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Abstract

The transient stability of a power system with both grid-forming converters (GFMs) and synchronous generators (SGs) under
large faults is rarely reported. This paper finds out that even when a SG and GFM have the same frequency during a fault by
setting the same inertia and damping coefficient for both, due to the impact of the dynamics of the SG field and amortisseur
flux linkage, a parallel connected GFM with low capacity ratio between the GFM and SG outputs negative postfault active
power. In other words, the GFM becomes synchronization unstable according to traditional definition. Since normally a GFM
has much larger damping (to have strong robustness during small and large disturbances), this negative active power is even
lower and lasts longer in practical cases. When conducting transient stability analysis, existing methods usually model a GFM
in the same form as the classic SG model, and did not provide theoretical analysis. To simplify analysis and facilitate control
design under large disturbances, this paper adopts a modal analysis-based model order reduction technique and finds out that
while a GFM can be modelled as the classic form together with the virtual impedance current limiting control, the interacted
SGs should not be modelled in the classic form, because the SG field and amortisseur flux linkage should also be included.
Finally, this paper finds that for systems with only GFMs as voltage sources, reserving only the dynamics of the voltage angle

control loop of GFMs is precise enough for representing the system low-frequency oscillations phenomenon.

1 Introduction

As part of efforts to reduce carbon emissions and combat
climate change, many power systems are rapidly transitioning
towards converter-based variable renewable generation,
mainly from wind and photovoltaic sources [1]. Existing
power converters are mostly controlled as “grid-following”,
using a phase-locked loop (PLL) to synchronize the voltage
angle at the point of common coupling, so that they can
realise active and reactive decoupling control and precisely
follow the power setpoints [2]. However, as grid-following
converters (GFLs) rely on following grid voltage, at higher
GFL shares in terms of capacity, with synchronous
generation being gradually displaced, they can no longer
remain synchronized and thus are unable to maintain
controlled and stable outputs [3, 4].

Consequently, the “grid-forming” concept has been proposed,
such that grid-forming converters (GFMSs) independently
create their own internal voltage angle using an external input
signal such as active power reference. One of the simplest
GFMs is mimicked ideal AC voltage sources by fixing their
frequency at the rated one. Thus, GFMs can maintain their
voltage angle and provide an immediate response to voltage
and frequency disturbances, and naturally, inherent the
abilities of synchronous machines, such as inertial response,
offering blackstart capability, and providing a voltage
reference for GFL converters. Consequently, GFMs are often
seen as a replacement for synchronous machines in future
power grids.

Due to the fast and flexible controllability of voltage source
converters, GFMs can exhibit very good dynamic and steady-
state performances under small disturbances, if their
parameters are properly tuned using small-signal analysis.
However, under large transient disturbances, such as faults on
transmission facilities, GFMs can easily go into current
saturation, due to much lower overcurrent capability of
voltage source converters compared to synchronous
generators (SGs) (while a SG can provide six times its rate
current, a VSC can only cope with two times its rated current
in one millisecond [5]). During such transients, grid-forming
abilities are greatly limited or even lost. Small-signal models
are not sufficient to analyse the response to large disturbances,
and non-linear models which are valid for large signals and
control switching are required. In addition, -effective
analytical tools to facilitate the design the control and tuning
of the parameters under large disturbances are still not mature,
especially in realistic cases where systems may consist of a
mix of GFM, GFL and SGs.

Transient stability of systems with GFMs connecting to
infinite bus [6-11], or with only GFMs as voltage sources [12,
13] under severe faults has been extensively studied, while
systems with both GFMs and SGs are rarely reported. In [14],
transient stability of a small isolated microgrid with an SG
and virtual synchronous generator (VSG) and with two equal
VSGs are compared, and it is shown that the paralleled SG-
VSG system is more prone to transient instability due to the
differences between their speed governors. However, the
work in this paper will show that a GFM-only grid is not



necessarily more stable than a mixed grid, if the GFMs
employ diverse parameter settings for the voltage angle
control. [15] proposed that the virtual angular speed of the
GFMs is frozen at a value equal to the weighted mean of the
SMs rotor speeds under faults, so that the change of the
relative angle between the GFMs and SGs is minimized and
the transient stability of the SG-GFM system is improved.
However, as demonstrated in this paper, the transient stability
is not only impacted by the relative angle between them, but
also by the rotor field and amortisseur of the SGs.

This paper makes the following contributions to the
modelling and analysis of the transient stability of systems
consisting of GFMs and SGs:

e The transient stability of systems with both GFMs
and SGs under large faults is studied. It finds out that even
when SG and GFM have the same rotor speed during a fault
by setting the same inertia and damping coefficient for both,
due to the dynamics of the SG rotor field flux and
amortisseur flux, under certain conditions a small GFM by
capacity can output negative postfault active power. This

means the GFM is unstable according to traditional definition.

The negative active power output becomes lower and lasts
longer in real applications because typical GFMs have much
larger damping coefficients.

e To simplify analysis and control design for large
events like faults, existing methods typically model a GFM in
the same form as the classic SG model [6-8, 12], or plus a 1st
order differential [9, 10] or Oth algebraic equation for the
reactive power and voltage amplitude droop control [11],
without providing theoretical analysis. This paper adopts a
modal analysis-based model order reduction technique that
optimizes the reduced number of a system’s state variables
depending on the observed variables and considered events,
and finds out that while a GFM can be modelled as the
classic form along with the virtual impedance current limiting
control, the nearby SG should be modelled not only with the
dynamics of the active power and angle but also with that of
the rotor field and amortisseur flux linkage.

e  This paper finds that for systems with only GFMs as
voltage sources, reserving only the state variables of the
voltage angle and angular speed of GFMs is enough for
representing the low-frequency oscillations phenomenon of
the system.

Section 2 presents the full electromagnetic model of a typical
GFM and its equivalent inertia and damping. Time-domain
electromagnetic (EMT) simulations of systems with both
GFMs and SG are conducted in Section 3 to show the low
and negative postfault active power output of a GFM under
faults. In Section 4, the MOR technique in [16] is reviewed
and implemented, to deduce the most relevant state variables
of the system that induces such negative active power for
GFMs. In Section 5, the transient stability of systems with
only GFMs under divergent inertia and damping settings are
investigated. Section 6 presents the conclusion.

2. Grid-Forming Converter

The full EMT model of the classic droop control-based grid-
forming converter, and its equivalent damping and inertia are
described in this section.

2.1 Grid-Forming Converter General Structure

GFMs are designed to act as voltage sources instead of
current sources (which is the case for grid-following
converters), and therefore can replace synchronous machines
(which create the voltage in today’s power systems).

The physical structure of a droop control based GFM and its
control studied in this paper is shown in Fig. 1. It’s a classical
structure that can be found in [17, 18]. The GFM is made of a
DC/AC converter (here DC voltage source is assumed
constant, and DC/AC converter is assumed to be ideal), an
RLC filter and transformer, and the control part consists of
P/f voltage angle control loop, outer voltage amplitude
control loop, and inner cascaded voltage and current
proportional-integral (PI) control loops.

Note that Fig. 1 can be thought as a representative GFM,
because the dynamic characteristics relevant in this paper are
mainly decided by the outer voltage amplitude and angle
control, and despite the differences between droop control,
VSG, and virtual oscillator, all those methods have a similar
property of behaving a voltage source behind an impedance,
which allows GFMs offer blackstart capability and maintain
their voltage angle and provide an immediate response to
voltage and frequency disturbances.

In the following the difference between an algebraic and
differential variable is that a differential variable is expressed
with a differential term d/dt.
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2.2 Grid-Forming Converter Control Part Modelling

The equations of the P/f droop control are given in (1)(2),
where P, p,,,, wysm and &, are the active power injected by
the converter, the measure of this power, the virtual angular
speed generated by the P/f droop control, and the angle of
the converter, respectively.

P = Vyqlpq + Voglog, (1a)
0%" + WP = WP, (1b)
Wysm = wo + My (P* — pp), (22)
ﬁbdi’fm = Wysm — Wo, (2b)



The equations of the reactive power and voltage amplitude,
Q/V, droop control, along with a damping enhancement
control, and virtual impedance (V1) current limiting control,
are given in (3)-(6), where Q and g, are the reactive power
injected by the converter and the measure of this power, v},
and v,, are d- and g-axis voltage reference for the voltage Pl
controller, Mypq and My, are the states for the damping
enhancement control, Avy;4 and Avy,,, Ry, and Xy, are the
output voltage and virtual resistor and inductance of the VI
current control, and i, is the converter’s current. The
principle of the VI current limiting control is that an emulated
impedance is added to the R¢L, filter once the GFM current
is larger than I,,,,,, so that the converter’s current is limited.

Q = Vogloa — Vodlog: (33)

dg—;” + WrqGm = W5qQ. (3b)

Vo =V +me(Q* — qp) + (MADd - kffiod) — Avyyq, (49)
Vsq = (Mapg — ksriog) — Avyy,. (4b)
LA0d = oy (Kt fioa = Maa): (52)
A2 = oy (kpriog = Mang). (5b)
Avyrq = Ryjicq — Xvileq, (6a)
Avyq = Ryjicq + Xviica (6b)
Ry; = kprmax(0, ic — Lyom), (6¢c)
Xy = a;(//IRRVh (6d)

i = /igd + i, (6e)

The equations for the PI control loop of the output voltage
across the capacitor C are given in (7)(8), where &, and &,
are the d- and g-axis states for the integrator, and iz and iz,
are the current reference for the inner current control loop.

% = kiy(Voa — Voa), (72)
T = ke (Vg = voq): (70)
lca = Krfiloa + Kpy(Vog — Voa) — WypsmCrloq +&q,  (82)
itq = Kpfilog + kpw(Vig — Voq) + @usmCrvoa + &4 (8b)

The equations for the PI control loop of the converter current
through the Ry, Ly filter are given in (9)(10), where o, and g,
are the d- and g-axis states for the integrator, vz, and v;, are
d- and g-axis voltage reference of the DC/AC converter.

d . ¥ .

% = kii(lcd - lcd)x (93.)

do L .

d_tq = kii(ch - ch)- (9b)
Vg = kffvvod + kpi(izd —lcq) — wvsmLficq + 04, (10a)

Veq = KepvVoq + kpi(iZq - icq) + WysmLsica + 0y (10Db)
2.3 Grid-Forming Converter Physical Part Modelling

The equations that model the RL filter, C filter and DC/AC
converter are given in (11), (12) and (13), respectively. These
equations are given in a DQO reference frame of the angular
frequency w,sy given by the P/f external control loop.

Lf dicq _

wp dt =Veqg — Voa — Rficd + wvsmLficql (11a)
Lf dicq _ ) .
(D_b a Veq = Voq — Rflcq - wvsmLflcd- (11b)
Crdv d . .
w_}; d: =lea — loa + wvsmcfvoq: (128)
Crd
a)_f Z‘;q = icq - ioq —_ (,l)vsmevod. (12b)
b
Vea = Veas (13a)
Veq = Veq- (13b)

(13) indicates that an ideal DC/AC converter is assumed.

The output voltage and current in (1)(2) need to be converted
to the common DQO reference frame rotating at a frequency
of w, with base capacity of 100 MVA. Given a converter
capacity of S, the conversions are presented as (14)(15).

100 iod] — [COS((Svsm) - Sin(Svsm)] igd (14)
Sp ioq Sin(Gysm) c0s(Sysm) igq ,
[vod] — [C05(6vsm) - Sin(dvsm)] v(}gd (15)
Voq Sin(svsm) COS(6vsm) U(}gq '

The modelling for the output transformer (i.e. the R L. filter
shown in Fig. 2) is the same as (11), and hence not repeated.

2.4 GFM Equivalent Inertia and Damping

The P/f droop control described in (1) and (2) can be re-
written as (16).

1 *
ZT(P —P)+(1)0.

Wysm (_’]_6)
mpwc  Mmp
For a SG, the rotor speed can be written as (17).
wr—wozm(P*—P). (17)

Therefore, the equivalent damping and inertia of the GFM
can be described as (18)(19).
Keq = —,

Mp

(18)

1

Heq = (19)

2mpw.’

3. Grid-Forming Converters Negative Active
Power Output with Connection to SGs

3.1 System Short-Circuit Response With A Typical GFM
Connecting to a SG under Very Different Damping

In this section, detailed full nonlinear EMT simulations of
Fig. 2 under 3-phase bolted faults are studied, to investigate
the transient stability of systems with a mix of GFMs and
SGs as voltage sources.

The physical modelling and parameters of the SG are the
same as that in Example 12.6 in [19]. The SG is equipped
with a high gain thyristor excitor. To simplify analysis, the
SG is not equipped with power system stabilizer (PSS) and
governor in the following cases. However, when they are
included in a SG, simulation results (not shown here) show
that their impacts on the active power output of the connected
GFM with small GFM and SG capacity ratio should be
included, and their models can be simplified with fewer low-
pass transfer functions with the limitations. The model of the



SG with the output transformer and RL-transmission line is
11 order in total (rotor angle, rotor angular speed, d- and -
axis stator flux linkage, field rotor flux linkage, 1 d-axis and
2 g-axis rotor amortisseur flux linkage, 1 order for the low-
pass filter for the terminal voltage in the excitor, and 2 order
for the transformer and RL-line).

The GFM full EMT model plus its output transformer and
RL-transmission line is 15 order in total, which is presented
in Section 2. Its physical and control parameters are the same
as [20], which are shown in Table 1. Note that virtual
impedance current limiting control is activated when the
GFM current is >1 pu and the current limit is 1.2 pu.

The power setpoints for each generator are based on its own
pu system associated to its S;, and V,,. For the grid, S, = 100
MVA, V, is the same in the whole system. The capacity of
the G1 is 100 MVA, and of the G2 is 900 MVVA. The active
and reactive power and voltage setpoints for both generators
are the same, which are 0.5 pu, 0 pu, and 1 pu. To generate
the same voltage drop across the two lines, the length of Line
1 is 9 times that of Line 2, with resistance and inductance of
0.0018 pu and 0.018 pu, and 0.0002 pu and 0.002 pu,
respectively. The resistance and inductance of the two
transformers are 0.005 pu and 0.15 pu based on each
generator S,. The resistance and inductance of the load is
0.1986 pu and -0.0169 pu, based on grid S;,. In the following
each case, a bolted 3-phase fault of 250 ms is applied at the
load bus at 0.15 s. The equivalent damping and inertia of the
GFM are calculated based on (18)(19).

The simulations in the following are performed using
Dymola software, based on Modelica language, where model
details are completely transparent. The simulation time step is
0.0001 s, which is small enough for the transient stability
studies in this paper.

Case 1: G1 is a GFM and G2 a SG. To ensure a robust
operation under different disturbances, GFMs normally are
equipped with large damping coefficient. Hence, the GFM
with m,, = 0.01 pu, equivalent to a damping of 100 pu, is
simulated in this case. Then w, = 10 rad/s is set, to let the
GFM have the same inertia as the SG of 5 s. The inertia and
damping for the SG are set as H5¢ = 5sand K5¢ = 5 pu.

The simulation results of Case 1 are shown in Fig. 3. Fig.
3(a) shows the GFM postfault active power output is very
low and negative (hitting the limit -1 pu), which takes about
400 ms to reach the prefault value, but then decreases again
to 0.1 pu and takes another 1 s to recover. This is
synchronisation unstable according to traditional definition,
which for GFMs may need to be re-defined based on
practical applications.

One of the reasons for above negative GFM active power
output is the reduction of the angle difference between the
GFM and SG, as shown in Fig. 3(c), since the GFM has
much larger damping than the SG (100 vs. 5 pu), leading to
the GFM virtual angular speed being slower than the SG
rotor speed during the fault, as can be seen in Fig. 3(b).

Another major reason is originated from the impacts of the
dynamics of the SG rotor field and amortisseur flux linkage,

which prevent the change of the rotor speed of the SG. This
will be demonstrated by the following Case 2.

R., X;

ground

Fig. 2 A typical study system consisting of a grid-forming
converter, synchronous generator, constant impedance load
and RL-transmission lines.
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Fig. 3 The simulation results of Case 1. (a)(b) The GFM and
SG active power output and (virtual) angular speeds, and (c)
the voltage angle difference between the GFM and SG.

Table 1 Circuit and control parameters for droop control-
based grid-forming converter

Parameters Value (pu)

Rg, Ls, Cr 0.005, 0.15, 0.066
R, L, 0.005, 0.15

kpo, ks Kpiy ki 0.52,1.16,0.74, 1.19
Kepis krpo 11

kpx', o¥/x 0.67,5

Inom: IrZLIax 1,12

my, Mg 0.02, 0.0001

We, Weq 31.4 rad/s, 31.4 rad/s
Wo, Wp 1, 314 rad/s

kep, wps 0.01, 16.66 rad/s

3.2 System Short-Circuit Response With A GFM Connecting
to a SG with the Same Inertia and Damping

Case 2: The settings are same as Case 1, but the GFM now
has the same inertia and damping as the SG, i.e. m, = 0.2
pu, w, = 0.5 rad/s. Setting the same inertia and damping for



both GFM and SG is to find out whether the phenomenon of
the GFM in Case 1 outputting very low and negative active
power output is only caused by the reduction of the relative
voltage angle difference between the GFM and SG.

The simulation results of Case 2 are shown Fig. 4.
Comparing to Fig. 3(c), Fig. 4(c) shows that the voltage angle
difference between the GFM and SG is now increased at the
time point of the fault clearing (at 0.4 s). However, Fig. 4(a)
shows that the GFM active power is not higher than the SG at
0.4 s as expected, but is still very low and negative, reaching
-0.7 pu. This illustrates that GFM active power output is also
affected by the electrical dynamics in the system. On the
other hand, by comparing Fig. 3(a) and Fig. 4(a), the low
active power output of the GFM is seen mitigated (being
higher and lasting shorter time duration). This confirms that
the reduction of the angle difference between the GFM and
SG indeed causes the GFM active power output low and even
negative.

Noted that although the inertia and damping of the GFM and
SG are the same, the virtual angular speed of the GFM is not
the same, but slightly higher than that of the SG, as can be
seen in Fig. 4(b). This is because the active power output of
the SG is slightly higher than that of the GFM during the
fault (Fig. 4(a)), since the SG is contributing much higher
current and has higher output voltage than the GFM (Fig.
4(d)).

Different from Fig. 3(a), Fig. 4(a) shows that the postfault
active power of the GFM has large oscillations which
convergent very slowly. The eignanalysis of Cases 1 and 2 in
Fig. 5 show that different from Case 1, in Case 2 appears a
pair of eigenvalues which has very small damping and is
close to the imaginary axis. This pair of eigenvalues is mainly
participated by the states §;py and wyg, Of the GFM (the
sum participation factor of both states is >90%). This
explains why the (equivalent) damping for a GFM is
normally set large.
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Fig. 4 The simulation results of Case 2. (a)(b) The active
power output and (virtual) angular speeds of the GFM and
SG, (c) the voltage angle difference between the GFM and
SG, and (d) the output voltage of the GFM and SG.
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Fig. 5 (a) Eigen-analysis of Cases 1 & 2, and (b) zoom of (a).

4 Transient Stability Analysis and Modelling
Simplification  with  Both  Grid-Forming
Converters and Synchronous Generators

For transient stability analysis under large disturbances such

as faults, due to the strong non-linear relationship among the

state variables, the modal analysis-based model order

reduction technique in [16] is adopted here, in order to

e deduce which state variables of the system in Fig. 2 have
the most impact on the GFM active power output, and

e reduce the number of the system state variables, in order
to simplify analysis and control design.

Compared to the classical phasor approximation, this event-
based state residualization approximation technique allows
accurate transient simulations and at the same time an
optimal reduction of the number of the system state variables
depending on the observed variables, considered events and
tolerated approximation error.

In the following of this section, this MOR technique is briefly
introduced and then applied to the studied system, and finally
time domain EMT simulations are performed to demonstrate
the feasibility of the reduced model obtained by the state
residualization based MOR technique.

4.1 Review of the State Residualization Based Model Order
Reduction in [16]

A power system can be modelled as a nonlinear differential-
algebraic system of equations (DAE) as (20).

dditd = f(xd!xa! u)
0= g(xd' Xa» u) ! (20)
y= h(xd!xa'u)

where x; € RVd, x, € RVe,u € RP,y € RY, x4, x4, u and y
represent the algebraic input and output variables, and Ny,
N,, p and q are the related orders.



Residualisation of a state variable consists of changing the
state variable into an algebraic variable by neglecting its
derivative in the associated differential equation,
transforming it into an algebraic equation [21]. It represents a
well-known process applied in the phasor approximation to
state variables modelling power lines, and used by most of
transient simulation programs [22].

The reduced system obtained by state residualisation can be
written as in (21).

d
% = f(xg,XqU)
0 = g(xdl xa: u) , (21)
y = h(xd! -xa’u)
E = diag(6,),6; = {0,1}, Vi
Where Xaq € RNd, Xq € RNa’u € Rp’y € R4Y , E € RNded .

The diagonal matrix E is called the residualisation matrix,
consisting of 1 or 0 on its diagonal. Each diagonal element
E(i,i) indicates whether the state variable x;(i) is
residualised or not. If E(i,i) = 0, the state variable x, (i) is
residualised, and otherwise E(i,i) = 1. The size of the
reduced system is given by tr(E).

The objective of state residualisation is to choose E, giving a
trade-off between the order of the reduced model and the
expected modelling error.

It is seen that the variables and parameters of the full and
reduced models are exactly the same, which ensures that the
steady state values of the full and reduced models are the
same, as they are computed with the same system. It is also
straightforward to directly consider the reduced system for
analysis, or tuning and designing of controllers. Finally, state
residualisation can be implemented in classical DAE solvers,
as it involves substituting some derivative terms by 0.

A method to achieve state residualisation, consisting of state
categorisation (based on participation factors calculation, and
grouping states and eigenvalues), and modal state
residualisation (to preserve some poles according to a given
norm), as proposed by [16], is summarized in Fig. 6(a)(b).
Details for the two processes are not described here but can
be found in [16, 23].

‘ Non linear differential algebraic model |

Operating point Linearization

‘ Linear time invariant model in state-space I

Eigenvalues, eigenvectors and
participation factors calculation

‘ Participation factors l

Identification of the states that

Epart .. . .
participate in each eigenvalue

‘ Group of states for each eigenvalue I

Merging of the groups that
contain a common state

‘ Groups of eigenvalues and their associated group of states I

G

‘ Linearising the system ‘

Computing the error matrix ~ - .
. > ; Groups of eigenvalues and groups of states
in the Fourier domain
Express the energy of the error for
the considered input/output couple|
‘ Find E to minimize this energy F

Fig. 6 Synoptic describing the state categorisation [16] (a),
and the modal state residualisation [16] (b).

4.2 Application of the MOR Technique in [16]

Case 1 is considered, and the MOR method in [16] is applied
to the system to determine the residualisation matrix E in
(21). The input that is considered is the impedance modelling
the short-circuit. With a well chosen ¢,,,, as 0.75 for faults,
12 groups of state variables and eigenvalues are formed,
which leads to 2 possible E matrix (i.e. 2'® possible
reduced models). To save time, genetic algorithm [24] is used
here to obtain E.

The output active power of the GFM is observed to form the
energy error as the optimal objective function. The desired
size is chosen as 8, which is double the order of traditional
phasor model for transient stability analysis.

The reserved state variables of the reduced model are shown
in Table 2. Based on Table 2, the detailed differential and
algebraic equations for the GFM are given as (22)-(25).

P = Vpqlpq + Voqlog, (22.a)
Apm

% + w.pm = WP (22.b)

Wysm = Wo + mp(P* = Pm), (23.a)
1 déysm

w_b dt = Wysm — Wo- (23.b)

Vog = V" = Avyyq, (24.9)

qu = _AUVICI' (24.b)

Avyrg = Rypicq — Xyiicg (25.8)

Avyq = Ryjicq + Xyjica, (25.b)

Ry; = Kyy max (0, i; — Lyom), (25.c)

Xy = KX/RRVII (25.d)

i, = ’l'czd + l'czq. (25.e)

lca = loa — wvsmcfvoql (25.1)

icq = ioq + wvsmcfvod- (25.9)

Based on Table 2, the detailed differential and algebraic
equations for the SG are given as (26)-(31), where e, e, are
d- and g-axis terminal voltage, e, is the field voltage, ¥,
and i, are d- and g-axis stator flux linkage, 15 is the rotor
field flux linkage, ¥4, P14 and P, are d- and g-axis rotor



amortisseur flux linkage, iy, ig, i14, i14 and i,4 are the related
current to the flux linkage, By, T, and w, are the mechanical
power input, electrical torque and rotor speed, V*9 is the
terminal voltage amplitude, Ef, is the output of the excitor,
EFp,;, and EF,,,, are the minimum and maximum limits of
the output of the excitor.

eq = _11[}110‘)7" - Raidl (26&)
eq = Yawr — Ryiy. (26.b)
1 dy ,
€rqg = w—bed + Rfdlfdl (273.)
1 dy .
0 = (U_b dtld + Rldlldl (27b)
1 dy .
= w_leq + qullq, (27.C)
1 dy .

0 = (u_b d:q + qul2q. (27.d)
Ya=—(Lg+ Lep)ig + Lagipa + Lagiia, (28.2)
Ya=—(Lq + Lty )ig + Lagisg + Lagizg- (28.b)

Yra = Leralra + Lrraiia — Laata, (29.a)
Yia = Lrigiia + Li1alia — Laalas (29.b)
lplq = Lllqilq + Lainq - Laq iq: (29'0)
Vaq = Lagirg + Laagiag — Lagiq- (29.d)
Te = Yqiqg — YPyla, (30.3)
doy  Ph
2H56 d—“; =T K3 (w, — wg), (30.b)
1 dbs
(u_bd—tg = Wy — Wy. (300)
Vtsg — ’eﬁ + 63, (31.9)
(31.b)

Erg = Ka(Veer = V),

EFpin < Efd < EFnax (31'0)
R
erq = ﬁEm. (31.d)

Table 2 Reserved state variables after using the model order
reduction method in [16]

Device ifgf S Description
GEM Spsm» The output voltage angle and angular
Wysm speed of the P/f droop control loop
0sg) Wy Rotor angle and angular speed
Rotor field and a d-axis amortisseur
SG WYra¥hia gy linkage
Y14, Y2q 2 rotor g-axis amortisseur flux linkage

4.3 Validation of the Obtained Reduced Model

Case 3: Case 1 is re-simulated, but only with the differential
state variables shown in Table 2, others turned into algebraic
variables. This reduced model is obtained by the adopted
residualisation based MOR technique from [16].

Case 4: The settings are the same as Case 3, but the SG is
further reduced by turning the states 1,4, P14 and ¥, to
algebraic variables.

Case 5: The settings are the same as Case 4, but the SG is
further reduced by turning vy, to algebraic variable. This is

termed as “modified” classic model. “modified” is used
because constant excitation voltage is not used, but the output
of the excitor is proportional to the terminal voltage, with the
state for the low-pass filter is turned into algebraic variable.

Fig. 7 compares the simulation results of Cases 1, 3 — 5. Fig.
7(a) shows that the GFM active power output in the reduced
model under Case 3 have the same waveform as that in the
full EMT model under Case 1, with only a delay ~30 ms,
which is, however, not critical for respecting converter
integrity. On contrast, the waveforms of the GFM active
power output under Cases 4 and 5 are very different from the
full EMT model.

Fig. 7(c)(d) show that the angular speed of the GFM and SG
during the fault under Case 3 are the same as under Case 4,
which indicates the same voltage angle difference between
the GFM and SG under the two cases. However, Fig. 7(a)
shows that the active power output of the GFM under Case 4
is different from Case 3, which is less low and negative. This
illustrates that the dynamics of the SG rotor amortisseur flux
linkage have negative impact on the postfault active power
output of the GFM, making it lower, since the only difference
between Cases 3 and 4 is that the dynamics of the SG rotor
amortisseur flux linkage are still kept in Case 3. This can be
explained as physically SG rotor amortisseur flux linkage is
trying to prevent the change of the rotor speed of the SG.

Fig. 7(b) shows that during the fault the SG active power
under Case 5 is higher than that under Case 4 (which is due to
higher field current in Case 5). This leads to the reduction of
the angle difference between the GFM and SG mitigated at
the time point of the fault clearance (Fig. 7(e)), since in the
SG rotor speed under Case 5 is lower than that under Case 4
(Fig. 7(d)) and the GFM angular speed is not changed under
the two cases (Fig. 7(c)). As the angle difference between the
GFM and SG affects the GFM postfault power output, this
mitigated reduction of the angle difference between the GFM
and SG in Case 5 leads to higher active power output of the
GFM comparing to Case 4 (Fig. 7(a)).

Fig. 7(e) shows that the converter’s current is limited by the
VI current limiting control in the reduced models under Cases
3-5. Comparing (24)(25) with (4)(6), it can be seen that, in
theory, the MOR method does not modify the VI current
limiting control, since it only residualises the state variables.

Fig. 8 compares the poles of the linearised full EMT model
and the linearised reduced models under Cases 3 and 5. Table
3 shows the participation factor of the rotor field and
amortisseur flux linkage state variables in the most
participated eigenvalues. In Fig. 8(b) and Table 3, it can be
seen that the eigenvalues A3, and A5 are represented in the
reduced model under Case 3, but not represented in the
“modified” classic model under Case 5. This eigenanalysis
further confirms the above time domain simulation results in
Fig. 7 that the reduced model by the adopted MOR technique
is more relevant for the system for fault events than the
classic model. Specifically, the dynamics of the SG rotor
field and amortisseur flux linkage should also be kept along
with that of the SG angle and angular speed.
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Fig. 7 Results of Cases 1, 3 and 4. (a)(b) The active power
output of the GFM and SG, (c)(d) (virtual) angular speed of
the GFM and SG, (e) the voltage angle difference between
the GFM and SG, and (f) the GFM converter current.

Table 3 SG rotor flux linkage participation factor in the most
relevant modes

A1z A34 As
Ses 53401 = —167+j121 = —258
Wra 00193 0.4507 0.0090
¥ia  0.0003 0.3414 0.1099
¥y, 0.3319 0.0166 0.1817
Yy, 01134 0.0341 0.6328
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Fig. 8 (a) Poles of the linearised full EMT and reduced
models under Cases 3 and 5, and (b) zoomed figure.

5 Transient Stability Analysis and Modelling
Simplification for Systems with Only Grid-
Forming Converters as Voltage Sources

In previous section, a reduced model for the system with a
GFM and SG is obtained, where the reserved states are the
angle and angular speed of both GFM and SG together with
the SG rotor field and amortisseur flux linkage. In this
section, the target is to validate whether a system with only
GFMs as voltage sources can reduced with only the angle and
angular speed of the GFMs as the reserved states.

Case 5: The settings are the same as Case 1, but G1 and G2
are both GFMs. G1 inertia and damping are m,, = 0.01 pu
and w, = 10 rad/s, and for G2 are m, = 0.2 pu and w, =
0.5 rad/s. Note that the capacity ratio of G1 over G2 is 9.

Case 6: The settings are the same as Case 5, but all the
differential variables are turned into algebraic ones except the
states angle and angular speed, 8, and w,, of the GFMs.

The simulation results of Cases 5 and 6 are shown in Fig. 9.
Under Case 5, Fig. 9(b) shows that the angular speed of G1 is
smaller than that of G2 during the fault, and hence the angle
difference between G1 and G2 at the time point of the fault
clearance is reduced. Thus, the active power output of G1 is
negative after the fault is cleared (Fig. 9(a)) (Note that G1 is
transient unstable according to the traditional definition).
Comparing Fig. 3(a)(b) with Fig. 9(a)(b), it is seen that the
active power output and angular speed of G1 and G2 in Case
5 have very similar shape as in Case 1. This is due to the
same inertia and damping for G1 and G2 in both cases.
Hence, consistent inertia and damping for all GFMs are
recommended in future power systems or in local areas.

It is also seen that the dynamics of G1 and G2 under Case 6
are well matched with that under Case 5. This demonstrates
that by only keeping the state variables of the angle and
angular speed of GFMs (note that other relevant algebraic
equations such as virtual impedance current limiting control
still exist), the reduced model is feasible for transient stability
analysis of systems with only GFMs as voltage sources. This
claim is also applicable for other types of GFMs, such as
dispatchable virtual oscillator (dVOC) [25]. Due to space
limitations, the simulation results are not shown here.

Case 7: The settings are the same as Case 5, but the inertia
and damping for G1 and G2 are swapped, i.e. for G1 m, =



0.2 pu and w, = 0.5 rad/s, and for G2 m, = 0.01 pu and
w, = 10 rad.s. The capacity ratio of G1 over G2 is still 9.

Case 8: The settings are the same as Case 7, but all
differential variables are turned into algebraic ones except the
states angle and angular speed, 8, and w,, of the GFMs.

The simulation results of Cases 7 and 8 are shown in Fig. 10.
Under Case 7, Fig. 10(b) shows that G1 angular speed is
larger than that of G2 during the fault, and hence the G1 and
G2 angle difference at the time point of the fault clearance is
increased. Thus, G1 active power output is positive after the
fault is cleared (note that G1 is transient stable according to
the traditional definition), as seen in Fig. 10(a).

Fig. 10(a) shows that the active power output of G1 oscillates
heavily. The eignanalysis results in Fig. 11 show that in Case
7 appears a pair of oscillating modes with small damping and
being close to the imaginary axis, which does not exist in
Case 5. The oscillating characteristics again confirm that
setting consistent inertia and damping for all GFMs in future
power systems is a preferred option.

Fig. 10 also shows that the oscillating characteristics of G1
and G2 under Case 7 are well represented in Case 8, which
demonstrates that by only keeping the state variables of the
angle and angular speed of GFMs is feasible for system
transient stability analysis with only GFMs as voltage
sources. Other cases with G1 and G2 of the same inertia and
damping further confirm this conclusion. The simulation
results (not shown here) show that the two GFMs
immediately recover to pre-fault active power after a fault is
cleared, and such characteristic still exist when the inertia,
damping and the type of the GFMs (e.g. droop control based
GFM, dVOC, or mixed types) are changed.

6 Conclusion

The transient stability of systems consisting of GFMs and
SGs under large faults is studied. It finds out that even when
the SGs and GFMs have the same rotor speeds during a fault
when both are set the same inertia and damping coefficients,
due to the dynamics of the field flux and amortisseur flux of
the SG, the connected GFM with small GFM and SG
capacity ratio outputs negative postfault active power. Based
on traditional definition, this is synchronization unstable. The
negative active power output becomes lower and lasts longer
in real applications because typically GFMs have much larger
damping coefficients. In current literature, to simplify
analysis and control design for large events like faults,
existing methods tend to model a GFM in the same form as
the classic SG model, which however do not give theoretical
basis. This paper adopts a modal analysis- and
residualisation- based model order reduction technique (that
optimizes the reduced number of state variables of a system
depending on the observed variables and considered events),
and finds out that while a GFM can be modelled as the
classic form for a SG along with the virtual impedance
current limiting control, the nearby SG should not be
modelled in the classic form, since the dynamics of the rotor
field and amortisseur flux linkage should also be included.
Finally, this paper finds that for systems with only GFMs as
voltage sources, representing GFMs in this classic form

(reserving the GFMs angle and angular speed variables along
with the virtual impedance current limiting control) is enough
for representing the system low-frequency oscillation

phenomenon.
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