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Dual Grid-Forming Converter
Federico Milano, IEEE Fellow

Abstract— This letter proposes a dual model for grid-forming (GFM)
controlled converters. The model is inspired from the observation that the
structures of the active and reactive power equations of lossy synchronous
machine models are almost symmetrical in terms of armature resistance
and transient reactance. The proposed device is able to compensate grid
power unbalance without requiring a frequency signal. In fact, the active
power control is based on the rate of change of the voltage magnitude.
On the other hand, synchronization and frequency control is obtained
through the reactive power support. The letter shows that the proposed
dual-GFM control is robust and capable of recovering a normal operating
condition following large contingencies, such as load outages and three-
phase faults.

Index Terms— GFM controlled converter, power unbalance, synchro-
nization, complex frequency, low-inertia systems.

I. INTRODUCTION

In recent years, a large variety of studies have appeared on the so-
called grid-forming controlled converters (GFMs) [1]. The common
understanding is that these devices are substantially resembling
synchronous machines, the main difference being that one can tune
their damping, which in a GFM control is not associated with friction
but, rather, with a droop control [1]; and the inertia constant, which,
in the GFM control can be also set to zero, thus, de facto avoiding
the oscillatory behavior of synchronous machines [2].

Duality is another interesting aspect that has been discussed for
GFM controlled converters. In [3], GFMs are considered the dual
of grid-following converters (GFLs). That is, the duality is between
voltage source (GFM) and current source (GFL). In this work, we
propose an alternative approach, which, while taking inspiration from
the synchronous machine model, constitutes a new type of duality.

Based on the recently proposed concept of complex frequency [4],
the contributions of the letter are two-fold: (i) show that it is possible
to define a grid-forming control strategy that is structurally different
from synchronous machines; and (ii) show that the power balance
of a power system can be maintained without having to rely on
the measurement of the frequency. This appears particularly relevant
as converters do not necessarily link active power and frequency as
synchronous machines do.

In particular, this letter shows how to set up a GFM control
that utilizes the instantaneous bandwidth (voltage magnitude time
derivative) rather than the instantaneous frequency (voltage phase
angle time derivative) as slack variable to maintain the power balance
of the grid. The proposed device is also dual in terms of active and
reactive power controllers. The active power is utilised to keep null
the voltage deviations and the reactive power to regulate frequency
deviations. The case studies show that the proposed dual-GFM control
is stable and can maintain the power balance of the system equally
well as synchronous machines and conventional GFM converters.
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II. RATIONALE AND PROPOSED DUAL GFM CONTROL MODEL

Consider the power injections of the lossy electromechanical model
of the synchronous machine shown in Fig. 1:

p =
[ev cos(δ − θ)− v2]ra + [ev sin(δ − θ)]x′

d

r2a + x′
d
2 , (1)

q =
[ev cos(δ − θ)− v2]x′

d − [ev sin(δ − θ)]ra

r2a + x′
d
2 . (2)
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Fig. 1. Classical transient model of the synchronous machine with inclusion
of armature losses.

In synchronous machines, the armature resistance ra is small with
respect to x′

d and is often neglected, thus leading to the well-known
equations:

p =
ev sin(δ − θ)

x′
d

, (3)

q =
ev cos(δ − θ)− v2

x′
d

. (4)

This work, on the other hand, considers the dual parts of (1) and (2),
that is, the terms that depend on the armature resistance and suppose
that the reactance x′

d is zero or negligible. This can be done because
a converter is not a machine with physical coils and its parameters
can be tuned as desired. This leads to:

p̃ =
ev cos(δ − θ)− v2

ra
, (5)

q̃ = −ev sin(δ − θ)

ra
. (6)

Finally, assume that the virtual parameter that represents the armature
resistance is negative, say K = −1/ra, thus leading to:

p̃ = Kv2 −Kev cos(δ − θ) , (7)

q̃ = Kev sin(δ − θ) . (8)

Equations (7) and (8) describe a device where the active power
strongly depends on the magnitude of the internal emf e, while the
reactive power strongly depends on the phase angle δ.

A. Dual Swing Equations

The proposed model is completed with a dual swing equation, as
follows. First, recall that the conventional swing equation is defined
in terms of the machine rotor angle:

δ̇ = ω − ωo ,

Mω̇ = pm − p(e, v, δ, θ)−D(ω − ωo) ,
(9)

where p is given in (3), ω is the angular rotor speed with respect to the
synchronous reference angular frequency ωo; pm is the mechanical
power as imposed by the machine turbine governor; M is the
mechanical starting time; and D is the damping coefficient.
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To obtain the dual swing equation, consider the complex quantity:

ē = e exp(j δ) . (10)

where e and δ are assumed to be time varying. Then, defining u =
ln(e), e ̸= 0, (10) becomes:

ē = exp(u+ j δ) , (11)

and its time derivative is:

˙̄e = (u̇+ j δ̇) exp(u+ j δ) = (ϱ+ j ω) ē , (12)

where ω is defined as in (9) and ϱ is:

ϱ = u̇ = ė/e . (13)

Finally, the swing equation dual to (9) is defined as:

u̇ = ρ ,

M̃ ρ̇ = pref − p̃(u, v, δ, θ)− D̃ρ ,
(14)

or, equivalently

ė = ϱ e ,

M̃ ϱ̇ = pref − p̃(e, v, δ, θ)− D̃ϱ ,
(15)

where M̃ and D̃ are parameters that resemble a virtual inertia and a
virtual damping, respectively; pref is the active power as defined by
the control of the converter; and p̃ is given in (7). As ω in (9), also
ϱ in (15) is referred to a reference value, say ϱo. However, ϱo ≡ 0
as the bus voltage magnitudes are required to be constant in steady
state.

B. Dual Primary Controllers

The primary active power control for the synchronous machine
is the turbine governor which tracks, typically using a drop, the
machine’s rotor speed. The simplest first order model for the turbine
governor can be written as:

Tmṗm =
1

R
(ωref − ω) + pm,o − pm , (16)

where R is the droop coefficient and pm,o is the power set point of
the turbine. In the same vein, the primary active power control for
the dual-GFM control is required to track ϱ, for example:

T̃mṗref =
1

R̃
(ϱref − ϱ) + prefo − pref , (17)

where ϱref = ϱo = 0 and prefo is the converter power set point. As ϱ
must be zero in steady state, to avoid a drift of e, the active power
primary control of the dual-GFM control can be perfect tracking
(R̃ → 0).

The reactive power control for the synchronous machine is obtained
by regulating the field voltage through an exciter. For a 3-rd order
machine model, a basic automatic voltage control has the form:

T ′
d0ė = vf − (xd − x′

d)id − e ,

Tr v̇f = Kr(v
ref − v)− vf ,

(18)

where vf is the field voltage, id is the d-axis machine stator current
and e ≡ e′q is the internal q-axis transient voltage of the machine;
and the parameters have the usual meaning.

For the dual-GFM control, the reactive power can be regulated
directly through the angle δ. The dual to (18) equation is thus:

Tq δ̇ = Kq(q
ref − q̃)− δ ,

T̃r q̇
ref = K̃r(ω

ref − ω)− qref ,
(19)

where the expression of q̃ is given in (8). The similarity between (18)
and (19) can be better appreciated by defining:

δr = Kq q
ref , (20)

which leads to rewrite (19) as:

Tq δ̇ = δr −Kq q̃ − δ ,

T̃r δ̇r = K̃′
r(ω

ref − ω)− δr ,
(21)

where K̃′
r = K̃r/Kq .

The resulting dual-GFM control scheme is shown in Fig. 2. Note
that the bus voltage phase angle and frequency are assumed to te
obtained using a standard PLL. PLL-free solutions — as in conven-
tional GFM converters — can be adopted, but this implementation
aspect is beyond the scope of the letter.
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Fig. 2. Control scheme of the dual-GFM converter.

It is important to note that the virtual angular speed does not
appear in the formulation of the dual-GFM control except for the
time derivative of the internal signal δ in (19). This is consistent with
synchronous machines, where ϱ does not appear anywhere except for
the time derivative of the internal emf e in (18).

It is still necessary, of course, to fix the frequency in the system.
As shown in Fig. 2, the dual-GFM converter imposes the frequency at
the bus through the regulation of the reactive power. This makes sure
that there is no drift in the phase angles of the voltages of the system
and, hence, the frequency of e is ωref in steady-state. As δ is relative
to the phase angle θ of the voltage at the point of connection of
the converter through (7) and (8), in steady state, also the rest of the
grid is synchronous at the rated frequency ωref . In this way, the dual-
GFM control is also able provide a perfect tracking (or almost perfect
tracking as the one illustrated in Fig. 2) control of the frequency
without the need of a secondary frequency control as it happens for
synchronous machines and conventional GFM converters.

Finally, note that the objective of the letter is not to show that
p-v and q-ω controllers can be effective, as it has been done in
some recent works, e.g., [5], [6], but, rather, to show that a power
system can be operated exclusively with GFM converters that are
structurally different from synchronous machines and conventional
GFM converters.

III. CASE STUDY

In this section, we illustrate the performance of the proposed
control with the WSCC 9-bus system and a 1479-bus dynamic model
of the all-Ireland transmission system. Simulation results are obtained
with the software tool Dome [7].
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A. WSCC 9-bus System

The original WSCC 9-bus system is modified by removing the 3
synchronous machines and replacing them with dual-GFM devices
and the primary controllers defined in the previous section. PSS
are also included and properly tuned to damp the oscillations of
the dual-GFMs. Figures 3 and 4 shows the performance of relevant
quantities of the dual-GFMs following, respectively, a load outage
and a three-phase fault cleared after three cycles. In both cases, the
dual-GFMs are capable of restoring normal operating conditions. As
there is no synchronous machine or conventional GFM converter,
no device maintains the power balance relying on a measurement of
the instantaneous frequency. The following parameters for the dual-
GFM are used: K = 0.1, M̃ = 30 s, D̃ = 20, T̃m = 2 s, R̃ = 0.05,
Kq = 10, Tq = 5 s, K̃r = 40, T̃r = 1 s. K, M̃ , D̃ and R̃ are in pu
w.r.t. the capacity of the converter.
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Fig. 3. WSCC 9-bus system – Behavior of relevant variables of the dual-
GFMs connected at buses 1-3 following a 20% loss of load at bus 5.

B. All-Island Irish Transmission System

This section illustrates the dynamic performance of the proposed
dual-GFM converter for a dynamic model of the all-island Irish
transmission system. As starting point, we have utilized a dynamic
model of the all-island, Irish power system that includes 1479 buses,
1851 transmission lines and transformers, 22 synchronous generators,
along with their appropriate control systems, 169 wind power plants
and 245 loads. All wind power plants are assumed to be GFLs and
not to provide any inertial response nor fast-frequency regulation.
More details on this model can be found in [8]. In this study, all
synchronous machines are substituted with the proposed dual-GFM
using same parameters as in the previous section except for K = 1,
M̃ = 15 s, D̃ = 0.5. This leads to a system where there is no
conventional inertial response nor frequency control and where the
only conventional voltage support, i.e., based on reactive power, is
provided by the voltage regulators of the wind power plants.

Figure 5 shows the dynamic performance of the modified model
of the Irish transmission system following the outage of a large load.
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Fig. 4. WSCC 9-bus system – Behavior of relevant variables of the dual-
GFMs connected at buses 1-3 following a fault at bus 7 occurring at t = 1
and cleared after 60 ms.

As for the example for the WSCC 9-bus system, the dual-GFMs
cope well with the power imbalance and recover an normal operating
condition.
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Fig. 5. All-island Irish transmission system – Behavior of relevant variables
of three dual-GFMs following the outage of a large load.
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IV. CONCLUSIONS

The letter describes a novel approach for GFM controlled convert-
ers. The proposed model is based on a duality between instantaneous
bandwidth (i.e., rate of change of the voltage magnitude) and instanta-
neous frequency (i.e., rate of change of the voltage phase angle) of the
virtual internal emf of GFM converters. The resulting device is able
to keep the system’s balance following large disturbances such as loss
of loads and faults, without the need for frequency measurements. In
this dual model, the instantaneous bandwidth takes the same role
as the instantaneous frequency in synchronous machines and the
synchronization is obtained through the reactive power control.

Simulation results indicate that the dual-GFM appears to be par-
ticularly robust and stable following large contingencies. Moreover,
as it utilizes the reactive power regulate frequency, the dual-GFM
approach might be more effective than conventional GFM converters
in distribution and low voltage networks. Finally, the lack of depen-
dency on the frequency for maintaining the power balance of the grid
also suggests that the proposed model can be utilized in dc systems.

Future work will further investigate the possibilities that the
proposed complex-frequency duality offers in terms of the definition
of novel GFM converter controllers as well as its potential application
to dc grids.
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