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Abstract—We derive equivalent-circuit models of control- and
physical-layer subsystems of grid-forming (GFM) inverter-based
resources (IBRs) for electromagnetic-transient (EMT) simula-
tions. Three different primary controllers are considered: Droop,
Virtual Synchronous Machine (VSM), and dispatchable Virtual
Oscillator Control (dVOC). In addition, the models include
cascaded voltage- and current-control loops, and LCL output
filters. Simulations for a single-inverter setup and for a network of
five inverters in a modified IEEE 14-bus topology are presented.
The equivalent-circuit models simulated with analog electronic
circuit-simulator software (in our case, LTspice) offer the same
accuracy with up to 150× lower computational burden compared
to block-diagram-based implementations in commercial off-the-
shelf EMT software (in our case, MATLAB-Simulink).

Index Terms—Electromagnetic transient simulation,
equivalent-circuit models, grid-forming inverters.

I. INTRODUCTION

Electromagnetic transient (EMT) domain simulations are
becoming increasingly commonplace for controller tuning and
dynamic-security assessment of power grids featuring inverter-
interfaced renewable energy resources [1]. Concurrently, grid-
forming (GFM) inverter-based resources (IBRs) are widely
recognized as enabling technologies to address a wide range
of frequency- and voltage-related challenges across scales [2].
Therefore, there is a critical need to develop computational
machinery that can facilitate lean and accurate EMT simu-
lations of grids featuring GFM IBRs. Taking a step in this
direction, this paper puts forth equivalent-circuit models of
control- and physical-layer subsystems of GFM IBRs. This
is pursued with the deliberate intent of building network-level
EMT simulations featuring equivalent-circuit models in analog
electronic circuit-simulator software that are widely celebrated
for their scalability (since they are used to simulate integrated
circuits that feature significant complexity).

Using equivalent analog circuits to represent the behavior of
electromechanical and electromagnetic devices has been com-
mon practice in classical power theory [3]. Equivalent-circuit
representations for physical-layer dynamics of power convert-
ers are also commonplace [4]–[6]. More recently, these efforts
have been expanded to include IBRs. In [7], equivalent-circuit
models for control- and physical-layer dynamics of current-
controlled inverters were presented. These were extended to
include several distinguishing attributes of grid-following IBRs

in [8]. In [9], analog electronic simulation software was used
to implement EMT simulations of grid-following IBR models
for networks scaling up to 118 buses. Building on these prior
works—which only address grid-following inverter controls—
we present equivalent-circuit models in the positive sequence
for grid-forming IBRs. Three representative GFM primary
controls are modeled in an integrated common platform in this
work: Droop, Virtual Synchronous Machine (VSM), and dis-
patchable Virtual Oscillator Control (dVOC). (See, e.g., [10]–
[12] for efforts that pursue integrated modeling of GFMs.)
We validate and compare these models through single-inverter
and network-scale simulations. The baseline is established
by block-diagram commercial off-the-shelf EMT software
(MATLAB-Simulink), and the equivalent-circuit models are
developed in LTspice (a popular analog electronic circuit-
simulator software). The results illustrate that simulations in
LTspice can yield a decrease in the computational time of
approximately 150× with no discernible loss in accuracy.

The remainder of the paper is structured as follows. In
Section II, we illustrate how control blocks can be cast
into circuits, and we derive an equivalent-circuit schematic
for a GFM inverter. In Section III, we validate the circuit
representation through single-inverter simulations and a 14-
bus network simulation. Finally, we conclude in Section IV.

II. EQUIVALENT-CIRCUIT REPRESENTATION
OF GFM IBRS

In this section, we explain how control blocks can be trans-
lated into equivalent circuits comprising interconnected pas-
sive RLC elements, varistors, and voltage/current-dependent
voltage/current sources. Building on this, we present the cor-
responding equivalent-circuit model for a prototypical GFM
IBR system comprising an LCL output filter, primary con-
troller, voltage controller, current controller, and reference-
frame transformations.

A. Overview of Equivalent-circuit Representation

Figure 1 illustrates how several computational and control
operations germane to a variety of IBR control architectures—
including addition, multiplication, integration, proportional-
integral (PI) control, and projection in the Euclidean space—
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can be realized with passive RLC elements, varistors, and
voltage-/current-dependent voltage/current sources.

Addition is accomplished by paralleling two current sources
or placing two voltage sources in series; see Fig. 1(a). Since
multiplication is a nonlinear operation, varistors in conjunction
with current/voltage sources are utilized to realize it. Notice
that both realizations for multiplication illustrated in Fig. 1(b)
do not preserve consistency of the units of measurement.
For instance, a signal resulting from a voltage measurement
(bearing units of Volts) can feature as an input for the varistor
(bearing units of Ohms); however, this is not unreasonable
since these circuits are not physical systems but only a
means to simulate control realizations. Integration, illustrated
in Fig. 1(c), can be realized with an inductance or capacitor.
The initial conditions of the inductor current or capacitor
voltage should match the initial condition of the integrator
state; this is not explicitly depicted. A PI controller in the
circuit domain can be realized with a parallel RL circuit
or a series RC circuit; see Fig. 1(d). Finally, projection of
vectors in different reference frames is a matrix operation that
can be realized with current sources and varistors that are a
function of the angular separation of the reference frames. In
the remainder of this paper, we visualize projection via the
shorthand four-port element illustrated in Fig. 1(e).

The same mathematical operation can be translated into
equivalent circuits in different ways. In the realizations we put
forth for addition, multiplication, integration, and PI control,
note that one set uses voltage sources, and the other uses cur-
rent sources. (Projection can be realized with voltage sources
as well but with added complexity, and it is not presented
here.) In the equivalent-circuit GFM IBR model discussed
subsequently, we pick the circuit realization that preserves the
unit of measurement to the extent possible (i.e., we strive for
voltage measurements to feed into voltage sources, and current
measurements to feed into current sources).

B. System Architecture of GFM IBRs realized with an
Equivalent-circuit Representation

The generic control architecture and output-filter arrange-
ment of a GFM IBR that is examined in this work is illustrated
in Fig. 2(a). We consider a prototypical control flow with
cascaded inner-current control, outer-voltage control, and pri-
mary control. Park’s reference-frame transformations translate
signals sensed in the abc reference frame to a local direct-
quadrature (dq) reference frame. The primary control gener-
ates the reference voltage and frequency (and by extension,
angle) based on sensed terminal signals (voltages and currents)
and active- and reactive-power setpoints. The inner-current and
outer-voltage control loops are PI controls with appropriate
feed-forward terms that decouple the direct and quadrature
signals to improve dynamic performance. Details about the
control architecture are widely available in the literature,
e.g., [13], [14]. With the aid of the dictionary established
in Fig. 1, the GFM-IBR control architecture and output-filter
arrangement are cast into an equivalent-circuit representation
illustrated in Fig. 2. Notice that the RLC filter is represented

Fig. 1: Equivalent-circuit realization of (a) addition, (b) multiplication, (c) in-
tegration, (d) PI control, and (e) projection.

in a global DQ frame; this is an implementation choice. In
the network-level simulations that are presented subsequently,
all LCL filters and interconnecting transmission lines are
represented in a global DQ reference frame. The details of the
circuit representation of the primary controllers, i.e., Droop,
VSM, and dVOC, are discussed next.

1) Droop Control: The dynamics of the angle reference, θ,
and voltage reference, E⋆, with Droop control are: [15]

dθ

dt
= ω0 +mp(P

⋆ − P ), (1a)

E⋆ = E0 +mq(Q
⋆ −Q), (1b)

where ω0 is the nominal grid frequency; mp denotes the ω-P
droop gain; P ⋆ and P represent the active-power reference and
the low-pass-filtered GFM active-power output; E⋆ denotes
the reference voltage feeding into the voltage controller; E0

denotes the nominal output voltage; mq represents the V -Q
droop gain; and Q⋆ and Q denote the reference and low-
pass filtered output reactive power, respectively. The filtered
active- and reactive-power measurements are obtained from
the measured values, P,Q, with the aid of low-pass filters with
cut-off frequency, ωc. Translating (1a)–(1b) into equivalent
circuits yields the circuit diagram shown in Fig. 2(c).

2) Virtual Synchronous Machine (VSM): The VSM primary
controller emulates the dynamic behavior of a synchronous
machine. The particular instance we model augments Droop
control with synthetic inertia. The VSM dynamics are: [16]

M
d2θ

dt2
= P ⋆ − P +

1

mp
(ω0 − ω), (2a)
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Fig. 2: (a) System-level dynamic model of GFM IBR (control- and physical-layer subsystems); (b) Corresponding equivalent-circuit representation with details
on implementation of (c) Droop control, (d) Virtual Synchronous Machine (VSM) control, and (e) dispatchable Virtual Oscillator Control (dVOC).

E⋆ = E0 +mq(Q
⋆ −Q), (2b)

where M is an inertia constant. The circuit-domain translation
of (2a)–(2b) is depicted in Fig. 2(d).

3) Dispatchable Virtual Oscillator Control (dVOC): This
primary controller builds on the dynamics of the Andronov-
Hopf oscillator. The governing dynamic equations are: [14]

dθ

dt
= ω0 +

κ1

(E⋆)2
(P ⋆ − P ), (3a)

dE⋆

dt
= κ2ω0E

⋆(E2
0 − (E⋆)2) +

κ2

E⋆
(Q⋆ −Q), (3b)

where κ1 and κ2 denote the synchronization gain and voltage-
amplitude gain of the controller, respectively. The circuit
representation of (3a)–(3b) is shown in Fig. 2(e).

III. VALIDATION VIA NUMERICAL SIMULATIONS

In this section, we validate the equivalent-circuit GFM mod-
els for the three considered primary controllers through full-
order EMT-domain simulations. Simulations for a single unit
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Fig. 3: Root-Mean-Square Errors (RMSE) between the block-diagram-based
implementation in MATLAB-Simulink and the equivalent-circuit implemen-
tation in LTSpice for 6 signals.

and a modified IEEE 14-bus network are presented to bench-
mark the accuracy and computational effort of the equivalent-
circuit representations. The equivalent-circuit models are set
up in LTspice, whereas the conventional block-diagram-based
models are built in MATLAB-Simulink. LTspice is an open-
source analog electronic-circuit simulation software. It is not
innately configured to simulate control-based actions (such as
implementing PI controllers). As such, it is an ideal tool to
validate the proposed circuit-based GFM models. No dedicated
effort is expended in optimizing the simulation setups to
minimize computation time in either LTspice or MATLAB-
Simulink. Simulations are performed on a PC with an 11-
th generation Intel Core i7-11800H processor and 32 GB of
RAM. The model parameters are listed in Table I. All initial
conditions are set to zero.

A. Single-unit Simulation

In this setup, we are interested in examining the accuracy
of the equivalent-circuit modeling approach. The simulation
involves a single GFM IBR with different primary controls
connected to an infinite bus. A step change in the active-power
setpoint, P ⋆, from 0 pu to 0.5 pu, and from 0.5 pu to 0.8 pu,
is implemented at t=1 s and t=2 s, respectively. The setpoint
for the reactive power remains at zero. Figure 3 illustrates the
root-mean-square error (RMSE) between the simulations in
MATLAB-Simulink and LTspice over the horizon 0.5 s < t <
2.5 s. All primary-control types are considered, and errors are
reported for 6 key signals. The results convey a near-perfect
match between the two simulation approaches. Computational
times for the two implementations are reported in Table II.
Notice that the equivalent-circuit approach is approximately
100× faster.

B. Network Simulation

In this section, we consider a modified IEEE 14-bus net-
work with five GFM IBRs of different primary-control types.
Figure 4 shows the network topology and indicates the types
of primary controls used for each GFM IBR. The insets are
meant to convey how the equivalent-circuit representations are
modeled in LTspice. Line-impedance values are the same as
those reported in [17]. We impose several setpoint command
changes in active power. The reactive power setpoints remain
at zero throughout. The simulation results are visualized in
Fig. 5. The output active and reactive power of each GFM

TABLE I: Inverter and Network Parameters.

Parameter Value Unit Parameter Value Unit

ω0 2π60 rad · s−1 kccp 0.9817 pu

ω0Li 0.0196 pu kcci 0.0018 pu

Ri 0.0139 pu mp 2 %

ω0Cf 0.1086 pu mq 5 %

ω0Lg 0.0196 pu kvcp 1.4476 pu

Rg 0.0139 pu kvci 0.0273 pu

κ1 0.0033 pu M 0.0053 s2

rad

κ2 0.0796 pu

= =

=

=

=

Fig. 4: Modified IEEE 14-bus network with five GFM IBRs of different
primary-control types. Inset depicts how instances of the equivalent-circuit
GFM IBR models from Fig. 2 are interfaced to the network.

inverter is compared for the equivalent-circuit realization and
the conventional block-diagram realization. The results convey
a close match in waveforms. From the computational times
reported in Table II, we note an approximately 150× speedup
with the equivalent-circuit realization.

TABLE II: Simulation run times for the equivalent-circuit realization in LT-
spice and the conventional block-diagram realization in MATLAB-Simulink.

Simulation type MATLAB LTspice
Simulink

Single-unit
Droop 11.3 s 0.075 s
VSM 11.6 s 0.070 s
dVOC 12.1 s 0.062 s

Network 365 s 2.53 s
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Fig. 5: Output active and reactive powers for all GFM IBRs in the modified
IEEE 14-bus network illustrated alongside commanded references. Results
from equivalent-circuit realization are superimposed to those from the con-
ventional block-diagram realization.

IV. CONCLUDING REMARKS AND FUTURE WORK

In this paper, we illustrated how physical- and control-layer
subsystems of GFM IBRs with different primary controls can
be represented as analog equivalent circuits. Through single-
unit and network-scale simulations, we validated the concept.
Computational effort involved was noted to be significantly
reduced with the equivalent-circuit modeling paradigm and
no loss in accuracy was observed. As part of future work,
we will include other distinguishing attributes into GFM IBR
models, e.g., current limiters and DC-side behavior, as well
as pursue integrated equivalent-circuit modeling of machines,
grid-following IBRs, and grid-forming IBRs.
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