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1 Introduction

The power system is transforming from a system dominated by synchronous
generators to a system where inverter-based resources (IBRs) become dominant
[1]. One consequence is that grid strength is decreasing in some regions in the GB
system as thermal power plants with synchronous generators (SGs) are decommis-
sioned in favour of IBRs in the drive to meet the UK’s net-zero targets [2].

In conventional power systems that are dominated by SGs, the short-circuit level
(sCL), or short-circuit ratio (SCR) is the standard metric of grid strength for eval-
uating the ability to connect a new device at a specific location. The SCL can be
expressed as the SCR, the ratio between the current provided during a three-phase-
to-ground fault to the nominal current [3]. Typically, the short-circuit current (SC)
contribution (also known as fault current contribution) of an SG can reach 5-7 p.u.
[4] because of their low impedance and ability to withstand currents well above nor-
mal for short periods without a large and damaging temperature increase. A rela-
tively high SCR results in the generator being seen as a stiff voltage source from the
connected point.

However, for an IBR-dominated power system, the system impedances are no
longer sufficient to characterise the system [5]. The SC is now tightly regulated by
the inverter limits to protect the IGBT, and traditional definitions of SCR are not valid.
One of the most common approaches to inheriting the concept of SCR is ignoring
the contribution of IBRs. As such, one may be misinformed about the grid strength,
e.g. perceiving a low SCR while the system is in fact quite strong. Consequently, the
economic viability or maximum power delivery of the connected IBR may not be met.

On the other hand, different control types of IBRs, e.g., grid-forming (GFM) and
grid-following (GFL) control, introduce different degrees of effects on the system
strength. In practice, a GFM inverter can fix the voltage and angle of the point of
interconnection (POI) and is usually considered as a positive role that can increase
the system strength [6]. In this case, the GFM inverter should be modelled as a stiff
voltage source. While a GFL inverter is typically treated as a current source due to its
function of injecting active and reactive power into the grid based on the POI volt-
age. However, the distinction between GFM and GFL inverters is not well-addressed
in the SCR calculation.

To tackle those limitations, we propose a promising metric for evaluating the
grid strength based on power flow calculation. We name the proposed metric power
margin ratio (PMR).
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2 Inadequacy of small-signal metrics for large-signal stabil-
ity

As we pointed out in the WP1 Report, it is necessary to distinguish between the
small-signal and large-signal system strength. In this section, we will conduct elec-
tromagnetic transients (EMT) simulations on a single-plant-infinite-bus (SPIB) sys-
tem to elaborate the reason.

#1 X, #3 #2
(-

Fig. 1: Single line diagram of the SPIB system

IBR

Consider the SPIB system shown in Fig. 1, where all physical quantities are in per
unit. Let the line impedance X; = 1/1.12 with resistance ignored, and the nominal
power of the IBR Prgrnom = 1. In this case, we assume that the IBR is also injecting
1 p.u. active power into the grid. The IBR is a GFL inverter with PV control. A three-
phase short circuit is triggered at Bus #3 at 50 s and lasts for 4 cycles. We set high
fault resistance to model the system perturbed by small disturbances and small fault
resistance for large disturbances.
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Fig. 2: Voltage at Bus #3 based on EMT simulations of the SPIB system under (a) smalll
disturbance and (b) large disturbance.
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The EMT simulation results are presented in Fig. 2. Itis clear in Fig. 2 (a) that when
the system suffers a small disturbance, the voltage drops to 0.9 p.u. The voltage of
the IBR bus can recover after the fault, implying that the system is stable in the small
signal sense. On the contrary, when the voltage drops heavily during the fault, the
voltage of the IBR bus cannot recover after the fault is cleared, which is shown in Fig.
2 (b). It leads to large-signal instability of the system. Moreover, the large-signal
instability does not exhibit oscillations with increasing amplitude, which is different
from the typical small-signal instability mechanism. Hence, we can conclude that
such instability is not a small-signal problem. As a result, it is inadequate to use
small-signal metrics for large-signal stability assessment.
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3 Power margin ratio

This section starts by briefly reviewing the calculation of the SCR, followed by a
detailed discussion of the proposed PMR. Our understanding and comments on PMR
are summarized at the end as the takeaways of this section.

3.1 Short-circuit ratio (SCR)

Since SCR has been widely used for system strength assessment of SG-dominated
power systems, it is important to review its concept and understand the principle.
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Fig. 3: A typical structure of an IBR-dominated power system

Fig. 3 presents a typical structure and components of an IBR-dominated power
system, where wind power plants (WPPs) and photovoltaic (PV) plants are inverter-
interfaced power generation units. Regardless of the generation-side control to achieve
power converting, we focus on the interaction of the grid-side converter with the grid.
When viewed from a single bus, e.g., bus-k, a model equivalence can be made on
the rest of the system to create an equivalent ideal voltage source in series with a
Thevenin impedance, as shown in Fig. 4. V is the equivalent Thevenin voltage; Z, ;.
is the Thevenin impedance seen from bus-k; and I is the current flow from the
source V.

Network I ' IBUS—R
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[

Fig. 4: Circuit representation of a plant connected to an infinite bus
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When a three-phase-to-ground short-circuit happens at bus-k, i.e, bus-k is
connected to the ground through smallimpedance, the power flows from the system
to bus-# is defined as the short-circuit capacity (SCC), or short-circuit level (SCL) at
bus-k, and is expressed as

Vsl
SCCy = . 1
= il (1)
SCR is then defined as the ratio between SCCj, and the nominal power Py ., of the
device connected to bus-k, i.e.,

SCCy, (2)

SCRy, = 2 i
k,nom

If all the physical quantities in Fig. 4 are in per unit where the voltage V; = 1 p.u,,
SCR can be expressed in the following equation:

1
SCRy, = . 3
7 1 Zenpul Phnom, ()

Since in the following sections of this Report, all the discussion is put in the per unit
system, we discard the subscripts of pu and nom for simplicity.

In a conventional power system where only SG exists, the SCR defined based on
short-circuit capacity is completely consistent with the SCR defined by the Thevenin
equivalent impedance, since the short-circuit current of the synchronous generator
is entirely determined by its impedance, without any current limiters [7]. However,
due to the overcurrent limiters of the IBRs, the short-circuit capacity is no longer a
quasi-linear output characteristic. Therefore, the SCR based on the short-circuit ca-
pacity definition and the SCR based on the Thevenin equivalent impedance defi-
nition are fundamentally different for the IBRs. As revealed in Section 2, there ex-
ists drastic differences between small- and large-signal dynamics of the IBR-to-
grid system. To address the limitations of SCR-based metrics for (large-signal) grid
strength evaluation of IBR-dominated systems, we propose an alternative indicator
named Power Margin Ratio.

3.2 Power margin ratio (PMR)

The basic idea behind using the PMR to assess the system’s strength is to de-
termine the maximum power a bus can handle while still maintaining a static op-
erating point. Compared to the SC current calculation which requires the “source
+ impedance” combination of the plant, power itself is a more intuitive and direct
information for grid strength evaluation since it can be obtained by power flow cal-
culation.
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Given a power system as shown in Fig. 3, the PMR of bus-k is calculated as

PMRj, = Lrmer (4)
Prpr

where Py .., is the maximum power the system can absorb from this POl and P;ggr
is the nominal power of the connected IBR. Py ,,,,,, can be acquired from power flow
calculation by increasing the output power at the corresponding POl until reaching
a non-converged result.

When conducting power flow calculations, we specify the node types for different
generation plants as in Table 1. It should be noted that in steady state power flow
calculation, the GFM can be treated as a PV bus. However, in PMR calculation, the
power flow refers to the one within a short transient period. As a result, the GFM is
assumed to be a stiff VO node, where the power angle aligns with the pre-fault value.

Table 1: Node types adopted in PMR calculation

Plant type Node type
GFL with PQ control PQ
GFL with PV control PV
GFM Vo
Infinite bus Slack

Similar to the SCR, a larger PMR implies a stronger grid, i.e., the system is more
likely to operate in a stable manner and for the system as a whole to recover intact
from major disturbances [8].

3.3 Relation between PMR and SCR

For the SPIB system shown in Fig. 1, the PMR is identical to the conventional SCR.
The reason is that the POl is the only point where an IBR can be integrated. The inter-
action can only take place between the IBR and the infinite bus, where the infinite bus
is a stiff voltage source with constant voltage magnitude and frequency. Hence, the
Thevenin impedance X, entirely captures the grid strength in the per-unit system,
as given in Egn. (3). On the other hand, the active power that can be transferred
between the IBR and the infinite bus is

ViVi
L

P=

sin(AJ), (5)
where V; and V; are voltages of the infinite bus and IBR; A¢ is the angular difference

between two nodes. Therefore, the maximum power delivered is Pmax = 1/ X1, in p.u.
Substituting Pmax into Eqn. (4) and comparing it with Egn. (3) shows that PMR and
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SCR are identical for the SPIB system.

However, it becomes different in multi-IBR systems. In general, the contributions
of IBRs to the grid strength are ignored when calculating the SCR of IBR-dominated
power systems. From the power flow viewpoint, the IBRs are assumed to inject zero
power into the grid, while the PMR involves the actual and potential power output with
respect to the type of IBRs. Case studies are reported in Section 4.2.1and Section 4.2.2.

3.4 Discussions of the PMR

PMR provides a technology-neutral definition of system strength that is naturally
suitable for multi-infeed, large-signal system analysis and is simple to calculate.
Moreover, GFL with PQ control, GFL with PV control, and GFM inverters are classified as
different nodes in power flow calculation, leading to a type-dependent large-signal
system strength metric. As such, for instance, one can clearly reveal the benefit of
integrating GFM inverters to improve the grid strength. Precisely, a larger PMR can be
obtained if a GFLinverter is replaced by a GFM inverter. Since PMR requires power flow
calculation, the interaction among different buses is naturally involved. It is worth
noting that to calculate the PMR, one may have to modify the conventional power
flow algorithm to include multiple V6 buses in the case where GFM inverters exist.

The PMR is defined with the nominal power of the IBR in Egn. (4). This is actually
the "worst case” definition of the system strength. For a specific operating scenario,
it is fair to calculate the PMR with the IBR’s actual output power.

PMR cannot reveal exactly how the transient power flows, and it is not a rigorous
certificate for the transient stability of power systems. It cannot assert whether the
system is stable or not after a disturbance. In fact, fault recovery is closely regulated
by the control implementation and interactions of different control loops, which are
discussed in detail in Section 4.
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4 EMT Simulation results

All EMT simulations reported in this section are conducted in MATLAB/Simulink.

4.1 Single-plant-infinite-bus system

First, we adopt the SPIB system as a demonstration of the PMR. The system is
given in Fig. 1. The nominal power of the IBR is fixed at 1 p.u., while the line's static
power transfer limit (in terms of the line’'s impedance) is varied. The equivalent
impedance of the transformer is 0.05 p.u.

15¢ 15¢r
1 1 \
= =)
Z 2
> >
05f 0.5
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Time (s) Time (s)
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Fig. 5: Voltage of the IBR based on EMT simulations of the SPIB system under (a)
X, =1/1.1and (b) X, =1/1.2.

The voltages of the IBR under different line impedances based on EMT simulation
results are presented in Fig. 5. In the first setting where X = 1/1.1, it can be seen that
the system can stably operate before the fault occurs, but fails to recover after the
fault is cleared. In the second setting where X; = 1/1.2, the system can withstand
the fault. The calculated PMRs for both casesare PM Ry, = 1.043and PM Rxe = 1.132,
respectively. Therefore, two conclusions can be drawn from the EMT simulation. 1)
Similar to the SCR, a larger PMR implies a stronger grid, i.e., the system is more likely
to operate in a stable manner and for the system as a whole to recover intact from
major disturbances. 2) The PMR is not a rigorous certificate for stability assessment
of power systems. That is, although P;pr = 1 < 1.043, the system still fails to recover
from a fault. In fact, the fault recovery process is largely dependent on the IBR's
detailed control implementation, which is beyond the ability of the PMR.

Next, we fix the line's static power transfer limit at X; = 1/1.13 and vary the nom-
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inal power of the IBR. To align with the definition of PMR, we let the IBR actually output
its nominal power. The voltages of the IBR based on EMT simulation results are pre-
sented in Fig. 6. When the nominal power of IBR is 1.05, the system cannot recover
from the fault, while reducing Prpr to 1 p.u. can make the system withstand the fault.
The calculated PMR for both case are PMRp; = 1.019 and PM Rp,; = 1.070, respec-
tively. This comparison confirms that a higher PMR value implies a stronger grid.
Moreover, PMR can reveal the impact of the output/nominal power of the IBR on the

system strength.
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Fig. 6: Voltage of the IBR based on EMT simulations of the SPIB system under (a)
Prgr = 1.05, (b) Prgr = 1, and (c) Przr = 1 while the actual output power P; = 0.8.

Furthermore, we canregard PM R. = 1.070 as the critical PMR for this fixed-topology
system with adjustable IBR output power. Then, any PMR greater than PM R, ensures
that the system can withstand the same short-circuit fault. Generally, given a fixed
line impedance, PM R > PMR. may appear in the IBR with either a smaller nominal
power or a reasonable nominal power but with a smaller actual output power. The
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former can be directly deduced from Egn. (4), and the latter can be obtained by
using the actual output power of the IBR as the denominator in Egn. (4). Fig. 6 (c)
illustrates the voltage of IBR in a scenario where the nominal power is Prpr = 1 while
the actual output power is P; = 0.8. It is evident that the system can withstand the
fault. Since the actual power of IBR is smaller than 1 p.u., the PMR becomes larger
than PMR,. As a result, reducing the normal operating output power of an IBR can
improve system strength if no interactions with other IBRs.

4.2 Two-IBR-infinite-bus system

We now consider a two-IBR-infinite-bus system which the single-line diagram
and bus numbering of which are shown in Fig. 7. For simplicity, we denote this system
as the two-IBR system. All the faults triggered in this section are three-phase-to-
ground short-circuit faults with low fault impedances.

#5
#1 X14 #4 #3

Xy45 :Q: |

#2

IBR

Fig. 7: Single-line diagram and bus numbering of the two-IBR-infinite-bus system.

In Section 4.2.1 and 4.2.2, we use EMT simulations to demonstrate that the SCR
is not a proper metric for grid strength evaluation of IBR-dominated power systems,
while the PMR can fulfil this role. We study the type-dependent feature of the PMR and
show how PMR can reveal the benefit a GFM inverter can bring to the system com-
pared to a GFL inverter in Section 4.2.3. Finally, the relation of PMR, transient stability,
and transient power flow is discussed in Section 4.2.4.

4.2.1 High SCR while the system is prone to unstable

We first examine the strength of Bus #4 (which is electrically equivalent to Bus #2
due to the negligible impedance of the transformer). The lines’ power transfer limits
are X4 = 1/4and X5 = 1/1.3in per unit, respectively. Both IBRs generate 1 p.u. active
power. The fault is applied near Bus #4. Both IBRs are GFL inverters with PV control.
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Fig. 8: Voltage at Bus #4 based on EMT simulations of the two-IBR system (a) without
IBR aggregation and (b) with IBR aggregation.

The voltage at Bus #4 is presented in Fig. 8 (a). As shown, the system can stably
operate at a steady state while it cannot recover from a fault. The SCR at Bus #4 is
4 based on the definition of Egn. (3), which is considered relatively high. However,
the system exhibits oscillatory behavior following the fault. Therefore, ignoring the
contribution of IBRs can lead to an inaccurate assessment of the system strength.

Moreover, it should be noted that aggregating the IBRs by simply adding their
nominal powers is not a valid solution. At pre-fault steady state, the power trans-
ferred from Bus #4 is 2 p.u. and 1 p.u. from Bus #3, implying that both lines can ac-
commodate such amount of power delivered in a static sense. On the other hand,
when we aggregate all IBRs that are located downstream of Bus #4 so that the equiv-
alent IBR has a nominal power of 2 p.u., the two-IBR system is transformed into an SPIB
system. The EMT simulation results of the equivalent system are shown in Fig. 8 (b).
This system can withstand the fault and successfully return to stable operation. The
reason is that the strength of Bus #4 is not merely determined by line X4, its down-
stream line X5 plays a crucial role in evaluating the strength of the bus. Ignoring the
constraints imposed by other connected lines nearby may lead to an incomplete
view of the bus's strength.

4.2.2 Low SCR while the system is strong

We then study the strength of Bus #3 (or Bus #5 since the equivalent impedance
of the transformer is quite small). The lines’ power transfer limits are X4, = 1/4 and
X45 = 1/1.4 in per unit, respectively. Both IBRs generate 1 p.u. of active power. The
fault is applied near Bus #5.
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Fig. 9: Voltage at Bus #3 based on EMT simulations of the two-IBR system

The voltage profile at Bus #3 is presented in Fig. 9, where the system is stable
after the fault is cleared. Both IBRs are GFL inverters with PV control. Based on the
definition in Egn. (3), the SCR of Bus #3 is 1.037. It is close to 1, approaching the sys-
tem’s stable operating boundary. Such a low SCR typically implies a high likelihood
of instability when the system experiences a disturbance. However, from Fig. 9, the
system can withstand even a severe three-phase-to-ground fault. To this end, the
SCR is no longer a reliable metric to evaluate the system strength in such scenarios.
The system may be strong enough to withstand a severe fault when the SCR is low.

Now we illustrate that the PMR is a better metric for system strength evaluation.
By setting Bus #2 and #3 as PV buses, and Bus #4 and #5 as PQ buses with zero ac-
tive and reactive power, we conduct power flow calculations by gradually increasing
the active power injection at Bus #3. The maximum power for Bus #3 such that the
power flow has a converged result is 1.2. Hence, the PMR of this bus is PMR3 = 1.2.
Compared with the conventional SCR, the contribution of IBR at Bus #2 is involved in
the PMR. Precisely, the PMR captures the voltage support function of the IBR at Bus #2
for which a direct AC voltage control is applied.

4.2.3 Studies on the type-dependency of the PMR

The PMR is a type-dependent metric that can distinguish different control modes
of the IBR, i.e, GFM and GFL with PQ/PV control (GFL_PQ/GFL_PV).

Following the case in Section 4.2.2, the power flow at steady state is listed in Ta-
ble 2 where IBR #2 is a GFL_PV. To make a comprehensive illustration of the type-
dependent feature of the PMR, we fix the system topology and make different com-
binations in the control mode of those two IBRs. We consider 6 different combinations
of IBRs, i.e,, IBR #2 takes from GFM, GFL_PQ, and GF_PV, while IBR #3 is chosen either
GFL_PQ or GFL_PV. We evaluate the strength of Bus #3 under each configuration.

We find that using the line impedance [1/4,1/1.4] in PMR calculation leads to close
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Table 2: Power flow of the two-IBR system in Fig. 7 where X4, = 1/4, X45 =1/1.4

Bus number V., (pu.) () P(pu) Q(pu.)

1 1 0 -2 0.75
2 1 34.45 1 0.92
3 1 84.73 1 0.56
4 0.95 31.54 0 0
5 0.97 81.83 0 0

results for GFM and GFL_PV since power transfer through line X5 is restricted by its
large impedance. Hence, for better illustration, we modify the line impedance as
[1/3,1/2]. The power flow at steady state is listed in Table 3 where IBR #3 is a GFL_PV.

Table 3: Power flow of the two-IBR system in Fig. 7 where X4 = 1/3, X45 = 1/2

Bus number V,,,, (pu.) () P(pu) Q (p.u.)

1 1 0 -2 0.97
2 1 47.38 1 1.00
3 1 79.82 1 0.41
4 0.95 44.46 0 0
5 0.98 76.93 0 0

The calculated PMR values of Bus #3 is listed in Table 4. When Bus #3 is a PQ
bus, we assume that the reactive current reference is identical to the one in Table 2.
Among all configurations, the combination of GFM+GFL_PV yields the highest PMR,
while the lowest PMR appears when both IBRs are GFL_PQs. Moreover, compadrisons
among GFL combinations illustrate that AC voltage control leads to a larger PMR.
For this case, voltage control applied to the upstream bus benefits the system. This
coincides with the intuition that applying voltage control helps bus voltage become
“stiffer” and improves grid strength.

Table 4: PMR of BUs #3 of the two-IBR system with different combinations of IBRs

Bus #2 Bus#3 PMR
GFL_PV GFL_PV 150
GFL_PQ GFL_PV 1.06

GFM GFL_PV 162
GFL_PV GFL_PQ 107
GFL_PQ GFL_PQ 100

GFM GFL_PQ 109

If we apply PQ control to Bus #2 where the reactive power reference is identical
to the power flow result, the IBR voltage cannot recover to its nominal value after the
faultis cleared, as shown in Fig. 10 (a) — (f). When the voltage rises after the fault, the
reactive power is still below the set value, resulting in an increase in i;*/. Moreover,
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the dynamic of i4, for example, is regulated by:

L(i:;l = Voq — Vg — wlig, (6)
where v, is the converter’s d-axis voltage and v, is the d-axis of the point of coupling
(PCC); w is the angular frequency of the PLL. Due to the voltage amplitude of the
converter being limited to a maximum of 1.2 p.u,, the change rate of i, is negative
most of the time (see 10 (d)). The integral of the positive segments over time cannot
compensate for that of the negative intervals. The current cannot “pull back” to track
the reference value. As a result, the current controller fails (see Fig. 10 (a)), leading
to the voltage losing control. Reducing the power output of IBR #3 to 0.9 p.u. can
make the system successfully recover from the fault. From the system perspective,
GFL with PQ control lacks the capability for direct voltage control. Hence, based on
the concept of grid strength, the bus connecting a GFL_PQ is relatively “weaker” than
that of a GFL_PV.

A prominent benefit of the PMR lies in the ability to reveal the difference between
GFL_PQ and GFL_PV. Compared with GFL_PV mode whose PMR is 1.2, the PMR for
GFL_PQ s reduced to 1.05. Given the same structure of the grid, the reduction in the
PMR implies that the GFL_PQ is more likely to lose stability after the system is severely
disturbed.

We also verify the stability by conducting EMT simulations, and the voltage at Bus
#3 is presented in Fig. 1. We omit the voltage profile of Bus #2 since it shows similar
results. The power output of the IBR #3 is set to 1.05 p.u. In GFL_PV mode, the system
oscillates after the fault is cleared. On the contrary, connecting a GFM at Bus #2
facilitates the recovery of the system after a fault. The GFM behaves like a stiff voltage
source which provides strong voltage support to the grid. Comparing the first three
rows of Table 4, the PMR for the GFM case is the largest, which is in line with the EMT
simulation results. In conclusion, in terms of grid support, GFM>GFL_PV>GFL_PQ.
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the IBR #2. (a) measured current i 4,; (b) current reference
of d-axis current i; (d) PCC voltage in d- and ¢-axis vg,;

powerPQ; and (f) PCC Voltage V.

ine/; (c) rate of change

(e) active and reactive



IMPERIAL

Public

157 257
2 +
1
= =157}
2 2
> > 1,r |
05} (
0.5
0 ; ; ; ; ' 0 ; ; ; ; '
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)
(a) (b)
Fig. 1I: Voltage at Bus #3 based on EMT simulations of the two-IBR system (a) GFL_PV
and (b) GFM.

The calculated PMR values of Bus #2 is listed in Table 5. When Bus #2 is a PQ
bus, we assume that the reactive current reference is identical to the one in Table
3. Among all configurations, the combination of GFM+GFL_PV yields the largest PMR
while the smallest PMR appears when both IBRs are GFL_PQs. Similarly, the bus with
voltage support has higher strength than that without voltage controls. GFM invert-
ers can significantly enhance the system strength.

Table 5: PMR of BUs #2 of the two-IBR system with different combinations of IBRs

Bus #2 Bus#3 PMR
GFL_PV GFL_PV 161
GFL_PV GFL_PQ 146
GFL_PV GFM 3.00
GFL_PQ GFL_PV 110
GFL_PQ GFL_PQ 100
GFL_PQ GFM 1.81

4.2.4 Discussion of PMR, transient power flow, and transient stability

We now point out that the PMR and transient stability are related but not closely
coupled. That is, the instability is mainly due to the interaction of the control loops of
the IBR. To show this, we consider the two-IBR system with line impedances X4 = 1/3
and X5 = 1/2. The nominal power of IBR #3 is set to 1.05 p.u. As shown in Fig. 11 (a),
the system cannot recover to its normal operation after clearing the fault. Following
the EMT simulations, we present the active and reactive power profiles in Fig. 12. Nev-
ertheless, if we reduce the integral gain of the Pl controller of the AC voltage control,
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the system can recover from a fault. The EMT simulation results are illustrated in Fig.
13. (Alternatively, reducing the bandwidth of the PLL can also bring the system back
to normal operation.)
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Fig. 12: Unstable case: active/reactive power of the GFL IBR #2 and the power trans-
ferred to grid through X4 during the transient period. (a) P of the GFL; (b) Q of the
GFL; (c) P flow from Bus #2 to the grid; (d) Q flow from Bus #2 to the grid.

Comparing Fig. 13 (a) — (b) Fig. 12 (a) - (b), GFLs with different control parame-
ters have almost the same transient behaviour in terms of active and reactive power
during the fault-on period (starts from ¢ = 50 s and lasts 4 cycles). However, the sta-
bility divergence occurs at¢ = 52 s. Thisindicates that the plant’s transient power flow
during fault is not the main cause of the instability. On the other hand, the power flow
on lines are quite similar to each other for those two cases before t = 54 s. As aresult,
the line power flow offers limited insight into the stability of the system. Based on the
above discussion, the instability of the system is a control-related problem that can
not be fully reflected by the transient power flow or the PMR.
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Fig.13: Stable case: active/reactive power of the GFLIBR #2 and the power transferred
to grid through =14 during the transient period. (a) P of the GFL; (b) Q of the GFL; (c)
P flow from Bus #2 to the grid; (d) Q flow from Bus #2 to the grid.

On the other hand, transient power flow can partially reflect the transient stabil-
ity of the system. During the fault, a GFM inverter behaves differently from the GFL
inverter. The active and reactive power of the IBR and transferred through line X4
are plotted in Fig. 14 where the nominal power of IBR #3 is 1.05 p.u. Comparing Fig. 14
to Fig. 12 and Fig. 13, GFM inverters can inject additional active and reactive power
during the fault. This is in line with the assumption that a GFM functions as a Vo bus
where the power follows the entire demand of the grid. Qualitatively, the GFM inverter
has strong voltage support, leading to less voltage and angle deviation of Bus #4, as
is presented in Fig. 15. Due to this, more power can be transferred from Bus #4.

In PMR calculation, we tend to use static information to reveal the transient be-
haviour of the system. For instance, we assume the GFM inverter is a V6 bus, although
the angle of the GFM is actually not constant during the transient period; GFL_PV is
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Fig. 14: Active/reactive power of the GFM IBR #2 and the power transferred to grid
through z1,4 during the transient period. (a) P of the GFM; (b) Q of the GFM; (c) P flow
from Bus #2 to the grid; (d) @ flow from Bus #2 to the grid.

assumed as a PV bus, whereas the voltage is not constant during the transient pe-
riod. These assumptions make the PMR not a rigorous characterization of the stability
of the power system. PMR may lead to an optimistic evaluation of the grid’s stability.
However, the PMR captures the key features of distinct control modes of IBRs. Exploit-
ing such features, the degree of contribution to the grid strength from different types
of IBRs is involved.
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Fig. 15: Voltage and angle of Bus #4 based on EMT simulations of the two-IBR system
(a) GFL_PV and (b) GFM.

4.3 Source-load coexisting power systems

Since the PMR is a power flow-based metric for large-signal system strength
evaluation, it can be naturally extended to the source-load coexisting power sys-
tems. To show this, we consider a SPIB system with a constant power load (CPL) as
shown in Fig. 16. The CPL is connected in parallel at the same POI as the IBR. Typically,
CPLs include power electronics interfaced loads, such as computers, televisions, etc,
to variable speed drive interfaced motor loads [9]. Besides consuming constant
power over a user-specified voltage range, CPLs exhibit a linear reduction in the
power consumption as the voltage drops below the user-specified voltage range,
to represent the undervoltage trip of these devices. In our simulation, to model the
CPL, we adopt the same structure of the IBR, while the power reference is a negative
value, and no terminal AC voltage is adopted. Moreover, if the voltage drops be-
low 0.5 p.u., the CPL switches to power reduction mode. The line impedance is set to
X1, =1/1.5 p.u. The IBR is a GFL inverter with PV control.

By conducting EMT simulations, the stable and unstable cases under the same
severe three-phase-to-ground faults are illustrated in Fig. 17. The blue cases imply
the system can recover from the fault under such IBR-CPL output level, while the red
ones fails. From the results, we can draw the following conclusions:

« This IBR-CPL case illustrates that the system strength can be viewed from the
perspective of POI's net power, where the net power is defined as the difference
between the power generated from the IBR and consumed by local loads.

« The local load (i.e., the CPL in this case) can absorb active power at the con-
nected bus so that more active power is permitted from the IBR. This is revealed
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Fig. 17: Stability under different IBR-CPL combinations of the SPIB-CPL system after
being disturbed by a fault.

by comparing the bottom row in the figure with the row above. If the CPL ab-
sorbs 0.075 p.u. power and IBR outputs 1.5 p.u. power, the system cannot recover
from a fault. However, increasing the consumed power of CPL to 0.15 p.u. can
facilitate the recovery of the system. From the PMR point of view, the unstable
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case yields PMR = =12 and PMR = -3 for the stable case. Moreover,
if examining the diagonal cases, the PMR is approximately infinite since the IBR
output matches the consumption of CPL, resulting in the denominator of the
PMR being zero. As a result, for the source-load coexisting power systems, a
higher PMR implies a stronger grid.

« CPL may degrade the system stability since no terminal AC voltage support is
adopted. Comparing the top-left area to the bottom-right area (both areas
consists of red dots), it is found that when CPL dominates, the system is prone
to lose stability after being disturbed by a fault. From the PMR viewpoint, the CPL
is a PQ bus, and the IBR is a PV bus. Based on the analysis in Section 4.2.3, AC
voltage control benefits the system strength. When CPL dominates, the con-
nected bus can be viewed as a PQ bus rather than a PV bus.

« PMRis naturally an effective metric for large-signal grid strength of multi-infeed,
source-load coexisting power systems.
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5 Conclusion

This report summarises the explorations of system strength metrics of the “Strength
to Connect” NIA project. The following work has been accomplished:

« The concept of system strength is comprehensively reviewed, and the distinc-
tion between small- and large-signal system strength is discussed in WPI.

« A small-signal system strength metric named Impedance Margin Ratio (IMR)
is proposed and well-studied in WP1. It is a whole-system assessment that ac-
counts for the dynamics of the apparatus at all nodes, local and remote to the
node in question.

« Alarge-signal system strength metric named Power Margin Ratio (PMR) is pro-
posed in this report. Comprehensive case studies based on electromagnetic
transient (EMT) simulations are carried out to illustrate the effectiveness of the
PMR and point out its limitations.

« The PMR addresses the problems that existing metrics capture only local inter-
actions between IBRs or simply ignore the contributions of IBRs. The PMR is a
power flow-based metric which involves system topology and different control
types of IBRs (i.e., GFM, GFL with PV control (GFL_PV), and GFL with PQ control
(GFL_PQ)). Based on the characteristics of those control modes, GFM, GFL_PV,
and GFL_PQ are modelled as V6, PV, and PQ buses, respectively.

« PMR is not a rigorous certificate for transient stability. The actual transient sta-
bility is control-dependent, where changes in control parameters of IBR may
lead to different stability results. PMR serves as an evaluation tool for large-
signal system strength. A larger PMR implies a stronger grid.

« The strong voltage support enhances the post-fault stability of the system. For
grid support capability, GFM>GFL_PV>GFL_PQ, which is verified by the PMR.

+ Due to the fundamental methodology behind PMR calculation, PMR can natu-
rally adapt to source-load coexisting power systems. Local load can absorb a
certain amount of active power, allowing more power to be output from the IBR
connected to the same POI.

Several points arise for further investigations:
« The theoretical foundation of the PMR in relation to the dynamical system needs

to be fully investigated. The basic idea is to show that a larger PMR implies a
greater stability margin or boundary for the system.
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« PMR is a quasi-static metric for large-signal system strength. Its calculation
relies on the assumption of “static” node types for power flow analysis rather
than a detailed mathematical model. The device-level control loops can be
included to study the interactions among IBRs in large-signal conditions in a
more accurate way.

« It is worth exploring the possibility of a path to bridge the gap between the
quasi-static PMR and actual transient stability.
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