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Abstract—This article describes a positive-sequence model to
represent two widely reported droop-controlled grid-forming in-
verters for transmission system transient stability simulation stud-
ies. Methods of how to develop the equivalent voltage source behind
impedance to represent inverters with and without inner control
loops, modeling of P-f and Q-V droop controls, active and reactive
power limiting modeling, and modeling of fault current limiting
controls have been described in detail. The model was implemented
in commercially available positive-sequence simulation tools and
compared with detailed electromagnetic transient models in both
a single-grid-forming-inverter infinite-bus system and a modified
IEEE 39-bus system. Finally, the model was tested on the U.S.
Western Interconnection system. The study results showed that the
model has a good level of accuracy compared to the detailed EMT
models, and at the same time also achieves a high computational
efficiency, making it suitable for large-scale transmission system
simulation studies.

Index Terms—Droop control, grid-forming inverter, modeling,
positive-sequence, transmission system, simulation.

I. INTRODUCTION

HE grid-forming inverter (GFM) is considered a critical as-
T set for power grids with ahigh penetration of inverter-based
resources [1]. This technology was first used at low-voltage
levels such as microgrids [2], but has drawn a lot of attention at
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transmission levels in recent years because of the rapid integra-
tion of renewables to the grid around the world [3].

Because a grid-forming inverter approximately behaves as a
voltage source behind impedance during normal operations, its
dynamic characteristic is fundamentally different from the con-
ventional current-controlled grid-following inverters. Numerous
research and field demonstration projects have shown that such
voltage source characteristic of grid-forming inverters can bring
significant benefits to power systems at both the transmission
and distribution levels, which include improving the system
frequency response [4], [5], [6], increasing the system damping
[71, [8], being able to operate in very weak systems [9], providing
the black-start capability [9], [10], and enabling the system to
operate in the islanded mode [11], [12], [13].

Current research work primarily focuses on developing in-
novative controls to further improve the dynamic performance
of grid-forming inverters under various fault events and an-
alyzing the transient stability of power grids dominated by
grid-forming inverters. The work in [14] analyzed the transient
stability of droop-controlled grid-forming inverters when the
output currents are saturated and proposed a simple feedback
loop to improve the system transient stability by modifying the
inverter output frequency. The work in [15] and [16] investi-
gated the transient stability and critical clearing time of droop-
controlled grid-forming inverters using the virtual impedance
and current reference saturation as the current limiting algo-
rithms, respectively. The work in [17] outlined a stationary-
frame control architecture for grid-forming inverters to better
handle unbalanced faults. Reference [18] proposed a DQ-frame
asymmetrical virtual impedance control to enhance the transient
stability of droop-controlled grid-forming inverters. The work
in [19] proposed a system-level supervisory control that uses
low-bandwidth communication to pre-emptively assign a set of
local ride-through control parameters to individual grid-forming
inverters to guarantee the system transient stability.

Although many innovative controls are currently being pro-
posed for grid-forming inverters, less attention is paid to the
modeling of grid-forming inverters for the bulk power system
simulation studies. Electromagnetic transient (EMT) model-
ing and positive-sequence modeling are the two most popu-
lar methods to simulate the power system dynamic behaviors.
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Theoretically, the EMT model can capture all the dynamics of
an inverter, but it may not be suitable to simulate large-scale
power systems because of the high computational burden. In
contrast, the positive-sequence model is based on the phasor
assumption and can significantly improve the computational
efficiency. In today’s utility industry, power system engineers
still heavily rely on the positive-sequence simulation tools
to study the dynamic behaviors of transmission systems due
to the scale of practical systems. Therefore, it is important to
develop the positive-sequence model of grid-forming inverters
and investigate how accurately the model can reflect the dynamic
behaviors of grid-forming inverters in the time frame of interest.
The work in [20] proposed to use the Thevenin voltage source
instead of an ideal current source to represent grid-following
inverters in the positive-sequence simulation tool, which im-
proved the convergence of the network solution. Reference [21]
performed a comprehensive comparative study of the EMT
and positive-sequence models of grid-following inverters and
provided simulation guidelines of grid-following inverters for
grid-integration studies. The work in [6] developed three-phase
phasor models of grid-forming and grid-following inverters to
study the dynamic behaviors of large-scale distribution sys-
tems, but the fault response of grid-forming inverters was not
modeled. References [22] and [23] developed positive-sequence
models of grid-forming inverters with and without considering
the dynamics of the dc bus respectively, but the comparison
with detailed EMT models was not presented. Reference [24]
modeled the virtual impedance control of a grid-forming inverter
in the phasor domain. Reference [25] developed reduced-order
models for grid-forming and grid-following inverters to study
the small signal stability and compared the results with the
full-order models. The work in [26] developed positive-sequence
and negative-sequence models of grid-forming inverters that
were mainly used for the power system protection scheme design
instead of dynamic simulation. Literature review revealed that
significant work in the domain of positive-sequence modeling of
grid-forming inverters for transmission system transient stability
simulation studies is needed.

It is worth mentioning that although numerous recent studies
reported detailed EMT simulations [14], [15], [16], [19] to
examine the system transient stability, the analytical approaches
reported in those studies were still based on the phasor as-
sumption, which ignored the dynamics of the inverter fast inner
control loops and the dynamics of the network. This indicates
that it might be feasible to use the positive-sequence models
to accurately simulate the transient stability of power systems
dominated by grid-forming inverters.

This paper describes a positive-sequence model to represent
two widely reported droop-controlled grid-forming inverters for
the transmission system transient stability simulation studies.
Methods of how to develop the equivalent voltage source behind
impedance to represent inverters with and without inner control
loops, modeling of P-f and Q-V droop controls, active and
reactive power limiting modeling, and modeling of fault current
limiting controls are described in detail. The positive-sequence
model was validated against detailed EMT models in both a
single-GFM infinite-bus system and a modified IEEE 39-bus
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Fig. 1. Basic model of a grid-forming inverter.

system. Finally, the model was tested on the U.S. Western
Interconnection system. Study results showed that the model
has a good level of accuracy compared to the detailed EMT
models, and at the same time also achieves a high computational
efficiency, making it suitable for large-scale transmission system
simulation studies. Most parts of the model described in the
paper have been included in a generic library positive-sequence
grid-forming inverter model, REGFM_A1 [27], which was
recently adopted by the US Western Electricity Coordinating
Council (WECC) and included in the model libraries of major
commercial positive-sequence simulation tools, including PTI-
PSSE [28], GE-PSLF [29], PowerWorld Simulator [30], and
TSAT [31], marking the first publicly available grid-forming
inverter model that is included in all major commercial transient
stability simulation tools used in North America.

The rest of the paper is organized as follows. Sec-
tion II introduces the basic concept of grid-forming inverters.
Section III presents detailed EMT models of two widely reported
grid-forming droop controls. Section IV introduces the devel-
oped positive-sequence model and the interface to the network
solver. Sections V and VI present the comparison between the
positive-sequence model and the two detailed EMT models in
a single-GFM infinite-bus system and a modified IEEE 39-bus
system, respectively. Section VII presents the case study on the
U.S. Western Interconnection system, and Section VIII draws
the conclusion of this paper.

II. GRID-FORMING CONCEPT

Unlike a grid-following inverter, which approximately be-
haves as a controllable current source, a grid-forming inverter
operates as a controllable voltage source behind impedance
during normal operations, as shown in Fig. 1.

If the coupling reactance X, is well designed, for example
between 0.05 puand 0.2 pu on an inverter rating base, the inverter
output active power P is approximately linear with the phase
angle J p, and the inverter output reactive power Q is approx-
imately linear with the inverter internal voltage magnitude E,
according to (1)—(3). This decoupling characteristic simplifies
the controller design.
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Dierct and multi-loop droop GFM controls. (a) Direct droop control. (b) Multi-loop droop control. (¢) Equivalent circuit of the direct droop control in the

fundamental frequency. (d) Equivalent circuit of the multi-loop droop control in the fundamental frequency.

III. EMT MODELS OF TwO WIDELY USED DROOP CONTROLS

Droop control is one of the most popular approaches to realize
the parallel operation of multiple grid-forming inverters [32]. A
grid-forming inverter does not require the use of a phase-locked
loop (PLL) in comparison to its counterpart, the grid-following
inverter. This section introduces the detailed EMT models of two
widely reported grid-forming droop controls. A detailed descrip-
tion of the EMT models in this section makes it more convenient
for readers to understand how the positive-sequence model is
developed in Section IV by making appropriate assumptions. In
addition, as shown in Fig. 2(a) and (b), this paper assumes the
DC bus voltage is constant and ignores the dynamics at the DC
side.

A. Two Widely Used Grid-Forming Droop Controls

Historically, two types of grid-forming droop controls are
widely reported in the literature [33], which are defined as the
direct droop control and the multi-loop droop control in this
paper, as shown in Fig. 2(a) and (b), respectively. As shown in
Fig. 2(a), the direct droop control directly regulates the angular
frequency w and magnitude E of the modulation waveform
according to the P-f droop control and Q-V droop control,
respectively, where Py and Qy are the active power and reactive
power filtered by a first-order low-pass filter as shown in (4). In
contrast, for the multi-loop droop control, there are additional
cascaded inner voltage and current loops other than the P-f and
Q-V droop controls, as shown in Fig. 2(b). The purpose of the
cascaded inner voltage and current loops is to achieve fast control
of the waveform of the filter capacitor voltage v,. To achieve the

fast control of v, the bandwidths of the inner voltage and current
loops are typically designed to be very high. For example, the
bandwidths of the voltage and current loops used in [34] are
400 Hz and 1.6 kHz, respectively. With the waveform of v,
well controlled by the inner voltage and current loops, the P-f
and Q-V droop controls then regulate the angular frequency and
magnitude of v, in a relatively slow manner. The explanations
of all the variables and parameters are listed in Table I in this
section, and Table II in Section V, respectively.
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Fig. 2(c) and (d) show the equivalent circuits of the two
controls in the fundamental frequency. For the direct droop
control, because it directly regulates the magnitude and angular
frequency of the modulation waveform, the equivalent circuit
can be represented by a voltage source behind impedances X7,
and X1, as shown in Fig. 2(c). The pulse width modulation
(PWM) control can be ignored in the fundamental frequency. In
addition, the filter capacitor C can be ignored because of its neg-
ligible value in the fundamental frequency. For the multi-loop
droop control, because it regulates the magnitude and angular
frequency of the filter capacitor voltage v, the equivalent circuit
in the fundamental frequency can be represented by a voltage
source behind impedance X 5. The cascaded inner voltage and
current loops, the inverter side inductor L; and filter capacitor
C, and the PWM control can be ignored in the fundamental
frequency. The work in [33] pointed out the above difference



TABLE I

ELECTRICAL AND CONTROL VARIABLES OF GRID-FORMING INVERTERS

Common electrical and control variables of direct and multi-

loop droop controls

Symbol | Description
L, Inverter bridge side filter inductance
C Inverter filter capacitor
L, Inverter grid side filter inductance
X1 Inverter bridge side filter reactance
X Inverter grid side filter reactance
Cinmv Inverter bridge side voltage
Vo Filter capacitor voltage
v Inverter terminal voltage
i Inverter output current at the bridge side
iy Inverter output current at the grid side
Py Active power filtered by a first-order low-pass filter
Or Reactive power filtered by a first-order low-pass filter
Aw Output from the active power limiting
AV Output from the reactive power limiting
Electrical and control variables for the direct droop control
Symbol | Description
E Magnitude of the modulation waveform
% Rotating phase angle of the modulation waveform
Electrical and control variables for the multi-loop droop control
Symbol | Description
eq e, dg frame components of the modulation waveform
0, Rotating phase angle of the filter capacitor voltage
v Vs | Input references of the voltage loop
g, i*/q Current references before the current limiting block
i"la 1145 | Current references after the current limiting block
Vods Vog | dq frame components of the filter capacitor voltage
i1ay 1g dg frame components of the inverter bridge side current
i1ay 1y dg frame components of the inverter grid side current

TABLE II

CONTROLLER PARAMETERS OF THE TWO GFM DROOP CONTROLS

Common controller parameters for the direct and multi-loop droop

controls
Symbol | Description Value
Py, Active power setpoint 0.6 pu
Vier Voltage setpoint 1 pu
m, P-fdroop gain 0.01 pu
my Q-V droop gain 0.01 pu
T Time constant of low-pass filter 0.01s
Wopu Rated angular frequency in per unit value 1 pu
o)) Rated angular frequency 377 rad/s
P Upper limit of active power 0.9 pu
Poin Lower limit of active power 0 pu
kpp Proportional gain of active power limiting 0.01 pu
ki Integral gain of active power limiting 0.1 pu/s
L Lim Lower output limit of active power limiting 0.1 pu
OHLim Upper output limit of active power limiting -0.1 pu
Oax Upper limit of reactive power 0.44 pu
Ohin Lower limit of reactive power -0.44 pu
kpo Proportional gain of reactive power limiting 0.1 pu
kio Integral gain of reactive power limiting 20 pu/s
Vitim Lower output limit of reactive power limiting -1 pu
Vivim Upper output limit of reactive power limiting 1 pu
Lax Inverter allowable maximum output current 2 pu
Controller parameters for the direct droop control only
Symbol | Description Value
H Bandwidth of the hysteresis current loop 0.001 pu
Controller parameters for the multi-loop droop control only
Symbol | Description Value
Ky Proportional gain of inner volage loop 20 pu
kiv Integral gain of inner voltage loop 400 pu/s
F Gain of feedforward term 0.75
fpi Proportional gain of inner current loop 2 pu
kii Integral gain of inner current loop 1000 pu/s

Fig.3. Power Limiting. (a) Active power limiting. (b) Reactive power limiting.

between the two controls and compared their small signal per-
formances using detailed EMT models.

B. Active and Reactive Power Limiting

When connecting a GFM to the bulk power system, power
limiting controls are needed to prevent the output P and Q from
exceeding the limits under disturbances like loss of generation
units and the step change in voltage. Fig. 3 shows the active and
reactive power limiting control blocks.

As shown in Fig. 3(a), when Pyexceeds P, or drops below
Prin, the anti-windup proportional-integral (PI) controller is
activated to limit Py by changing the inverter output angular
frequency w. This control was proposed by the Consortium for
Electric Reliability Technology Solutions (CERTS) Microgrid
project and tested in the field [2], [11]. Similarly, as shown
in Fig. 3(b), once Oy exceeds O ax or drops below Q,iy, the
reactive power limiting is activated to limit Q by changing the
inverter output voltage [35]. The active power and reactive power
limiting controls can be added either on the direct droop control
or on the multi-loop droop control.

C. Current Limiting During Faults

Because a GFM approximately behaves as a voltage source
behind impedance during normal operations, during a severe
short-circuit fault it can generate high currents with the pos-
sibility of damaging the inverter hardware. Therefore, current
limiting controls are needed to prevent GFMs from overcurrent
during faults. Considering the characteristic of insulated-gate
bipolar transistors (IGBTs), the overcurrent needs to be limited
rapidly, typically within 1 ms as reported by the inverter man-
ufacturer [36]. This subsection introduces two current limiting
controls that are typically used by the direct droop and multi-loop
droop controls.

For the direct droop control, since it does not have an inner
current loop, the current limiting is implemented at the PWM
control layer. The typical approach is to block the associated
IGBTs once detecting the overcurrent, and then release the
blocking signal once the current drops below the threshold 7,
using a hysteresis loop. Fig. 4 shows the current limiting control
block for phase A. Once the output current i;, exceeds Iiax,
the hysteresis loop sends the blocking signal blk, to IGBT 1
and IGBT 4 of the phase A bridge, where g; and g4 are the
original gate signals generated by the PWM control, and g |
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and g4 are the new gate signals modulated by the blocking
signal blk,. The currents on phase B and C can be limited in the
same manner. This approach was briefly mentioned in [36], and
explained in detail in [37]. The advantage of this approach is
that it can limit the overcurrent very quickly, for example within
1-2 PWM cycles. However, this approach results in a flat-topped
current waveform during faults, which is shown in Section V.

For the multi-loop droop control, since it has an inner current
loop, the overcurrent can be limited by saturating the current
references. Fig. 5 shows the cascaded inner voltage and current
loops together with the current limiting block.

The current limiting algorithm used in this paper is shown
in (5). If the magnitude of the current reference exceeds I ax.,
both current references *;4, and ¢*;, are reduced proportionally
according to (5). This assures that the magnitude of the current
is limited at I, during the fault. Such method is called circular
current limiting control according to [38]. It should be noted that
when using this approach, the saturation limits of the voltage
loop need to be carefully designed to avoid windup when the
output current is saturated [10].

7;2<ds = i?d’ iqu = Z?q 7’f\/ Z'?dg + iquQ < Imax
®)

Compared to the current limiting method used by the direct
droop control, this approach does not result in the distortion of
current waveforms under balanced faults. However, its response
speed is constrained by the bandwidth of the current loop, so
it is not as fast as the approach shown in Fig. 4. In addition,
this approach also results in distorted current waveforms under
unbalanced faults.

It is important to note that although the two current limiting
controls described earlier can effectively limit the overcurrent
during faults, they only work for short-term faults that are
quickly cleared by the power system protection devices (e.g.,
a 0.1 s fault). If the fault lasts too long, these two methods can

result in the loss of synchronism to the grid after the fault, as
reported in [14], [16].
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Fig. 6. GFM representation. (a) Voltage phasor behind impedance represen-
tation. (b) Norton equivalent circuit.

IV. POSITIVE-SEQUENCE MODELING

After describing detailed EMT models of the two types of
GFM droop controls, this section introduces how to develop
the equivalent positive-sequence model to represent them in
the phasor domain. The positive-sequence modeling is based
on the phasor assumption and ignores the network dynamics.
In addition, the positive-sequence simulation typically runs at a
time step of a quarter of a cycle (e.g., 4.1667 ms for a 60 Hz
power system), which is much larger than the time step used by
EMT simulations. Therefore, appropriate simplifications must
be made to model GFMs in the positive-sequence tool.

A. Voltage Phasor Behind Impedance Representation

According to the explanation in Section III-A, a GFM
can be represented by a voltage phasor Egpry£dGry be-
hind impedance X, in the positive-sequence tool, as shown in
Fig. 6(a), and the GFM controller changes the voltage magnitude
and phase angle of the voltage phasor. The dynamic of filter
inductance is ignored and is represented by an algebraic term
“iX1” instead of a differential term. This is significantly different
from how a traditional grid-following inverter is modeled in
positive-sequence tools. As a grid-following inverter is typically
modeled as a controllable current phasor, and the controller
changes the active and reactive current references [39].

It is important to note that the value of X, is different when
representing the two different GFM droop controls described
in Section III. When representing the direct droop control, the
voltage phasor E gpp £6 gy refers to the inverter bridge side
voltage E /0 g, and the reactance X, is the summation of the
inverter bridge side filter reactance X1, and grid side filter
reactance X0, as expressed in (6) and (7). The filter capacitor C
can be ignored because its value in the fundamental frequency
is typically very small.

EcrmZécrm = EZLOE (6)
X=X+ X1 (7

When representing the multi-loop droop control, the volt-
age phasor Egpry 29 aru refers to the filter capacitor voltage
V,4£9d,, and X, refers to the inverter grid side filter reactance
X1, only, as expressed in (8) and (9). The cascaded inner voltage
and current loops together with the inverter bridge side inductor
L; and filter capacitor C are ignored in the phasor domain. As
explained in Section III-A, the bandwidths of the inner voltage
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and current loops are at least in the order of a few hundred Hz,
so it is reasonable to assume those inner loops track ideally in
the positive-sequence tool and ignore their dynamics.

EcrmZicrm = Voo, ®)
X=X )

B. Droop Control and Power Limiting Modeling

In the positive sequence tool, the low-pass filter, P-f and
Q-V droop control, and active and reactive power limiting of
GFMs can be modeled as the same as modeled in the EMT
simulation tool. This is because the bandwidths of those control
loops are relatively low, so that they can be modeled in the
phasor domain without causing numerical stability issues. Fig. 7
shows the overall control scheme. Detailed control blocks were
shown in Figs. 2 and 3, and explained in Section III. In Fig. 7(a)
and (b), 0 4roop and E 4,0 are the static phase angle and voltage
magnitude obtained from the control blocks. Note that in the
positive-sequence tool, the static phase angle d 4,00, should be
used by the network solver instead of the rotating phase angle
6. By comparing Figs. 2(b) and 7(a), it can be seen that § =
d droop~+wot. Assuming the GFM output frequency is 60 Hz, then
d droop 18 a fixed value while 6 changes from 0 to 27 periodically.

C. Fault Current Limiting Modeling

Neither the PWM blocking method, nor the circular current
limiting method described in Section III-C can be directly
modeled in the positive-sequence tool because of their high
bandwidths. Therefore, an equivalent modeling method must
be developed to accurately represent their control effect and
at the same time allows a larger simulation time step for the
positive-sequence simulation. Since the current limiting control
typically responds very fast, it is reasonable ignore its dynamics
and model it algebraically in the positive-sequence tool. The
work in [38] pointed out that the circular current limiting control
used by the multi-loop droop-controlled GFMs as described in
(5) isequivalent to a virtual resistor. Similarly, simulation studies
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Fig. 8. Equivalent circuit of the GFM in the current limiting mode.
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show that the control effect of PWM blocking method used
by the direct-droop-controlled GFMs as described in Fig. 4 is
also like a virtual resistor. Therefore, those two current limiting
controls described in Section III-C can be equivalently modeled
as a virtual resistor R, in the positive-sequence tool, as shown
in Fig. 8.

The function of the virtual resistor R, is to limit the magnitude
of output current at /. during a fault as described in (10), and
its value can be calculated using (11).

E / - Vi
droop 6d7‘0(?p Vvt 61‘, _ Imax (10)
Re + ]XL
Re _ \/E2droop + V2t - 2-Elcéroopv;ﬁ Cos(édroop - 51&) - XL2
(1D

The flow chart in Fig. 9 describes the virtual-resistor-based
current limiting algorithm developed for the positive-sequence
model. Equations (12) and (13) are used as a criterion to de-
termine if the GFM will go into the current limiting or not. At
each simulation time step, the GFM output current phasor /£
is calculated using (12). If the current magnitude [ is smaller
than I,,,,x, then the GFM will not go into the current limiting
mode, and Egpps and 6 gppy are governed by the P-f and Q-V
droop controls, as shown in (13-a). Once / exceed I,,,x caused
by a fault, for example V, drops to 0 pu, the GFM will go into the
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current limiting mode and the voltage phasor EgpyZ6 gr 1S
calculated using (13-b). In the current limiting mode, the GFM
output current phasor Iax £ Lim 1s dependent on the virtual
resistor R., as shown in Fig. 9. Equation (13-b) assures that the
magnitude of the GFM output current is limited at /,,,x in the
current limiting mode.
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D. Interface With the Network Solver

The flow chart in Fig. 10 describes how the developed
positive-sequence GFM model interacts with the network solver.

Ateach simulation time step, the P-fand Q-V droop controls as
shown in Fig. 7 first generate the voltage phasor E gr00p £ droop
based on the P and Q returned by the network solver, and
then the current limiting algorithm shown in Fig. 9 checks
if the inverter output current exceeds Ina.x Or not and deter-
mines the actual inverter internal voltage phasor E ;g 20 gri-
Because most positive-sequence tools used in the United States
use the current-injection-based methods to solve the network
equations, the voltage phasor E gy £6 g behind impedance
X, shown in Fig. 6(a) is converted to its Norton equivalent
circuit, as shown in Fig. 6(b), using (14) and (15). Once the
current phasor Iy 2y and admittance Y;, are obtained, they
are sent to the network solver to solve the network algebraic
equations for the next simulation time step.

EcrmZiarm

14
JXL (14)
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L*@ ¢
I

Fig. 11.  Single-GFM infinite-bus system.
TABLE III
VALUES OF Ly, Ly, AND EQUIVALENT X,
Control Mode L L, E.q‘ulvalent Xzin the
positive-sequence model

Direct droop 0.08 pu | 0.07 pu 0.15 pu

Multi-loop droop 0.05pu | 0.15 pu 0.15 pu
v, = - (15)
L =
Xt

V. COMPARISON IN A SINGLE-GFM INFINITE-BUS SYSTEM

To investigate how accurately the developed positive-
sequence model can represent the two GFM droop controls,
a rigorous comparison between EMT and positive-sequence
simulations was performed on a single-GFM infinite bus system
as shown in Fig. 11. The EMT models of the two GFM con-
trols were developed in the PSCAD simulation tool [40]. The
IGBT-based model was used to represent the inverter in PSCAD,
and the PWM switching frequency was set at 10 kHz. The
positive-sequence model was developed in the commercially
available positive-sequence simulation tool PSS/E. The time
step for the PSCAD simulation was 5 us, and the time step
for the PSS/E simulation was 4.167 ms.

Table II shows the controller parameters of the direct droop
control and the multi-loop droop control. The parameters of the
low-pass filter, P-f and Q-V droop, and power limiting are the
same for both GFM controls. The line impedance is R, + jX, =
0.02 + jO.15 pu. According to Fig. 2(c) and (d), if the values
of Ly and L, remain the same when using two GFM droop
controls, they will have different values of X, in the fundamental
frequency, resulting in different simulation results. Therefore,
to achieve a reasonable comparison, the values of L; and Lo
were designed to assure that the two GFM controls have the
same value of Xy, in the fundamental frequency, as listed in
Table III. The filter capacitor C was designed to have a cutoff
frequency of 600 Hz. With the values of X and other major
parameters remaining the same, it is expected that the direct
droop control and the multi-loop droop control will have similar
dynamic performances.

A. Step Change in Voltage Magnitude

In this scenario, the magnitude of grid voltage V, dropped to
0.8 pu at 1.2 s, resulting in the GFM terminal voltage V; to drop
to 0.86 pu.

Because the internal voltage magnitude E 4, still held ap-
proximately constant, the voltage difference between E 4, and
V, resulted in a sudden increase in Q. Once Q reached the limit
Omax, the reactive power limiting control shown in Fig. 3(b) was
activated to limit Q at 0.44 pu by reducing E g,40p. The system
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Fig. 12.  GFM response to a step change in the grid voltage magnitude.

(a) EMT simulations of two GFM controls. (b) Positive-sequence simulation.

reached a steady state after about 0.1 s. The output frequency of
the GFM deviated from 60 Hz during the transient because of
the slight change in P, and it returned to 60 Hz in the steady state
because the grid frequency was fixed at 60 Hz. Fig. 12(a) and (b)
show the EMT and positive-sequence simulation results. Note
that in the EMT simulation, there were some fast oscillations in
the output P, Q, and f of the GFM in the first 0.06 s after the
disturbance. Because the positive-sequence simulation approach
ignores the dynamics of the network and inverter filter inductor,
it cannot capture those fast oscillations as the EMT simulation
does. However, the positive-sequence simulation results overall
aligned well with the EMT simulation results in the studied 0.5 s
time frame.

B. Typical Fault

In this scenario, a 0.1 s bolted fault was applied at the terminal
of the GFM. As shown in Fig. 13, because the terminal voltage V;
dropped to 0, the GFM output P and Q became 0 during the fault.
After the fault was cleared, the system remained stable. Fig. 14
shows the GFM output current /, and the phase angle from the
P-f droop control 0 4y00p. During the fault, the output current
was immediately limited at 2 pu. For the EMT simulations, this
is because the inner current limiting controls respond very fast,
so the dynamics are invisible in the selected time frame. For the
positive-sequence simulation, this is because the current limiting
is implemented algebraically, so its dynamics are ignored. The
inverter output currents from the EMT simulations were slightly
higher than 2 pu. This is because the output current in Fig. 14
refers to the grid side current so that the filter capacitor has a
contribution to it. Fig. 15 shows the inverter bridge side current
waveforms obtained from the EMT simulations. For the direct
droop control, the inverter output currents were limited at 2 pu,
but the waveforms were distorted due to the current limiting
control algorithm. This distortion also resulted in a slightly
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Fig. 13.  GFM response to a 0.1 s bolted fault. (a) EMT simulations of two
GFM controls. (b) Positive-sequence simulation.
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(a) EMT simulations of two GFM controls. (b) Positive-sequence simulation.
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Fig. 15.  EMT simulations of the GFM bridge side current waveform during

the 0.1 s bolted fault. (a) Direct droop control. (b) Multi-loop droop control.

higher root-mean square value of the current, as shown in Fig. 14.
For the multi-loop droop control, the currents were limited at 2
pu without distortions, but there was a slight overshoot in the
first cycle during the fault. The phase angle 0 4,00p increased
during the fault according to the P-f droop control and returned
to the pre-fault value after the fault was cleared. Both the EMT
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(a) EMT simulations of two GFM controls. (b) Positive-sequence simulation.

simulations and the positive-sequence simulation reflected the
change of the phase angle.

Note that for the positive-sequence simulation, the P, Q, and
V; shown in the simulation results were returned by the network
solver. They were not the outputs of the low-pass filters. There-
fore, they had a “step change” response during the disturbance.
In contrast, for the EMT simulations, the P, Q, and V; shown
in the simulation results were passed through low-pass filters to
filter out high-frequency noises. Therefore, they did not have the
“step change” response during the disturbance.

C. Delayed Clearing Fault

Figs. 16 and 17 show the responses of the GFM to a 0.45 s
delayed clearing fault. Because the fault lasted a longer duration,
the phase angle 9 4,00p lost synchronism to the grid and could
not return to the pre-fault value. Although § 4,40, stabilized at
another value after the fault was cleared, as shown in Fig. 17, the
system experienced large transients on P, Q, V;, and fduring and

B Direct Droop GFM
37 B Multi-Loop Droop GFM

(= Ull-k

Fig. 18.  Modified IEEE 39-bus system with 5 GFMs.

after the fault as shown in Fig. 16. Such large transients can trig-
ger the inverter internal protections in a real system. Therefore,
the current limiting controls described in this paper cannot help
the GFM survive such severe faults. The loss of synchronism
phenomenon caused by similar current limiting algorithms has
been explained previously in references [14], [16]. Figs. 16(b)
and 17(b) show that such phenomenon can also be captured
by the positive-sequence model. Note that many innovative
controls are currently being proposed to help GFMs survive such
large disturbances. However, developing new fault ride-through
controls of GFMs is not the focus of this paper. After the fault was
cleared, the output current /, experienced some transients in the
EMT simulations but not in the positive-sequence simulation.
Again, this is because the filter capacitor exists in the EMT
models but not in the positive-sequence model.

VI. COMPARISON IN A MODIFIED IEEE 39-BUS SYSTEM

To further validate the positive-sequence model in a bulk
power system environment, a rigorous comparison between
EMT and positive-sequence simulations was performed on a
modified IEEE 39-Bus System.

As shown in Fig. 18, five out of ten synchronous machines
were replaced with GFMs, out of which three of them used the
direct droop control and the other two used the multi-loop droop
control. The parameters of the GFMs were the same as those
described in Section V, except for that Py, was changed to
1 pu and Qyax and Qi Were changed to 0.6 pu and -0.6 pu for
each GFM to ensure a flat initialization of the positive-sequence
simulation. The time steps used in the simulations are the same
as used in Section V.

A. Fault-Induced Loss of Generation Event

In this scenario, a three-phase bolted fault was applied at Bus
19 which is close to Synchronous Machine 33, and the fault
was cleared after 0.1 s. Because of the substantial voltage drop,
Synchronous Machine 33 tripped off after the fault. Fig. 19(a)
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TABLE IV
COMPUTATIONAL TIME (SIMULATION RUNTIME: 20 S)

EMT simulation (IGBT-based model)
18 634 s

Positive-sequence simulation
02s

and (b) show the comparison of EMT and positive-sequence
simulation results for GFM 34 and GFM 30, respectively. The
GFM 34 uses the direct droop control and GFM 30 uses the
multi-loop droop control. Because GFM 34 was close to the
fault location, its terminal voltage V dropped to 0.37 pu during
the fault, resulting in the output current /, reaching the limit
Imax = 2 pu, as shown in Fig. 19(a). The GFM 34 quickly
exited the current limiting mode after the fault was cleared. As
for GFM 30, because it was far away from the fault location,
its terminal voltage V only dropped to 0.8 pu and the output
current /,, did not reach the limit /,,,,x during the fault. Despite
that some fast electromagnetic transients were not captured by
the positive-sequence models, the positive-sequence simulation
results aligned very well with the EMT simulation results, as
shown in Fig. 19(a) and (b).

The EMT and positive-sequence simulations for each GFM
and synchronous machine were compared, and all comparisons
achieved the same level of alignment as shown in Fig. 19 .

B. Computational Time Summary

Table IV summarizes the computational times. The simulation
runtime was 20 s. Because five IGBT-based GFM models were
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Fig. 20. Simulation results of the Western Interconnection system.
(a) Case 1: The original case. (b) Case 2: All synchronous machines repalced
by GFMs.

used and simulated at a time step of 5 us, it took 18634 s to
complete the EMT simulation. In contrast, it only took 0.2 s
to complete the positive-sequence simulation, which shows the
advantage of using positive-sequence simulations to study the
transient stability of transmission systems. Note that this paper
aims to achieve a very rigorous comparison between EMT and
positive-sequence simulations so that the IGBT-based EMT
models were used. The computational time of EMT simulations
is expected to be significantly reduced by using simplified mod-
els such as switching function models. However, such studies
are out of the scope of this paper.

VII. STUDY IN THE WESTERN INTERCONNECTION SYSTEM

With rigorous model validations performed in Sections V
and VI, the positive-sequence GFM model was finally studied
in the U.S. Western Interconnection system in this section.

The system model includes 22,000+ buses, 5,000+ syn-
chronous machines, and 10004 grid-following inverters. The
2021 Heavy Summer case was selected, and the total load was
around 150000 MW. Because of its size, it would be extremely
difficult to conduct an EMT simulation for such a large system.
Therefore, only positive-sequence simulations were performed.
A Pacific DC Intertie (PDCI) bi-pole outage was selected as
the contingency to examine the system transient stability. Two
cases were simulated. The first case simulated the original
system, where synchronous machines dominated the grid. For
the second case, all the synchronous machines were replaced by
GFMs, creating a 100% inverter case with high penetrations of



GFMs. Simulations were performed in PSS/E with a time step
of 4.167 ms, and the simulation runtime was 35 s. 25 generation
units across the system were monitored. It took around 12.3
minutes to complete Case 1, and around 18.3 minutes to com-
plete Case 2. Fig. 20(a) and (b) present the simulation results of
the 25 generations units for the two cases. By comparing these
results, it becomes evident that replacing all synchronous ma-
chines with GFMs significantly improves the system damping.
This case study shows that a) the developed positive-sequence
GFM model is numerically stable in a practical bulk power
system environment, and b) the high penetration of GFMs can
significantly enhance the system damping compared to tradi-
tional synchronous machine-dominated systems. Future work
will explore additional scenarios with varying levels of GFM
penetration based on the developed the GFM model.

VIII. CONCLUSION

As GFMs are being rapidly connected to the power grids
around the world, itis important to understand how GFMs should
be modeled in conventional positive-sequence simulation tools
for studying their impacts on the transient stability of large-scale
transmission systems. This paper describes a positive-sequence
model to represent to two widely reported droop-controlled
GFMs. Methods of how to develop the equivalent voltage source
behind impedance to represent inverters with and without inner
control loops, modeling of P-f and Q-V droop controls, active
and reactive power limiting modeling, and modeling of fault
current limiting controls have been described in detail. The
positive-sequence model was compared against detailed EMT
models in both a single-GFM infinite-bus system and a modified
IEEE 39-bus system. Finally, the model has been tested on the
U.S. Western Interconnection system. The study results show
that the model has a good level of accuracy compared to the
detailed EMT models, and at the same time also achieves a
high computational efficiency, making it suitable for large-scale
transmission system simulation studies. Most parts of the model
described in the paper have been included in a generic library
positive-sequence grid-forming inverter model, REGFM_AI,
which was recently adopted by the US WECC and included
in the model libraries of major commercial positive-sequence
simulation tools, including PTI-PSSE, GE-PSLF, PowerWorld
Simulator, and TSAT, marking the first publicly available grid-
forming inverter model that is included in all major commercial
transient stability simulation tools used in North America.
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