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What is a strong system?
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What is a weak system?
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Is the network relatively weak or strong?
• The size of the wind farm relative to the strength of the system is a 

useful metric…  (Figure courtesy NREL/GE)
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What is a weak system in Texas?
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Technical Issues in Weak Grids
• Failure to ride through disturbances

• Plant may trip following a network 
disturbance, leading to wider system 
issues, such as under-frequency or loss of 
voltage support.

• Weak systems make ride-through more 
difficult

• Control interactions
• The weaker the interconnection, the 

more likely controls will be to influence 
each other and interact negatively with 
each other or with the system.  
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Technical Issues in Weak Grids
• Control instability

• If the network is weak 
enough, controls may enter 
unstable region with no 
external influence needed 
(small signal instability)

• Example
• Wind farm located in 

Western Canada on a long 
radial connection, SCR 
approx. 1.2
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Small Signal 
Control 
Instability
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Technical Issues in Weak Grids
• Cycling between turbine control modes

• Turbine controls may have special control modes to handle fault ride through 
(eg. reduce active power, tightly control terminal voltage, gently ramp active 
power back up to rated values)

• If system is weak, control modes may be invoked multiple times as turbine 
attempts recovery, introducing severe transients into the system.
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Transient 
Stability 
Limitations: 
Texas 
example:
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Instantaneous rms 
voltage measurements 
in PSSE

Fast reactive power 
response quickly drives 
voltage high in PSSE

Oscillatory reactive power 
response in EMT as inverters 
struggle to control Voltage

General recovery dynamics 
track quite well

Active power recovery is 
perfectly smooth in PSSE



SCR Definition
• The relative strength of the ac system, the IBR/FACT/HVDC is 

connecting to, is often parameterized by an index called the short 
circuit ratio or SCR.

𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 (𝑺𝑺𝑺𝑺𝑺𝑺) = 𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 𝑴𝑴𝑴𝑴𝑴𝑴 (𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺) 
𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 (𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷)
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Representation of an AC Grid for testing
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SCR & X/R
Assume; 
V=1, δ=0

To represent an AC grid in a simulation tool, following parameters are required;

1. R (Resistance of the grid)
2. X (Reactance of the grid)
3. V (Voltage magnitude behind the impedance)
4. δ (Voltage angle behind the impedance)

The objective is to calculate above parameters backwards from available SCR information (i.e. SCR and 
X/R) 

V
R=

0

+

R

+

X
V∠δ

V
R=

0

+

R

+

X
V∠δ



Calculation of Impedance
• 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆𝑆𝑆 � 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
• 𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

• 𝑍𝑍 = 𝑉𝑉
𝐼𝐼𝐼𝐼𝐼𝐼

• 𝑅𝑅 = 𝑍𝑍
1+𝑘𝑘2

• 𝑋𝑋 = 𝑘𝑘 � 𝑅𝑅

• 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑆𝑆𝑆𝑆𝑆𝑆 � 1
• 𝐼𝐼𝐼𝐼𝐼𝐼 = 𝑆𝑆𝑆𝑆𝑆𝑆

1

• 𝑍𝑍 = 1
𝑆𝑆𝑆𝑆𝑆𝑆

• 𝑅𝑅 = 1
𝑆𝑆𝑆𝑆𝑆𝑆

� 1
1+𝑘𝑘2

• 𝑋𝑋 = 1
𝑆𝑆𝑆𝑆𝑆𝑆

� 𝑘𝑘
1+𝑘𝑘2
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Per unitize on 
Sbase = Prated

Note: 𝑘𝑘 = 𝑋𝑋/𝑅𝑅



Power Transfer Limit
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Assume;          
X/R=∞ (i.e. R = 0)

The power transfer across an impedance can be written as;

𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 𝑹𝑹 = 𝟎𝟎 →  𝑿𝑿 =
𝟏𝟏

𝑺𝑺𝑺𝑺𝑺𝑺

Assume;          
X/R=𝟎𝟎 (i.e. X = 0)

𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 𝑿𝑿 = 𝟎𝟎 → 𝑹𝑹 =
𝟏𝟏

𝑺𝑺𝑺𝑺𝑺𝑺

+

R

+

X

P

V1∠δ V2∠0

+

R

+

X

P

V1∠δ V2∠0Fully Inductive Fully Resistive

𝑍𝑍



Representation of AC Grids of SCR < 1
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+
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R=
0

P_Load

+
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+

X1

V1∠δ V1∠δ
R=

0
+
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+
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V1∠δ V1∠δ
R=

0
Thevenin 
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+

R

+

X

V1∠δ

P_Load

+

R

+

X

V1∠δ

P_Load +

R1

+

X1

V1∠δ

+

R1

+

X1

V1∠δ

𝑍𝑍 𝑍𝑍𝑍



Sample SCRs…
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SCR Metric - Limitations
• Can be misleading if there are multiple wind plants sharing system 

strength (Credit Cigre/AEMO)
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WF1
100 MW

100 MVA
600 MVA

600
100 = SCR =  6

WF1
100 MW

WF2
100 MW

100 MVA

100 MVA

WF3
100 MW

WF4
100 MW

100 MVA

100 MVA

600 MVA

600+100+100+100
100

WF1 SCR     = =    9 ???



Metrics – Effective SCR (ESCR)
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• ESCR accounts for the impedance increasing effect of capacitive filters 
(usually used in HVDC)

• First parallel resonance shifts the fundamental frequency impedance, 
so shunt capacitance can weaken the system.

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

𝑀𝑀𝑀𝑀𝑉𝑉𝑉𝑉𝑉𝑉



Effect of shunt capacitance on Z60



Metrics – Weighted SCR (WSCR)
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• Allows consideration
of nearby resources
which share SCMVA

• Neglects electrical 
separation

• May misrepresent group 
strength if there are
outliers

2
N

i
RMWi

N

i
RMWiSCMVAi

N

i
RMWi

N

i
RMWi

N

i
RMWiSCMVAi
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i
RMWi

SCMVA

)P(

P*S

P

P)/P*S(

P
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∑
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Where does WSCR work?



Workshop:  Calculate SCR and WSCR for each 
group
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WSCR Pros and Cons
Goals of metric:  
- represent sharing of conventional system strength
- represent electrical coupling between devices

Problems with WSCR:
• doesn't necessarily show local plant concerns
• more sensitive to active power changes than to increases in SCMVA, unless strongly coupled electrically.
• doesn't account for non-active power electronic devices like STATCOMs
• Doesn't account for capacity, only dispatched power
• Requires relatively close grouping of resources to have any meaning.

Good things about WSCR:
• Weights  improvements to weak buses over strong buses.
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Metrics – Composite SCR
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• MV buses of wind 
farms in the cluster 
are shorted together 
and fault level is 
calculated in the 
simulation tool at the 
shorted bus.

• Similar limitations to 
WSCR

CSCR =
SMV

WP1RAT + WP2RAT + WP3RAT



Metrics – SCR with Interaction Factors (SCRIF), or Equiv. 
SCR 

25

• Similar to “Multi-Infeed ESCR” (MIESCR)
• Allows consideration of other plants for evaluation of system strength 

for a single interconnection
• Allows consideration of FACTS (like STATCOM)
• Does not provide a common metric for a group of resources
• Requires more substantial calculation

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 =
𝑆𝑆𝑖𝑖

𝑃𝑃𝑖𝑖 + ∑𝑗𝑗 𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗 ∗ 𝑃𝑃𝑗𝑗
𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖 =

∆𝑉𝑉𝑖𝑖
∆𝑉𝑉𝑗𝑗



Metrics – MVA vs. MW (eg. WSCR-MVA)
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• Care should be taken with all simple metrics with de-rated 
wind capacity.  

• You can use MVA rating of equipment, rather than Power
• Allows consideration of partial power generation
• Allows consideration of FACTS (like STATCOM)
• Similar limitations to WSCR
• The reality is usually somewhere in between MW and MVA



Comparison of SCR based metrics:
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Simple calculation 
using short circuit 

program

Accounts for 
nearby inverter 

based equipment

Provides common 
metric across a 
larger group of 

VER

Accounts for weak 
electrical coupling 

between plants 
within larger 

group

Considers non-
active power 

inverter capacity*

Able to consider 
individual sub-
plants within 
larger group

SCR
Short Circuit 

Ratio  X X X X X
CSCR

Composite 
SCR    X X X

WSCR-MW
Weighted SCR 

using MW     X X
WSCR-MVA

Weighted SCR 
using MVA      X

SCRIF
Multi-Infeed 

SCR X  X   

Metric

Table 2.1: Comparison of SCR Methods



IPSCR
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• Inverter Penetration SCR (IPSCR) [1]
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐵𝐵
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶

• Evaluates how much system strength comes from IBRs
• Case B = case with all IBRs turned off 
• Case C = case with all conventional generation turned off and IBR Xsource 

tuned until it contributes 1 p.u. SCMVA 

Effective for 
one IBR 

interconnection
SCR

Accounts for 
nearby IBRs but 

neglects 
electrical 

separation

WSCR
Accounts for 

nearby IBRs and 
does not 
require a 
defined 

boundary

IPSCR Can IPSCR be
 refined further?

[1] L. Unruh and A. Isaacs (2021), ‘Description of Inverter Penetration (IPSCR) Metric for Quantifying System Strength in Large Networks’

IBR 
penetration IPSCR



Generation Resource Characterization
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• Industry has been exploring how to characterize 
GFM technology using impedance scans

• Entities are suggesting or requiring impedance 
scans for GFM technology

• Provides perspective on how technology will 
behave 

• GFM technology routinely shows superior 
behaviour when compared to GFL and SM

• How do we tie resource characterization into our 
metric? We make it impedance based

Source: M. Richwine et al., Power System Stability Analysis 
& Planning Using Impedance-Based Methods, 2023



Modifying SCRIF
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Ii

Ij

Vi

Vj

Calculate interaction factor:
∆Ii

∆𝑉𝑉𝑖𝑖
∆𝑉𝑉𝑗𝑗

=
𝑍𝑍𝑖𝑖𝑖𝑖 𝑍𝑍𝑖𝑖𝑖𝑖
𝑍𝑍𝑗𝑗𝑗𝑗 𝑍𝑍𝑗𝑗𝑗𝑗

∆𝐼𝐼𝑖𝑖
0

∆𝑉𝑉𝑖𝑖
∆𝑉𝑉𝑗𝑗

=
𝑍𝑍𝑖𝑖𝑖𝑖 𝑍𝑍𝑖𝑖𝑖𝑖
𝑍𝑍𝑗𝑗𝑗𝑗 𝑍𝑍𝑗𝑗𝑗𝑗

∆𝐼𝐼𝑖𝑖
∆𝐼𝐼𝑗𝑗

∆𝑉𝑉𝑗𝑗
∆𝑉𝑉𝑖𝑖

=
𝑍𝑍𝑗𝑗𝑗𝑗
𝑍𝑍𝑖𝑖𝑖𝑖

∆𝑉𝑉𝑖𝑖 = 𝑍𝑍𝑖𝑖𝑖𝑖∆𝐼𝐼𝑖𝑖

∆𝑉𝑉𝑗𝑗 = 𝑍𝑍𝑗𝑗𝑗𝑗∆𝐼𝐼𝑖𝑖

Calculate SCMVA:

∆𝑉𝑉𝑖𝑖
∆𝑉𝑉𝑗𝑗

=
𝑍𝑍𝑖𝑖𝑖𝑖 𝑍𝑍𝑖𝑖𝑖𝑖
𝑍𝑍𝑗𝑗𝑗𝑗 𝑍𝑍𝑗𝑗𝑗𝑗

𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆
0

𝑰𝑰𝑺𝑺𝑺𝑺𝑺𝑺

∆𝑉𝑉𝑖𝑖 = 𝑍𝑍𝑖𝑖𝑖𝑖𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼𝑆𝑆𝑆𝑆𝑆𝑆 =
∆𝑉𝑉𝑖𝑖
𝑍𝑍𝑖𝑖𝑖𝑖

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 =
∆𝑉𝑉𝑖𝑖2

𝑍𝑍𝑖𝑖𝑖𝑖



Modifying SCRIF
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Ii

Ij

Vi

Vj

Developing Impedance-Based SCR Metric:

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖

𝑃𝑃𝑖𝑖 + ∑𝑗𝑗=1,𝑗𝑗≠𝑖𝑖
𝑛𝑛 𝑃𝑃𝑗𝑗 ∗ 𝐼𝐼𝐼𝐼𝑗𝑗𝑗𝑗

𝐼𝐼𝐼𝐼𝑗𝑗𝑖𝑖 =
∆𝑉𝑉𝑗𝑗
∆𝑉𝑉𝑖𝑖

=
𝑍𝑍𝑗𝑗𝑗𝑗
𝑍𝑍𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 =

∆𝑉𝑉𝑖𝑖2

𝑍𝑍𝑖𝑖𝑖𝑖

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =

∆𝑉𝑉𝑖𝑖2
𝑍𝑍𝑖𝑖𝑖𝑖

∑𝑗𝑗=1𝑛𝑛 𝑃𝑃𝑗𝑗 ∗
𝑍𝑍𝑗𝑗𝑗𝑗
𝑍𝑍𝑖𝑖𝑖𝑖

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
∆𝑉𝑉𝑖𝑖2

∑𝑗𝑗=1𝑛𝑛 𝑃𝑃𝑗𝑗 ∗ 𝑍𝑍𝑗𝑗𝑗𝑗



Expanding to entire system

32

• The NSCR calculation can readily be expanded to large systems

Construct 
full system 
admittance 

matrix

Modify to 
develop 

contingency 
specific 

matrices

Reduce 
matrices 
based on 
POIs of 
interest

Invert 
admittance 

matrix to 
get 

impedance 
matrix

Calculate 
interaction 

factors

Compute 
NSCR values



Building a tool…

• Building a tool

33

Raw file with correct Zsource

Folder to output results to

POI buses of interest and 
corresponding MW injections



Calibrating the tool
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• We can use known system 
instabilities to set “bad” 
NSCR numbers

• PV plant was found to have:
• Stability @ 100 MW
• Marginal stability @ 120 MW
• Instability @ 140 MW



Setting unstable NSCR values
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100 MW

120 MW

140 MW

Plant Dispatch EMT Result NSCR
100 MW stable 2.1989
120 MW marginally stable 2.0250
140 MW unstable 1.8767



SCR-based metrics
• Key Takeaways

• While lower SCR typically increases the likelihood of potential issues with 
inverter-based resources, these methods should be used as a screening tool 
for simple “radial” systems only. 

• Weak grid issues are system- and equipment-specific and it is difficult to 
define a “minimum system strength” criteria that can be applied uniformly.

• What is “weak” for one manufacturer may not be a problem for another. 
What was “weak” for one manufacturer two years ago may no longer be 
difficult to achieve. The addition of a new piece of equipment may (through 
poor controls, for example) suddenly destabilize otherwise very well 
controlled existing equipment.

36



Appropriate use of SCR-based metrics

• Use metrics to gain a high-level understanding of relative impact of 
the interconnecting plant

• If there is any concern, involve planners, developers, and 
manufacturers to identify potential risks

• Use that understanding, combined with specific knowledge of the 
equipment and transmission system, decide whether further study is 
required.

• Note:  it is very difficult to use SCR to set planning guidelines and 
thresholds

37



Mitigation Alternatives
• If a small SCR suggests there may be problems, mitigation is directly 

suggested by the formula…
• How do we fix a weak system problem?

38

𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃
𝑀𝑀𝑀𝑀𝑉𝑉𝑉𝑉𝑉𝑉



Mitigation alternatives
• SMALLER GENERATORS!
• Selective curtailment or RAS
• More transmission
• Larger transformers
• Series capacitors (careful)
• Control tuning
• Synchronous Condensers
• FACTS (SVC or STATCOM?)
• GFM Batteries!!

39
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