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Abstract—Short circuit ratio is an outdated measure of
system strength in converter dominated systems as the useful
behaviour of inverter-based resources is not represented. While
still useful for determining fault current provision, converter
connected generation contributes to short circuit level and
system strength in a different way to traditional synchronous
generation. Additionally, traditional measures only account for
system strength at the fundamental frequency while converters
possess complex interactions across a frequency range. A novel
method of determining system strength across this frequency
range from the network impedances is proposed in this paper.
The approach known as the Grid Strength Impedance Metric,
calculates the system strength independently from short circuit
level. The unique contribution of grid-following and grid-
forming converters is represented by including the multiple-
input multiple-output converter output impedances in the
calculation. Small-signal impedance models are employed, and
the metric is largely concerned with short-term voltage stability,
but some inferences can be made for longer timescales. The
approach is validated using time domain simulations to check
for any identified areas of weakness in the frequency range. The
Grid Strength Impedance Metric successfully represents the
useful behaviour of grid-forming converters, indicating an
enhancement in voltage stiffness in locations of deployment.

Keywords—Short Circuit Ratio, Grid Stiffness, Converter
Impedance, Power System Stability, Grid Forming Converters

. INTRODUCTION

Electricity networks worldwide are undergoing a
paradigm shift as a push for sustainable energy is becoming
the new norm [1]. This has been made viable by the
introduction of renewable power interfaced by power
electronic converters, which are displacing traditional
synchronous generators (SG). Inverter based resources (IBR)
cover a wide range of sources with a common form of
connection to the grid. While necessary to facilitate the
introduction of more renewable generation, numerous
challenges in terms of performance and stability have been
noted [2]. One such issue that has avoided significant
attention, especially in the UK, is the reduction of short
circuit level (SCL) and system strength.

SCL is the increased current provided during three-phase
faults. SGs can provide over-currents (2-4 p.u.) for some
minutes during these faults [3]. However, as these machines
are removed from the network the onus falls to IBRs. Since
converters have strict over-current limits of 1.1-1.2 p.u. the
SCL is significantly reduced [4]. In traditional systems with
many SGs, the SCL can be expressed as the short-circuit ratio
(SCR), the ratio between the current provided during a three-
phase fault to the nominal current. Presently, the terms SCL
and grid strength are used analogously. The definition of
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system strength is well defined for traditional networks and
links three main aspects: available short-circuit current,
susceptibility to voltage disturbances and maximum power
transfer. In traditional networks dominated by SGs, the SCL
is determined by the physical machine and line impedances.
A high SCL is delivered by a low impedance and results in
the generator being seen as a stiffer voltage source from the
PCC. This increases the resistance to voltage disturbances. A
strong network characterised by a high SCR (>3) will have a
large volume of short-circuit current, better short-term
voltage stability and a larger capability for active power
transfer.

When IBRs are considered, the physical network
impedances are no longer sufficient to characterise the system
[5]. The fault current is now determined by the inverter limit
and traditional definitions of SCR are invalid. To avoid this,
the most common approach is to ignore the contribution of
IBRs from SCR calculations or use an alternative definition
[6]. These methods include composite short circuit ratio
(CSCR) [7], weighted short circuit ratio (WSCR) [8], short
circuit ratio with interaction factors (SCRIF) and equivalent
circuit short circuit ratio (ESCR) [9]. Literature surrounding
these methods is poorly explained and lacking
implementation.  The approaches may be correct for
determining the available fault current but incorrectly
characterize the strength of the network often suggesting
reduced voltage stability. Hence, in IBR dominated systems
SCL and grid strength should be considered separately [5]. If
considered as a single entity, the system can become
needlessly strong in terms of voltage disturbances while
trying to procure increased fault current and the useful
behaviour of converters is not represented. Conversely,
representing increased strength as a higher SCL results in
‘synthetic’ fault current which may be risky to consider [10].

This paper focuses on characterising the voltage support
available to the network including IBRs. Traditionally
defined weak grids are seen as an issue for grid-following
(GFL) converters as the increased network impedance leads
to large voltage deviations at the point of common coupling
(PCC) and further stability issues related to the phase locked
loop (PLL) [11, 12]. Grid-forming (GFM) converters are
often proposed as a solution as they increase the system
strength in areas where they operate [5]. However, this
behaviour has yet to be quantitatively measured. This paper
presents a novel method of classifying the system strength
using the IBR equivalent impedance of both converter types.
The proposed technique, known as the Grid Strength
Impedance Metric (GSIM) builds upon traditional methods
of SCR but instead considers the contribution of converters
to the voltage stability of the network utilising the converter
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output impedance. This allows the fast identification of
possible issues prior to stability analysis, similar to the way
the way SCR is presently used but inclusive of crucial
converter actions in quasi-steady state. The ability to
represent frequencies other than the fundamental allows for
the identification of possible sub-synchronous oscillations
(SSO) and harmonic interactions. The metric can showcase
the difference in behaviour between GFL and GFM
converters. The new method differs from any previous
implementations for the following reasons:

1. Network voltage support is calculated independent of
fault current

2. IBR are now represented with complex control
interactions included utilising MIMO impedances

3. The different behaviour of all network components
including SGs, GFL and GFM is now represented

4. The strength is represented for a frequency range

5. The metric can be caluclated for any resource type and
topology where an impedance trace can be formed

GSIM and SCR are synonymous for traditional networks
for all frequencies. The scale is equal for both and the same
conclusions for low and high SCR networks can be made
using GSIM with a more accurate representation of modern
components. The frequency dependent behaviour of GSIM
is simpler to understand than Bode or Nyquist techniques.
Moreover, GSIM shows significant promise in allowing more
IBRs to be added to the network, even in networks conditions
that would previously be considered unsuitable using SCR.
The approach uses frequency sweeps to determine the output
impedance or admittance and therefore forms a black box
approach where previous knowledge of the converter control
structure is not required.

1. ALTERNATIVE SCR DEFINITIONS

Several new stability indices based on SCR for networks
with a high penetration of IBRs have been proposed [7, 9,
13]. Simpler indices look at the contribution of fault current
and use this to infer information about the voltage stability,
interactions, and grid stiffness.

A. Composite Short Circuit Ratio

Initially proposed by GE, CSCR calculates the grid
strength considering all electrically close converters [7]. All
converters of interest are assumed to be connected to a single
bus and the strength is calculated including power
contributions from converters but without fault current
contribution:

CSCyva
MWVER
Where CSCyy 4 is the fault level contribution excluding
converters and MW, gy is the sum of nominal power ratings
of the connected converters.
B. Weighted Short Circuit Ratio

WSCR has been most notably applied in defining
operational limits in Texas [13]. The approach is similar to
CSCR but now analyses key points on the network by
considering multiple buses:

CSCR = 1)
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Where SCMV A; is the short circuit capacity at bus i and
Pryw, is the rated power output of the i converter.

WSCR =

O]

C. Short circuit ratio with interaction factors

The short circuit ratio with interaction factors (SCRIF)
looks to augment previous definitions of SCR with a
component that captures voltage deviations. This voltage
sensitivity is captured via an interaction factor:

IF, —AVi
The SCRIF is then determined:
S

SCRIF; =
P, + Z;(IF;; x P))

(4)

Subscript j represents all electrically close converters or
buses. I Fj; is the interaction factor of bus j on bus i, AV; and
AV; are the voltage deviations at the i"" and j™ bus,
respectively, S; and P; are the fault level contribution and
nominal power rating at bus i and P; is the nominal power at
bus j. This suggests that a stiff voltage source inserted at bus
i, would decrease the interaction factor, raise the SCRIF and
bus i would become more stable. Converters are considered
here in terms of power and line impedance, but the control
action represented by the equivalent impedance appears to be
disregarded preventing dissemination between GFL and
GFM devices. It is challenging to determine exactly how the
converter is represented in literature surrounding SCRIF as
the calculation of the voltage disturbances for the IF is not
well described. Approaches looking at the steady state
reaction to disturbance injection at the fundamental
frequency likely do not accurately represent the converter
action in quasi-steady state conditions.

D. Equivelent Short Circuit Ratio

The ESCR is very similar to the traditional SCR, but now
considers all physical impedances on the network:

ESCR =

= Ysys,PU (5)
sys,PU

Where Z,s py and Ysy,5 pyy are the system impedance and
admittance, respectively. The ESCR is not necessarily novel,
it is the traditional SCR determined at a different point on the
network, closer to the device of interest. The metric suggests
the maximum network impedance that the converter can
operate under. However, the impedance due to converter
control is not considered. This method forms the basis for the
novel approach proposed in this paper utilizing converter
admittance models to extract an equivalent rating of strength.

E. Drawbacks of present methods

The drawbacks of the previous methods include: the
inability to differentiate between GFL and GFM devices,
only representing strength at the fundamental frequency (FF)
and continuing to describe the network as if it was dominated
by SGs. For example, CSCR and WSCR cannot represent
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different types of converter behaviour as they consider the
power contribution which is the same for both GFL and
GFM. ESCR only considers the physical line impedances of
the converters which is again not dependent on converter
type. SCRIF begins to study interactions however, it is only
described at the FF where the true behaviour of the converters
is challenging to represent using conventional measurement
techniques such as IF. Additionally, the IF is based on
physical impedances and does not include any converter
control components. Hence, the SCRIF will underestimate
the strength of the network when GFM converters are
included.

All methods continue to couple voltage stiffness and fault
current into one metric which is not valid for the modern
system. The behaviour of converters during faults is vastly
different from the quasi-steady state behaviour and therefore
characterising the normal operating behaviour via the fault
characteristic is futile. The voltage strength provided by
converters must be calculated considering the behaviour of
the converter in the quasi-steady state which is achievable by
utilising the equivalent converter output impedance. When
considering quasi-steady state conditions, increased voltage
stability from IBRs can occur without increased fault current
with appropriate control.

11. CONVERTER IMPEDANCE

In this section two types of control structure are
presented: a standard current control based GFL algorithm
with PLL, and a simplified virtual synchronous machine
(VSM) structure representing a GFM controller. Each control
structure is presented with key components discussed. The
level of control detail used is applicable when considering
systems with only a few converters connected. However,
aggregation techniques are likely required if studying the
wider system.

A. Impedance formulation
A state-space model is created to facilitate the generation
of the converter admittance:

Ax = AAx + ABu (6)

Ay = ACx + ADu (7

Where x, u and y are the model state, input and output
vectors respectively, and A4, B, C and D are the state, input,
output and feedthrough matrices respectively. Once the
model is linearised the converter admittance is classified as
the ratio of the response current from the converter (I,) to the
voltage disturbance at the PCC (Up¢c):

_ Al @®)
AUpec

Y.

The converter admittance is determined by the physical
filter components and the control architecture. The capacitor
between the RL filter and the PCC is not included but can be
modelled as a load effect. To generate the admittance from
the state-space matrix the model inputs and outputs are
selected to be:

_ Auq,PCC]
AU pec

©)
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y= [Aiq,c]

Aig, (10)

The state-space then represents the converter admittance:

Yo qu_c] _y_ A

=u- 7u (1)

qu,c ydd,c

The impedances are modelled in the synchronous
reference frame to ensure all interactions can be accounted
for and easily modelled.

B. Grid-following

A control diagram of the GFL structure which has been
widely applied in literature is provided in Fig. 1 [14-16]. An
in-depth description of the control structure and tuning
recommendations can be found in [17]. However, a short
summary is provided in this section. Synchronisation is
provided via a PLL and the current flow through the filter
impedance is regulated in the synchronous reference frame
via two PI controllers with appropriate cross-coupling terms
and voltage feedforwards. A current limiting algorithm is not
included as the non-linear behaviour cannot be represented in
small-signal models and separating quasi-steady state from
fault behaviour is a main motivation of this work. Two outer
loop PI controllers regulate active power on the g-axis and
PCC voltage on the d-axis. This is due to the g-axis voltage
being synchronised with the a-phase voltage.

R¢ L .
_| lcabc
_/\/\/\/_{'YVY\ P J_
i Uabc
leabe I R ——
Gate signals
|Ug CONTROL SYSTEM PLL
. + +
| KelS) [ Konpls) e ] ]
c " g -
o0 [ 2 /cq
£5 I T(6)
w
+ - -
o (10 - St S
fo wews
8 NETWORK INNER LOOP OUTER LOOP

Fig. 1. Grid-following controller structure

C. Grid-forming

A simplified VSM structure without internal current
control (CC) is used in this work. This work is concerned with
short-term voltage stability and not with fault ride through
(FRT). Therefore, internal CC is avoided as it raises the
converter output impedance and reduces the effectiveness of
the GFM structure [5]. Furthermore, structures excluding
internal CC have been gaining interest in recent literature [15,
18-20]. Ongoing work is looking at FRT of VSM controllers
without CC and therefore the structures are of importance
[21]. A full description can be found in [17, 21] but is
summarised here. Synchronisation with the network is
provided via an active power Pl controller representing the
power swing equation. A Pl directly regulates the PCC
voltage via the g-axis. Park transforms are not utilised as the
active power and PCC voltage magnitude can be calculated
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in the stationary frame. An inverse park transform is used to
translate the synchronous frame voltage commands to abc.
R¢ L¢ .
lcabe

(v (D

wv)
© 3] + ¥
g HE ARt P 0 g
@ c > ( )
o . u
< Y ;r_,gn Grid Forming 47,-[: N iead
OoL4 83 Controller — T(6) —
o T |V
= g lcd Ugtld |+=Uad | (lark Transform

3
v Kon,ufs) 8 U]
ca CONTROL SYSTEM

Fig. 2. Grid-forming controller structure

V. GRID STRENGTH IMPEDANCE METRIC

Using the defined impedance models the grid strength
impedance metric (GSIM) for classifying network strength
can be postulated. This is achieved by using the admittance
models discussed that describe the performance of the
converter in quasi-steady state. This normal operating
behaviour is vastly different from fault conditions and allows
the decoupling of voltage strength from fault current
provision. However, the admittances and hence GSIM are
operating point dependent and a range of cases should be
studied. Additionally, the poor accuracy of some small-signal
models at high frequencies should be considered [22].

A. Defining GSIM

Firstly, the base impedance of the network must be
specified using the conventional method:
_W
=3,

Where Z,,V,, and S, are the base impedance, voltage and
power, respectively. The base impedance can then be used to

determine the resistance and inductance parameters for a
Thevenin equivalent base grid:

Zy (12)

R
Rb = Zb )_( (13)
Zp
L, =—
b= (14)
_[Rp +sLy wpLy
Zb - _(UbLb Rb + SLb (15)

Where Z, is the base impedance expressed in the
synchronous reference frame, w,, isthe FF, R, and L, are the
base resistance and inductance, respectively and R/X is the
desired ratio of resistance to reactance of the network. The
system admittance Y, contains all components of the
network under study including a Thevenin equivalent grid
with SCR applied and any connected inverter-based
resources. Since the impedance/admittance matrices form
MIMO systems, the eigenloci of the impedance/admittance
matrices across the frequency range are considered. This is a
common approach in impedance-based stability methods [23-
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30]. The impedance/admittance for the base or converter can
be obtained from a frequency scan of the physical network
which makes GSIM applicable in black box scenarios [31].
Alternatively, a frequency response of a state-space model
similar to (11) or transfer function model similar to (15) can
be utilised:

Voo(s) Ypals)

Vors(8) = [YZZ(S) de(s)] (16)
Zyo(S) Zga(s)

Zy(s) = [ZZZ(s) Zaa(s) 7

Where Y,:(s) is the 2x2 MIMO transfer function matrix
describing the selected system admittance and Z,,(s) is the
2x2 MIMO transfer function matrix describing the base
impedance. Each of the 2x2 matrices then produces two
eigenloci denoted g and d:

Miys.q(s)
A(Ysys(s)) = Hlyy @ (18)
sys,d(s)
A
A(Zb(g)) = ILZb,q(s)l] (19)
Zp,a(s)

Where 1 (Ysys(s)) and A(Z,(s)) are the eigenloci of the

system admittance and base impedance, respectively. These
eigenvalues represent the magnitude of impedance or
admittance in the synchronous reference frame. GSIM is then
obtained via the elementwise multiplication (denoted ®) of
(18) and (19) which forms an impedance ratio:

[GS IM,(s)
GSIM, (s)

Where GSIM,(s) and GSIM,(s) are the q and d axis
GSIM components, respectively. These components act in
unison with interaction between axes to affect the stability of
the grid. Therefore, the final GSIM definition combines these
values into a single metric relating to the PCC voltage
magnitude:

|=10en@r@,n @

(21)

GSIM ,(s)%2 + GSIM ;(s)?
GSIM(s)=\/ A() : 4(5)

The converter will have a vastly different impedance during
faults compared to normal operation and GSIM is not
representative of fault behaviour by design.

B. Exploring the Properties of GSIM

Since system strength is normally obtained at the FF, the
0 Hz component in the synchronous reference frame can be
extracted for initial study. If the traditional network is
analysed without converters GSIM is equal to the SCR. This
can be proven if a base impedance is generated for a 3 MW
grid at 690 V with an X/R of 10 and FF of 50 Hz. This gives
an example base impedance, resistance and inductance of
159 mQ, 15.9 mQ and 505 uH, respectively. If the system
impedance is then considered as a Thevenin equivalent
network with an SCR of 3 applied then an example system
impedance, resistance and inductance of 53 mQ, 5.3 mQ and
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170 pH, respectively. Constructing the 2x2 base impedance
and system impedances using the form described (15):

Zye =
0.0159 + s0.505x1073 0.159 ] (22)
—0.159 0.0159 + s0.505x1073
Zsys,e =
0.0053 + s0.17x1073 0.053 23)
—0.053 0.0053 + 50.17x1073

Where Z,, , is the example base impedance matrix and Z,;
is the example system impedance matrix. The frequency
response of each impedance can be generated and the
eigenvalues extracted for the FF component:

pom)|=R1 e
[2(Zeyse@ HD) )| = [20232 (25)

Where A(Zbye(o Hz)) and A(Zsys‘e(o Hz)) are the

eigenvalues of the frequency response of the base and system
impedances, respectively at the FF. The magnitude of the
eigenvalues in each case is equal to the magnitude of the
impedance of each of the base and system impedances. If the
GSIM is calculated dividing by Z,, . instead of multiplying
by the admittance for simplicity, the original SCR of 3 is
obtained. The process appears somewhat trivial when RL
networks are considered but the addition of converters with
complex MIMO admittances begins to provide interesting
results that are provided in Section V.

GSIM is mathematically equivalent to SCR as it
represents the ratio of base impedance to system impedance.
If the per-unit impedance form of SCR is described:

SCR = (26)

Zsys,pu

Multiplication of both numerator and denominator by the
base impedance provides a similar form to GSIM since the
eigenloci represent the magnitude of the impedance or
admittance. If the FF components are considered then both
are equivalent:

A
SCR = -2

= GSIM(0 Hz) 27)

Ssys

GSIM will have the same implications in terms of voltage
stability to traditional SCR definitions. However, the effect
of IBRs can now be represented in quasi-steady state.
Moreover, the GSIM provides the same value across the
frequency range for SG dominated networks. This proves the
similarity and provides an initial validation of the method.
However, when converters are included, the GSIM varies
significantly across the frequency range and shows areas of
large/small impedance previously not present on the
traditional network at the FF. Since all network components
are now fully represented, this should lead to discovery of
components interacting to produce SSO and harmonic
interactions which are becoming more prevalent in the
modern network [32, 33]. Fast identification of these areas of
concern is a key benefit of using GSIM to screen stability
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issues over conventional metrics where they would be
overlooked. This is increasingly important for impedance-
based stability techniques which require multiple system
‘views’ from different points for complete analysis. GSIM
facilitates fast screening of these problematic points. In the
synchronous reference frame, the (0 - 50 Hz) abc components
are not directly visible as they would appear (-50 - 0 Hz).
However, like most FFTs the impedances are symmetrical
around O Hz and the 0-50 Hz abc should be reflected
accordingly [34]. This may vary when negative sequence
components are added but can be address by representing the
components in a different reference frame such as the
modified sequence domain [35].

V. NETWORK ANALYSIS

Using the developed method, an investigation of different
control structures on the GSIM can be considered. Note that
GSIM is applicable to any control structure and the two
selected for study in this work are representative of some
common controller families. A new converter to be connected
to the network requires information about the strength of the
point it is connecting to. This is completed by considering a
new system impedance for the network that is the parallel
combination of the original Thevenin equivalent and any
converters. The GSIM can then be used to quantify the
strength of the node for further connections ‘looking’ into the
PCC. A system is defined to investigate this containing one
GFL and one GFM connected to the network. A diagram in
provided in Fig. 3 with system parameters shown in Table I.

GFL

Grid
PCC Ves6,

VpcclBpcc C Z > [:

GFM

Fig. 3. Multi-converter network topology

Any impedance-based method requires all components to
be expressed in a single reference frame. The reference
frames on the network can be related to each other via a
rotation of which details can be found in [15].

Each converter and filter impedance is combined in series
with the respective transmission line (TL) impedance and
rotated into the global reference frame. The GFM admittance
combination is denoted Y, and the GFL as Y. The strength
of the network is analysed by constructing the equivalent
circuit from the point of view (PoV) of a converter ‘looking’
into the PCC. Two PoVs are considered. Firstly, the GFM
looking into the network consisting of the grid and the GFL.
Secondly, the GFL looking into the network consisting of the
grid and GFM. An illustration of this is provided in Fig. 4.
The system is simplified for initial analysis but any system
topology should be possible providing the impedance traces
can be obtained; this may require some topology reduction if
the individual MIMO port impedances were to be used, which
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is a common approach in impedance-based methods [25, 26].
Failing this, a frequency sweep can be conducted at the bus
in question to obtain the combined impedance of the network.

Table | Parameter Table

Parameter Symbol Value
Grid Voltage (V,_, rus) Vs 690 V
Converter Power P 3 MW
Grid Frequency Wg 50 Hz
Base Impedance R, +jX, 0.79+j79.4 mQ
TL1, TL2 Impedance Ry +jXr 3+j2.8 mQ
Filterpvcen Impedance R, +jX, 1.6+j16 mQ
Filterysm Impedance R, +jX, 1.6+j16 mQ
PVCCN Controller

Current Cont. Pl Gains Kpic Kijc 0.15, 1.587
Voltage Cont. Pl Gains Kpye, Kiye 1,10
Power Cont. Pl Gains Kppe, Kipe 1x107%, 0.001
PLL PI Gains Kpprr, Kipry, 0.788, 175

VSM Controller
Power Cont. Pl Gains
Voltage Cont. Pl Gains

5x1077,1x107°
2,10

Each admittance is modelled as a standalone component
and therefore the relationship between voltage and current at
the terminals is likely different than when grid connected.
The full converter behaviour will not be seen at the PCC and
will be scaled by some factor. These factors are determined
by considering the system as a combination of Thevenin
voltage sources and considering the contribution of voltage
to the PCC. A Norton equivalent is also possible. A scaling
factor for each source is determined using the physical
impedance magnitude seen at the FF:

Kppv, Kipv
I<pVV 4 l<iVV

Cone = =29 28
scale — ZCT + Zg ( )
L 29
scale — ZVT + Zg ( )
Zyr
GVscate = T+ 7, (30)
g
ZCT
GCscare = 7o+ 27, (31)
g

Where Coqie @nd Vg are the GFL and GFM scaling
factors, respectively and GVy.4;. and G Cyeqqe are the network
scaling factors for the network when the GFM or GFL
converter is connected, respectively. If scaling factors are
disregarded the ratings of system strength can significantly
over or underestimate the network strength depending on the
converter of concern. From Fig. 4 (a), the GFM converter
‘sees’ a combination of the grid and the GFL converter with
related line impedances. The stiffness at the PCC is
determined by the system impedance which is the parallel
combination of the grid and GFL with scaling applied:

(32)

From Fig. 4 (b), the GFL converter ‘sees’ a combination of
the grid and the GFM converter. The stiffness at the PCC is

Ysysl = CscateYer + GCscalng
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again determined by this system impedance which is now the
parallel combination of the grid and GFM impedances:

(33)

Ysysz = VscareYvr + GVscalng
Vpccs6,
/
/
/ | —1 r— —
GFL | | GRID
Q | ] vze, o V20
A YCTD
AN | f Ic | | Verio
\ - —— — 1 L _
(a)
Vpccs8;
/7
/
% ~—4——a ——
|Z GFM | | GRID
Q | VT | Vyz6, | V.26,
N\ | Ve | | Verip
N\ | | |
N o Jo
(b)

Fig. 4. How the connecting converter views the network:
(a) GFM’s view (b) GFL’s view

The application of each scaling factor allows GSIM to
match the rating scale of traditional versions of SCR. Using
these two parallel combinations, the effect that GFL control
has on system strength can be explored using Y;,s; and the
GFM control using Y;,,s,. A final combination of all three
components is also defined, with similar scaling terms
applied to the voltage sources. However, the scaling factors
now become a balance between the converter of concern and
the combination of the remaining impedances on the network:

Z
L (34)

S. = —--—
" In+Zyn

Where s, is the scaling factor for the n'" component and
Zpn is the combination of all other system impedances
excluding the n'" component. The third system with scaling
applied is:

ysys3 = Slyg + SZYVT + SBYCT (35)

The structure of the converter looking into the network is not
important, but the power rating should be considered. The
base impedance is constant for both systems. Three GSIMs
are defined for analysis with a single value obtained via (21):

GSIMgr, = [A(Y 551 ($))A(Z 3(5))| (36)
GSIMgpy = |A(Ysysz(5))/1(zb,3(5))| (37)
GSIMpy,;, = |/1(Ysys3(5))/1(zb,6(s))| (38)
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The subscript number (3 or 6) in the base impedances
Zy3(s) and Zy, ¢ (s) dictates the base power in MW used for
creating the network. The GSIM is used to analyse the effect
of each converter type on the voltage stiffness for a weak
Thevenin grid (SCR = 1) and a stronger Thevenin grid
(SCR = 3). The results showing the scaled GSIM are then
compared to alternative SCR methods at the FF in Table II.
The SCR shown shows the strength of the initial Thevenin
network before the addition of converters. Note the initial
Thevenin grid denoted Y, from Section A is included to
validate that the method is synonymous with other definitions
in traditional networks.

Table Il Comparison of grid-strength metrics

System SCR CSCR ESCR  GSIM
Network 1 1 1 1
(Ysys) 3 3 3 3
GFL 2 1.93 1.93 1.65
(Yeys1) 6 5.42 5.42 5.61
GFM 2 1.93 1.93 4.42
(Ysys2) 6 5.42 5.42 7.17
Full 1 0.95 0.97 1.98
(Ysys3) 3 2.85 2.78 3.4

From Table II, all the grid-strength metrics are equal for
the standard network with no IBRs. Note that all methods
become twice as large when considering only one converter.
The grid impedance is designed considering both converters,
when one is disregarded, the resultant system becomes twice
as strong. The CSCR and ESCR methods are equal when
considering one converter only. The CSCR and ESCR
underestimate the strength of the network for GFM.
Moreover, the control action of the GFL is not properly
accounted for with the discrepancy being larger for weaker
networks. The GSIM clearly indicates an improvement in
voltage strength when GFM converters are added to the
system. The value at the FF is conventionally used to infer
the strength across the frequency range. This is acceptable as
for traditional systems as every impedance component forms
an RL system. If it is assumed that the X/R is large, the
frequency response of each system is dominated by the
inductance. Therefore, the response shape will be similar in
all cases with the difference being a scalar multiplier
determined by the magnitude of reactance. When converters
are introduced, the RL property of the network is reduced. In
this case, the GSIM (or traditional SCR) provided at the FF
may not cover all the system issues. The value can still be
used however, it is probable the FF GSIM will be larger than
the actual limit. For example, a GSIM of 1.1 at the FF may
only be required to ensure the minimum GSIM at another
frequency remains above a lower threshold. Hence, network
strength should be considered across the frequency range and
GSIM is the only metric at present capable of this.

The GSIM is plotted for the three systems against a range
of frequencies in Fig. 5 to showcase the significant variation
in system strength with frequency. Additionally, the effect of
the GFL PLL bandwidth and GFM voltage control
proportional (Kp) and integral (Ki) gain terms are explored.
No high frequency components are modelled therefore, a
frequency range of 0-400 Hz is sufficient for analysis. The
GSIM is provided in the synchronous reference frame where
0 Hz is the FF.
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Fig.5. GSIM for configurations: (a) Ys,s; - SCR 1 (b) Ys,5; —SCR 3 (c)
Ysys2 -SCR 1 (d) Y5, -SCR 3 (&) Y53 -SCR 1 (f) Y;y53 ~SCR 3.

Legend. (a)(b) PLL bandwidth: 600 Hz (blue), 500 Hz (orange), 400 Hz
(yellow). (c)(d) Voltage Controller Tuning: Kp = 1, Ki =5 (blue), Kp = 2,
Ki = 8 (orange), Kp = 3, Ki = 10 (yellow). (e)(f) PLL Bandwidth: 600 Hz
(blue), 400 Hz (orange)

From Fig. 5 (a)(b), the GFL reduces the GSIM below the
initial SCR at the FF and up to around 20 Hz. For both SCRs,
the GSIM then falls indicating a region of high impedance
and poor damping which can be seen to be sensitive to the
PLL bandwidth. In Fig. 5 (c)(d), the GFM improves the
network strength across most of the frequency range. For both
SCRs, the impedance is smaller close to 0 Hz due to the direct
voltage control of the GFM and provides a greater strength
rating near the FF. This can be increased with faster tunings
as shown in Fig. 5 (c)(d). A similar peak can be formed for
the GFL traces if the GFL voltage controller is tuned faster
but this may harm strength at higher frequencies. This effect
is again visible in Fig. 5 (e)(f) around 0 Hz. When the SCR is
1 the GFM converter does more work in supporting the PCC
voltage as the GFM scaling factor is larger than the network
factor. The PLL bandwidth effects the GSIM over the same
range of frequencies as with y,,s; but the magnitude is
reduced likely due to the increased support from the GFM.
When a GFL converter is present GSIM increases at high
frequencies due to the system impedance including the
converter growing at a slower rate with respect to frequency
than the base impedance.

VI. VALIDATION

A validation of system strength including converter
control action is challenging as no previous metric exists.
However, system strength has three main indicators:

e A stronger system is more stable and therefore will
exhibit greater robustness which can be measured
using traditional stability techniques.

e A greater strength will provide more damping of
oscillations on the network

e A greater strength can provide more reactive
support and therefore increased active power flow

Hence, when converter behaviour is included and the
GSIM is higher it is expected that the system is more stable,
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oscillations will be better damped and can transfer more
power. If GSIM correctly indicates strength considering
converters, then the behaviour of the system in terms of the
points above containing converters, should be similar to the
behaviour of the traditional system with SCR set to the GSIM
value obtained when converters are considered. This
comparison is made for each indicator in the following
section excluding the voltage disturbances as the method used
for testing is not applicable to the standalone traditional
network model.

A. Stability Analysis

Traditional impedance-based stability methods can be
employed to validate the system strength indicated by GSIM.
The analysis requires the formulation of transfer functions
that describe the current at the PCC using the system provided
in Fig. 4. The process for determining the transfer functions
is described in [15]. For a single converter connected to the
network:

vyY i1,

ipee = +
P T I+ Z Y I+ Zg¥ (39)

Where v, and Z, are the grid voltage and impedance
respectively. i, and Y, are the first converter current and
admittance, respectively and I, is an identity matrix of rank
two. When two converters are considered, a different
approach becomes more complex. The current at the PCC is
determined by first combining the grid in parallel with the
first converter of the original system:

1
Yy ==Y +¥q (40)
P

The current at the PCC is then determined from the

Norton equivalent circuit:

i — (icz) _ (icl)yczzp _ (ig)yczzp
pee I, + Yoz, 1,+Y,Z, I,+YZ,
Where i, and Y, are the second converter current and
admittance, respectively and i, is the grid current. The

stability of the system is now governed by the more complex
transfer function [15]:

(41)

Y..Z,
I,+Y,Z,

The relative stability of each system can be determined by
control system margins. Traditional gain and phase margins
are not sufficient for complex MIMO systems. Therefore, a
robust control analysis technique known as disk margins are
employed [36]. Note that there is no direct mathematical
relation between the stability margins and GSIM as they
analyse different mathematical functions. However, a larger
GSIM indicates greater strength and likely a more robust
system. Disk margins consider complex perturbations in all
loops at once to give a better idea of real stability margins.
With disk margins, gain and phase margins are considered as
a complex factor f, of the form:

1—-0
> o)
1_

(42)

1+

f€D(a,0)= :5€C,|8<a (43)

Where the set D(a,o) defines the complex set of
perturbations. If the disk skew factor o, is selected to be 0 the
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overall perturbation gain can increase or decrease by the same
magnitude. The disk margin can then be defined as the
maximum value of a that allows fL to remain stable for all
f € D(a, o) where L is the closed loop system gain. The disk
margin represents the shortest complex distance from the
Nyquist plot of the eigenloci to the critical point. The disk
margins are applied to both channels simultaneously for all
systems and are shown in Table Il1.

Table 11l Comparing GSIM to MIMO Stability Margins

System GSIM GSIM Disk
Unscaled  Scaled Margin
GFL (¥sys1) 2.52 1.65 0.42
6.35 5.61 1.08
GFM (ygys2) 8.92 4.42 0.87
16.7 7.17 1.32
4,52 1.98 0.86
CFLYGFM (rsyss) | g5y 3.4 1.25

From Table 111, the system robustness using disk margins
follows the strength rating provided by GSIM. Note that a
disk margin (< 1) does not carry the same meaning as
traditional margins. The gain and phase perturbation related
to the disk are still (> 1) and indicate positive stable margins
[36]. The largest disk margin of 1.32 occurs for the largest
scaled GSIM of 7.17. The ratings of both GSIM and disk
margin decrease in the order of y,c, Vsys3 t0 Ysysq from
strongest to weakest for each SCR. This suggests that the
different values of GSIM are correctly replicating the
differing behaviour of GFL and GFM in terms of the first
indicator of system strength. Conversely, other metrics such
as ESCR and CSCR which are equal for both structures
suggest the behaviour is the same which does not follow the
margins deduced. Moreover, if a traditional network is
specified with SCRs equal to the GSIM obtained for y;,,, of
4.42 and 7.17, respectively. The disk margins obtained from
the PoV of the GFL converter looking into the traditional
network are 0.89 and 1.22, respectively. These margins are
similar to the margins obtained for y,,s,. This suggests that
the GFM converter is providing the increased system strength
captured by GSIM as the system behaves comparably to a
stronger traditional network of the same rating. Note, that for
the traditional system the SCR and GSIM are equal offering
further justification of the values obtained as the same rating
of strength is obtained via GSIM for both the converter based
and traditional systems despite the SCR being different.
When comparing the scaled and unscaled GSIM versions, the
unscaled version appears to overestimate the strength of the
network greatly in each case.

B. Voltage Disturbances

The ability of the system to reject voltage disturbances
should increase with system strength. To justify the larger
GSIM rating for GFM converters, a load of (0.5 + j0.3) MW
is suddenly switched into the PCC to disturb the network and
the resultant perturbation is studied at three frequencies. The
magnitude of voltage disturbance is provided alongside the
GSIM at disturbance frequency in Table IV.

From Table 1V, the voltage disturbances are larger when
the GFL converters operates alone for the respective initial
SCRs. The size of the perturbation is similar for yq,,., and

Ysys3 despite the large difference in GSIM. However, this is
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due to the different base powers of the system which are
specified in (37) and (38) due to one converter being removed
in ¥sys,. Accounting for this, the magnitude of the
disturbances is largely in agreement with the rating of GSIM.
This method of validation provides certain drawbacks as the
introduction of a load may introduce further interactions in
the system. However, it is clear that GFM converters reduce
the magnitude of voltage perturbations in the network
compared to GFL. This indicates a stronger system which is
correctly identified by the GSIM.

Table IV Voltage Disturbance Ratios

System |AV;/AV;| (GSIM)
75 Hz 125 Hz 175 Hz

GFL 0.403 (1.45) 0.317 (1.58) 0.235(1.78)
(Yeys1) 0.276 (5.55) 0.203 (5.57) 0.178 (5.61)
GFM 0.274 (5.05) 0.208 (5.18) 0.186 (5.21)
(Ysys2) 0.187 (6.24)  0.159(6.29)  0.150 (6.29)
Full 0.247 (2.19) 0.151(2.27) 0.113(2.31)
(Ysys3) 0.179(2.91) 0.143(2.94) 0.128(2.96)

C. Power Flow

The traditional SCR is often used to infer the active power
transfer capabilities of a system. While instabilities caused by
interactions between active power flow and voltage are likely
not small-signal issues, the impedances determined from
small-signals models can be used to infer the power transfer
capabilities of the system. The absolute maximum power is
determined by the line impedance to the grid as the power
capability cannot be violated. However, the connected
generation determines how much of this transfer capability
can be utilised. GFLs exhibit instabilities when operating
close to the physical line limit due to the non-linear
relationship between power and voltage [37]. However,
GFMs can operate right up to the maximum angle without
instability and allow GFLs to increase their maximum angle.
The GSIM can represent this feature. New operating points
must be utilised for the impedance models that are closer to
the limit of power transfer. For ys,s;, the active power
contribution is considered solely from the GFL converter.
This is to allow comparison between the strength provided
from the GFM converter and from the traditional network.
The converter is assumed to have no current limit to allow
high power operation for validation purposes. The GSIM is
plotted for the three systems for each SCR in Fig. 6.

From Fig. 6 (a)(b), the GFL converter weakens the
network more at higher operating points which can be seen
from the lower GSIM rating compared to Fig. 5. This is due
to the higher equivalent converter impedance from the
increased reactive power contribution to support the PCC. In
the case of GFM in Fig. 6 (c)(d), the strengthening of the
network is reduced compared to the normal operating point
in Fig. 5. However, the converter still contributes increased
support to the PCC, allowing higher power operation. When
considering the combination of converters in Fig. 6 (e)(f), the
GSIM at the FF is higher than when only a single converter
is connected. One reason for this is the respective reactive
power contribution from each converter is smaller, lowering
the effective impedance. The results are compared to time
domain simulations where the power output from the
respective converter was ramped until the system became
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unstable. The maximum active power transfer is shown
alongside scaled and unscaled GSIMs in Table V.
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Fig. 6. GSIM at power transfer limit: (a) Y;,5; - SCR 1 (b) Y551 —SCR 3
(C) Ysysz -SCR1 (d) Ysysz -SCR3 (e) Ysys3 -SCR1 (f) Ysys3 -SCR3

Table V Problematic Frequency Modes

System Power Transfer GSIM (unscaled)
SCR1 SCR 3 SCR1 SCR 3
Yeyst 38MW 9.8 MW 1.2(25) 3.73(15.4)
Yeys2 57MW  168MW  4.3(6.2) 6.64 (14.8)
Yiyss 552MW 157 MW  1.82(9.14) 5.86 (9.0)

From Table V considering SCR 1, the maximum power
transfer is worst for the GFL converter. The GFM converter
improves this significantly, which is consistent with the
GSIMs calculated. The same agreement can be seen between
the time domain simulations and the GSIM calculation at an
initial SCR 3. Similar to Section 1V, the unscaled GSIMs
provide an exaggerated view of system strength. If the
unscaled values for GFL and GFM are compared for an SCR
of 3, the GFL converter appears to provide more strength than
the GFM which is incorrect based on the maximum power
flows. To further validate the approach, a traditional network
with SCR equal to the GSIMs obtained for y;,,; is specified.
A GFL converter is then connected and the maximum power
flow is obtained as 5.74 MW when the SCR is 1.82 and
15.6 MW when the SCR is 5.86. Note, y,3 is used instead
of y,s, as with the stability margins, as the power flow must
be determined after the connection of the converter. These
values are similar to that of y;,,¢; with an error of -4 % and
0.64 %, respectively. This indicates that the GSIM provides
a similar rating of strength for a converter dominated
network, as the SCR provides for the traditional network in
terms of power flow.

VII. CONCLUSION

This paper has successfully proposed and validated a new
method of classifying network strength using system
impedances including IBRs. The approach separates system
strength from fault current provision, which is necessary in
converter dominated systems. Both the useful and
detrimental behaviour of different controller structures
including GFM and GFL has been represented. This was
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achieved by considering the equivalent MIMO converter
impedance in the synchronous reference frame. The method
has been validated using three main indicators of system
strength: improved stability margins, greater voltage
disturbance damping and larger active power flow. Each
technique indicated that GFM converters increased the
system strength which was correctly captured by GSIM.
GSIM is applicable to larger networks providing that an
impedance trace can be obtained. The wider system can be
collapsed into a simpler Thevenin form for analysis similar to
previous techniques.
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