

AYyONBI&8as YH{Ay3 (GKS DCcaQa

O dZNNIB Y to O Yaarede NB I O

regulated. Thus, it can be said that th&Y ratio of the virtual impedance indirectly regulates the
AKEFNB 2F | OGAGS I yR NBI Ofeyudiite cirieM ti@ing ayits. & Ay DC
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Figure30: Positivesequence active and reactive currents at POC for@eY = 2. (b)Y Y= 4. (c)/'Y= 6.

Case 5The level of voltage support that an IBR provides during faults, especially severe faults, is of
great importance to the grid. Hence, this case compares the voltage support provided by the PQ
priority and the virtual impedance methods. Consider Cases® 3athat have the same fault
condition but with different current limitergrigure3lillustrates the magnitude of the positivand
negativesequence voltages at POC during these cases. As shown, the magnitude of the-positive
sequence voltage is 0.1 pu larger when the GFM uses the virtual impedance method compared to
PQ priority currentiiniter. The main reason for this is the significantly laf@eof 0.85 pu inFigure

29(b) with virtual impedance method compared of 0.24 pu inFigure26(c) with the PQ priority
method. Therefore, this case shows that the virtual impedance method can support the voltage
better during faults compared to the PQ priority method (if &Y ratio is large enough).
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Figure31: Positive and negativesequence voltages at POC for (a) Case 2 with PQ priority current limiter. (b) Case 3
with virtual impedance current limiter.

Summary

1 The’Q rfimplementation of the PQ priority current limiter in GFL IBRs may not effectively regulate
active and reactive currents based on PQ priorities in GFM IBRs. Accordingly, based on the studies
performed, one conclusion could be that the term "PQ prioritys"i@plemented in the current
model, might not be suitable for GFM technology.

1 The PQ priority current limiter lacks a mechanism to increase reactive current proportional to the
voltage drop during faults.

1 In the virtual impedance method, active and reactive currents can be indirectly regulated using
the Wr'Yratio.

1 The virtual impedance method could potentially support voltage more effectively during faults if
the WrYratio is chosen appropriately.

T¢KS tv LINA2NRGEe YSIiK2R OFly fAYAOGD (KS Ay@SNISI
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2.2.2.2 Transient stability assessment of GFM IBRs

This section investigates transient stability of GFM IBRs during faults. The study includes a sensitivity
analysis on the parameters that can impact stability of the inverter control system. Three influential
parameters have been identified and will be saered in the following, includin® /O ,0

and GI'Y ratio. As previously mentioned, this section will focus solely on the virtual impedance
method because the PQ priority current limiter did not show transient stability issues during the
tested fault scenarios.

Impact of & 4 { k1 jratio

Case 6the impact ofO /O ratio on transient stability of the GFM control system is evaluated

in this case. Take the case where a bolted ph&se-ground (AG) fault happens on bus B&igure

9atd 5 s and remains on the system for 200 ms. The GFMs use droop control and virtual
impedance method witiofY 1 andO 1.5 pu during this fault. The current of the GFM at
bus B2 is analyzed for three different valueS®f /O , including 5, 3, and 1.

Figure32 displays the instantaneous three phase currents measured at POC of the GFM at bus B2
in this case for differenfO /O ratios. It is shown that decreasii@ /O has resulted in
AyaililoAtAde 2F GKS DCaQa O-RnisoiNa durreat@uting $h¥ faity R 3
The smallerthéD /O ratio, the smaller the capacity allocated to the posits@guence current.

Thus, the adaptive virtual impedance method, used in the GFM model, needs to develop a larger
virtual impedance to be able to push the magnitude of the posisgquence currentd a smaller

value. This results in instability of the control system, as it makes the inverter to be connected to a
weaker grid. Therefore, it is important to allocate sufficient capacity to the possegrience

current to ensure stable operation of thértwal impedance method during faults.
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Figure32: Instantaneous currents during Case 6 at POC of GFM at bus B (gf k1, 5. () krdky, 3.
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Impact of k1,

Case 7Another parameter that can impact transient stability of GFMs is the total maximum current
capacity of the inverterO . To assess the impact, the same fault condition as that of Case 6 is
applied with'O /O 3andfY 1.0 ischanged from 1.5 puto 1.3 pu and 1.1 pu.

Figure33 depicts the instantaneous three phase currents measured at POC of the GFMI at bus B2
during the fault for different values 8® . It can be seen that @® drops, the instability of the

GFM control system happens earlier during the fault, making the currenssimarsoidal. Similar to

the previous case, a small® reduces the capacity allocated to the positisequence current,

which asks for a larger virtual impedance, thereby enhancing the likelihood of instability.
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Figure33: Instantaneous currents during Case 7 at POC of GFM at bus B%Q) 1.5 pu. (b)%+, 1.3 pu. (c)
ki, Llpu

Impact of=H ratio

Case 8this case investigates the impact@¥'Y ratio of the virtual impedance on stability of the

GFM control system. The same fault condition as in the last two cases is simuladgftviatios of
1, 3, and 5.

Figure34 shows the measurement at POC of the GFM at bus B2 for diffeéiEYitatios. As shown,
increasing thedI'Y ratios, i.e., making the virtual impedance more inductive, reduces the stability
margin of the control system and results in an earlier instability during the fault with larger
oscillations. The underlying reason for this is that a more inductive virya¢dance has a lower
damping capability, as mentioned [ib9], which reduces the stability margin of the control system.
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Figure34: Instantaneous currents during Case 8 at POC of GFM at bus B&F{a) 1. (b)£7{ 3. (c)&H 5.

Summary

Multiple simulations were performed, and the results were illustrated for three scenarios. The
following observations were made:

1 Decreasinf0 /O
impedance method.

1 ReducingO can lead to instability in the GFM control system when the virtual impedance
method is used.

ratio can cause instability in the GFM control system when using the virtual

1 Increasing th&sT'Yratio of the virtual impedance can cause instability of the GFM control system
by diminishing its damping capability.
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2.2.2.3 Impact of GFM fault response on protection
Impact of PQ priority current limiter on phase selection element

In this section, the performance of the phaselection element of the relay at bus B6Rigurell
is assessed when the GFM at bus B2 uses the PQ priority current limiter.

Case 9consider a bolted AG fault at 5 s in front of the relay. The GFM uses PQ priority method
in Q priority mode’O of the inverter is 1.1 pu, anddctor in the negativesequence control loop
is 6.

Figure35 illustrates the relay measurements during this fault. Agure35(a) shows] andj
settle at 66.0Jand 16.3), respectively. Given that the correct rangg ofand] for AG faults in
FigurelOare[ 15J, 15 and[ 30J, 3QJ], respectively, lies outside the correct range, but is
inside. Consequently, the relay mistakenly labels the fault as ABG wittethod. The main reason
for this maloperation is that the angle zonedHigurel0have been derived based on the sequence
current angles of SGs during faults. Unlike the sequence current angles of SGs, which depend on
fault properties and system physics, the sequence current angles of IBRs depend on their control
system and FRT stratgglherefore, sequence currents of GFMs and SGs can have different angles
during faults. This lies the ground for maloperation of the phselection element in the presence
of GFMs, as demonstrated in this case. For example, for the same fault conditr@enGFM at bus
B2 is replaced with the SG in the original IEdBEOsystemi, and] would change to 6.5Jand

0.3, respectively, both of which are within the correct zones for AG faults.

The negativesequence current of the GFM model is generated based on {iaetkr diagram and

is purely inductive, which has a characteristic similar to the nega®egrience current from an SG.

As a resulf, method operates correctly for this fault. If other control objectives are followed in

the negativesequence control loof), may fail too.Figure35(b) andFigure35(c) also show the

angle of the sequence currents and positseguence active and reactive current during this fault,
respectively. As can be seenkigure35(c), although the fault is closa and bolted, the GFM is
injecting a highly active current, which is not normally the case when an SG is used. This is the
underlying reason for a different sequence current angles for the GFM compared to SGs in this case.
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Figure 35: Relay measurements for Case 9. (a) Phastection element angles. (b) Sequence current angles. (c)
Positivesequence active and reactive currents.

Case 10To provide further insight into the impact of GFM parameters on the performance of the
phaseselection element, consider the same fault condition as in the previous case wiaetoKis
reduced from 6 to 0.5.

Figure36 shows the relay measurements in this case. Decreasfagtir has shiftetl from 66.1]

in Figure35(a) to 5.6 in Figure36(a), thereby placing it is inside the15J, 15| range for AG faults.
Moreover] is also inside the correct zone, and so the phsalection element operates correctly
using both methods in this case. Increasing thadfor has shifted both the angle and magnitude

of the positivesequence current generated by the GFM,Fagure36(b) andFigure36(c) show,
which has moved inside the correct range. It is also interesting to mention that for the same fault
condition, ifO  of the IBR is increased from 1.1 pu to 1.57pu,will be shifted further and will
settle at 26.1), which is outside thg 15J, 15J) range. Thus, the phasselection element
maloperates again. As a result, it is important to consider the combined effect of the GFM and fault
related parameters when analysing the performance of the phase selection element.
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Figure36: Relay measurements for Case 10. (a) Phaskection element angles. (b) Sequence current angles. (c)
Positivesequence active and reactive currents.

Case 11to investigate the performance of the phaselection element during other fault types, a
bolted BCG fault was applied in front of the relayat 5 s. The GFM uses the PQ priority current
limiter in P priority mode. factor is 6, andO is 1.1 pu.

Figure37displays the relay measurements during this fault. The corresponding rarigesaat]

for BCG faults ifigurelOare[165], 195])] and|[ 30J, 3QJ], respectively. For this faulEigure37(a)
illustrates thaf is far from the correct zone, with a significant error of aboutd4ut] is well
inside the[ 30J, 3QJ] range. Consequently, the phase selection element fails to identify the fault
type wheri is used. Similar to Case 9, the main reason for this failure is the different fault current
angle pattern of the GFM compared to that of SEBgure37(c) also shows that the GFM is injecting

a highly active current in this case (like Case 9).
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Figure37: Relay measurements for Case 11. (a) Phaskection element angles. (b) Sequence current angles. (c)
Positivesequence active and reactive currents.

Impact of virtual impedance current limiter on phase selection element

In this section, the performance of the phaselection element is evaluated when the GFM uses
the virtual impedance method. The test system setup is similar to the previous section.

Case 12consider the same fault condition as that of Case 9, i.e., a bolted-iclo5€& fault, when
the GFM at bus B2 uses the virtual impedance method with 7, &FY 0.0 1.1 pu, K
factor 6.

The relay measurements in this case are demonstratétignre38. Botli and] in Figure38(a)
are outside the correct ranges for AG faults, {.e15J, 18] and[ 30J, 3QJ|, respectively. However,
the relay operates correctly usihg because this angle is within the 30J, 3QJ] range for most of
the fault duration and falls below 30J at aroundd 5.05 ms] , on the other hand, remains
outside the[ 15J, 15]] range for the entire duration of the faulEigure38(b) andFigure38(c) also
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show the sequence current angles and posiseguence active and reactive currents during this

fault, respectively. Since thef Yratio is 0, i.e., the virtual impedance is resistive, the GFM generates
a highly active current ifrigure380 O 0 =
current angle from that SGs, which typically generate a highly reactive current in such fault
conditions. Consequently, similar to the PQ priority method, the virtual impedance method can

g KA OK

adverselyimpact performance of the phasgelection element.
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Figure38: Relay measurements for Case 12. (a) Phaskction element angles. (b) Sequence current angles. (c)

Positivesequence active and reactive currents.

Case 13this case evaluates the impact@X'Y ratio of the virtual impedance on the performance
of the phaseselection element. Consider a cleseBCG fault withy  p

B

1.5 pu, K 6,

— 7. and] are recorded for three values aif Yratio, namely 0, 1, and 5, and are shown in

in Figure39(a) is outside th¢165J, 195] range for BCG faults, so the

Figure39. ForwfY 0,
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phaseselection element fails to identify the correct fault type. Increasingdiféy ratio to 1 shifts

1 to 188.2) in Figure39(b) inside the correct zone, enabling correct operation of the phase
selection element. However, if th@f'Y ratio is increased further to 5, gets shifted too much

such that it exceeds 19%nd settles at 199.9outside the correct zone. Consequently, the phase
selection element maloperates again. Therefore, this case shows that a reliable operation of the
phaseselection element can be achieved only for a certain rangé&bY ratios. Increasing or
decreasing th&T'Y ratio does not guarantee a reliable faulty phase selection. Moreover, the exact
value of the®f'Y ratio that can ensure correct operation of the phase selection element can var
depending on the fault properties and GFM IBR parameters.
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Figure39: Phaseselection element angles for (&7 0. (b)=H 1. (c)£1{ 5.
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Summary

Multiple simulations wergerformed, and the results were illustrated for a few of these scenarios.
The following observations were made:

1 Both PQ priority and virtual impedance current limiting methods can cause maloperation of the
phase selection element basedion.

1 The main reason for maloperation of the phesalection element is the different positive
sequence current angle of GFM IBRs than that of SGs during faults.

1 Different IBRrelated parameters as well as fault properties can improve or worsen performance
of the phase selection element in the presence of GFM IBRs.
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2.2.3 Task 4

2.2.3.1 Evaluation of Type8 GFM WTG

In orderto verify the ability of theType3 GFMwind farm to operate in very weak grids, an SCR
ramp-down test is performedas shown inFigure40. The system is shown toaintain stiff POC
voltage andstablyinject its rated powedownto SCR=1.8fter whichtheoretical maximum active
power transferlimit is reached.
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Figure40: Low-SCR operation of Typ@ GFMWTG
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The tess defined for Type3 WTGNn section2.1.3are conductedand results areobtained. These
results aresummarised inrablel0, while the detailedwaveformsare providedn the Appendix

Frequency Disturbance Shallow Fault

Current Current limitation  method At low wind, the impact o€urrent
Limitation R2Say Qi KI @S limitation is negligible.
(Qpriority / inertial response At high wind, Qoriority provides

non-priority) better voltage magnitude support
but larger voltage angle deviatio
(smaller TS margin), compared

non-priority.

Grid Strength  Grid strength has negligibl Strong grid induces larger fau

(Weak ; impact on inertial response & currents across the rotor circu

Strong) rated wind which triggers the crowbar ani
disengages GFM contrc
impacting voltage control abilitst
the beginning of the fault.

Wind speed Inertial response at rated an Compared to rated wind an

(High / Rated / @bove  wind  speeds i above, low wind operation result
Low) satisfactory, whileat low wind in better voltage support due tc
speed is poarThis iglue tothe lower active power loading an
reduced D@ink voltageat low higher reactive current headroon
wind speed which reduces but more angle deviation (smalle
overall current injection TS margin).
capability. This also impacts tF
voltage regulatiorability during
inertial response and prolongs
rotor speed recovery.

Deep Fault

Active current requirement is large durir
fault recovery athigh dispatchUnder Q-

priority, active current ImiR2 S& y Q
the required level immediately aftefault

clearance, whichmpacts active curren
injection and cause severe transients
These transientspropagate to reactive
current, active power and voltage then,

they disappear once the praisturbance
active current limit is restoredrherefore,
transient performance using -Qriority at

high wind speeds is poor. On the oth
hand, ron-priority has better fault
recovery performance due to sufficier
headroom for active current.

Severe fault in strong grid causes the-L
link voltage to collapse, leading 1
instability.

Low wind speed yields in better-fault
voltage support and fault recovedue to
sufficient reactive current headroom

However, at wind speeds at and abo
rated, fault recovery is considerabl
impacted using Q-priority current
limitation.

Tablel0: Summary ofType3 GFM WT@est findings

Based on these findingdiree mainshortcomingsn Type3 GFMWTG are identifieth comparison

with GFMBESS performanc&hese arssummarisedn Tablell.
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DClink voltage At low wind conditions, D@nk voltage is reduced, which in turn reduces the overmodulation limit,
regulation hence, the maximum current limit. This degrades both inertial response and reactive support cap:

In contrast, D@ink voltage in GFNBESS is maintained nearly constant across all dispatch levels.

Crowbar activation Severe faults in strong grids induce large fault currémtfie rotor terminals of A€oupled DFIGvhich
triggers crowbar protection. Crowbar protection temporarilgisables RSC which impairstransient
performance of the system by disabling the giddming control loop.

This issue is not presemt DGcoupled GFMBESS.

Postfault active After fault clearance, power angle and rotepeed dynamics takéongerto settle at high dispatch

power recovery at conditions whichresultsin higher active power injection. The use epfority CL thereforelegrades the

highwind speeds stability athigh wind conditionsln contrast, active power recovery in GIBESS is not impacted by tt
phenomenon since rotor speed dynamics are not present.

Table11l: Shortcomings in Typ& GFMWTG performance
Controller Enhancement for Typ8 GFM WTG

Among the identified shortcomings, the pefstult active power recovery at high dispatch levels is
found to becrucialfrom the transient stability point of viewrigure42 shows the comparisoof
fault ride-through performance ofh Type3 GFM wind farm equipped wit@-priority and non
priority Clat rated wind speednd weak grid.

It is clearthat the active powelinjection duringthe recovery period, i.e., approximately 1s after
fault clearance, is higher thatme pre-disturbance level. This can be explained by the dynamic
coupling between the power angle and rotor speed, which form an equilibrium poithen

1 plane.This phenomenon is known agnchronous stabilityvhich corresponds tthe rotor speed
deviationfor a transient active power responsat a given wind velocity20]. The active power
controller (APC) anslynchronization characteristics impact the restoratioriredf equilibrium point
onthe 0 1 planefollowing a disturbancewhich subsequentlyinfluences the active power
output during the restoration phas&his phenomenon is illustrated Figure41.

1.0 T T T T T R
0 < Af, <A, <A
Transient Trajectory
0.8 - »
0.6 Losing synchronous )
’ Frequency Dip stabilit{'_, |
: AAR &
Pysind’ R
04 fomALL e
02| L A V5 RE—
: fo = Af, i '.' ,* Frequency Rise
""" L6y + A
0.0 . + L
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Figure41: Synchronization Stability on th#_ o , Plane[20].
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Figure42: Comparison of faulride through performance of two CL strategiesing VSGAPC
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Using a conventional Virtual Synchronous Generator (VSG) based APC, tfaulpaktnamics in

the power angle and rotor speed take longer to settle at high dispatch conditions. This results in
higher active power injectionAt the same timethe reactive current is also impacted by these
dynamics which causéhe reactive current outputo ramp downslowly to its predisturbance level.

The slower change in reactive current causeslower increase in active current limit when Q
priority current limitationis used. This, in turn, causti® active current to constantly hit its limit in

an attempt to return to its predisturbance leveland produces severe oscillations in both the active
and reactive currents. These transients propagate to active power and voltage, leadary to
undesirable performanceOn the other hand, this effect is not present when ramority current
limitation is usedsincethe active current is not strictly limited usitigis strategy

Thepostfault transienttrajectoriesof synchronous stabilitgquilibrium points onthé 1 plane
for Q-priority CL and nopriority CL are shown iRigure43 and Figure44, respectively.

Tirre is}

VSG-NonCL

az : 1
Rolor Speed [pu]

I |
114 118 118 147 118 110 12 1.21
Rolor Speed (pu)

Figure43: Postfault equilibrium point trajectory using Figure44: Postfault equilibrium point trajectory using
Q-CL in VS@PC Non-CL in VS@PC

VSGbased APUn Type3 GFMWTGsis shownto display suboptimal synchronous stability
performance[20] [21]. Therefore, h order to improve thigransient behavioura firstorder lead
lag based AP€an be used in lieu &fSGAP(J22] as

i 0
0i 0 0]
wherev , 0 andvu denote tracking, inertia, and damping coefficiemsspectivelyIn addition,

the steadystate droop is defined by—. The mairdistinctionbetween the VSAPC and leathg

APC is that the latter contains a zero tlwan provide additional damping without affecting the
steadystate droop.

In order to verify the imprové transient performancewith leadlagAPC the same fault is
simulated Figure45, Figure46 and Figure47 show thetime-domain traces angost-fault transient
trajectories of equilibrium points using the ledaAPC for both CL methods
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Figure45: Comparison of faulride through performance of two CL strategies using leladg-APC
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Figure46: Postfault equilibrium point trajectory using Figure47:. Postfault equilibrium point trajectory using
Q-CL in leadagAPC Non-CL in leadag-APC

It can be clearly observed that the power angbtor speed dynamics are significantly reduced and
the equilibrium point is quickly restored. The pdatilt power angle and active power output are
more closely matching the preisturbance levels, which aisauses the reactive current to return

to its predisturbance level immediately after fault clearance. As a result, the transients observed in
VSGAPC using @L are now eliminated with leddg-APC using QL.

Summary

1 Type3 GFM WTG systems have unique dynamics under transient conditions, which are impacted
by wind speed levels and the type of converter current limitation. These dynamics result in
different transient behaviour compared to GFHBESS.

1 DCIlink voltage regulation capability is found to be one of the main downsides that limits the
overall transient response ability. This is usually not present in-BESBIS.

1 The use of synchronous generator emulation methods as GFM control is found to result in
suboptimal response, therefore, alternative control strategies need to be developed.

1 Overall, Typ8 GFM WTG systems are shown to display some of the core capabilities expected
from GFM control including operation in weak grids, inertial response, and fault current
contribution.
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2.2.3.2 Evaluation of Typet GFM WTG

In order to verify the ability of the TypéGFM wind farm to operate in very weak grids, an SCR-cowm
test is performed ashown inFigure48.
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Figure48: Low-SCR operation of Typé GFMWTG
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The tests defined for Typé WTG in sectior2.1.3are conducted and results are obtained. These
results are summarised ifiablel2, while the detailed waveforms are provided in the Appendix.

Frequency Disturbance Shallow and Deep Fault

Current Limitation The current limitation method does not hav Q-priority current limiter offers more headroom fo
(Q-priority / non- & considerable impact on the inertii reactive current hence, slightly more reactiv
priority) response. power support in both fault events.

However, the recovery period can displ However, this limiter leads to undesirable pow
power drops due to the current limitation il peaks at the fault cleanceasit restricts the active

MSC. current flowing in the system.
Grid Strength Grid strength has negligible impact on inert A strong grid can cause severe fault currents leac
(Weak / Strong) response with proper controller tuning. to instability conditions.

However, a deep fault condition triggers the [
chopper in both grid conditions.

Wind speed High wind speed can comparativglyovide High andrated wind scenarios cause more pes
(High / Rated / Low) better frequency support since the pitch ang fault oscillations and exhibit longer settling times.

control allows extra wind energyto be At jow wind speeds, the system displays bet
harvesed. robustness and rides through longer fault periods
Rated and low wind speeds provide inert

response primarily by reducing the rotc

speed.

Table12: Summary of Typel GFM WTG test findings

Based on these findings, three main shortcomings in By@FMWTG are identified in comparison with
GFMBESS performance. These are summaris&aloel3.

Shortcoming

Instability and recovery The systenfaces instability issuesparticularly in the recovery period due to the impact
challenges machineside components which affect the active current flow.

Response variability acros The systemesponddifferently to faults depending on wind speed conditions, requiring car
wind speed conditions GFM parameter adjustment for stable operation.

Challenges with current Current limiting strategies have a pronounced impact ype4 GFM WTGs due to activ
limiting strategy current variability, demanding revaluation for effective fault management.

Table13: Shortcomings in Typd GFMWTG performance

Transient performance evaluation:In general, both high and rated wind speeds exhibit similar
responses ta fault, while low wind speeds demonstrate a faster recovery process. Notably, the
system provides similar reactive power support to the grid regardless of the wind speed condition.
The reduction of active power during the fault is reflected in the rotaresh as the rotor speed
accelerates during the fault duration. The pdsult recovery is considerably affected by the
machine side control levels since MSC is working towards taggidne DGink voltage which is

also impacted due to the faulfthe gpriory current limiter allows for more headroom for reactive
current flow in the system, thereby offering slightly increased reactive power support in both
scenarios. The-griority-based limiter leads to undesirable power peaks at the fault clegrogt
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Active power (p.u.)

asit restricts the active current flowing in the system, which is also influenced by the masidiee

dynamics.

GFM BESS vs TypeGFM WTGIn order todeterminethe unique responses when the GFM is
influenced by machinside dynamics, the following test case illustrates the responses of a GFM
BESS andBype 4GFM WTG side by side for a similar fault scenario. It's important to note that all
grid-side parameters are kept constant at the same values to eresumquivalentomparison.
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Figure49: Fault performance comparison of a GFM BESS and GFM WTG operating below the rated power.

As highlighted irFigure49, the response during the fault is nearly identical in both systems, while the

recovery process shows distinct characteristics. In comparison, the GFM BESS demonstrates a smooth

recovery process primarily because its-ID& voltage remains constant withhaadequate energy buffer.
However, in the case of a WTG, the impact of the fault on the madid®components, particularly on the
DClink voltage and rotor speed, ultimately contributes to the undesirable behaviour observed after the fault.
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