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ABSTRACT Grid-forming (GFM) converters are a widely-accepted solution for the challenges arising from
the decarbonisation of electrical power systems. Ideally, a GFM converter should act as a slow-varying
voltage source behind a (tunable) RL impedance to guarantee setpoint tracking and grid support. However,
the inherent coupling between active and reactive power greatly limits the selection of the impedance’s
parameters often leading to the need for additional controllers, for example to provide damping at the
synchronous-frequency resonance. This article proposes a decoupled power controller that combines a
complex-power control loop with a virtual admittance to provide freely tunable parameters that provide
damping at subsynchronous and synchronous frequency, decoupling of active and reactive power, as well as
providing desired behavior over a wide range of frequency. The controller’s performance is evaluated and
compared to a conventional control approach both analytically and in a laboratory environment.

INDEX TERMS Frequency response, grid-forming (GFM) control, grid-forming inverters, power decou-
pling, virtual impedance.

NOMENCLATURE Vg PCC voltage.

List of symbols Ve Converter’s voltage.

SN Rated converter power. VEMF Virtual-voltage source.

N Rated converter voltage. OEMF Virtual voltage-source angle.

WN Rated angular frequency. if Filter current.

Ry Grid resistance. Py Exchanged active power.

Ly Grid inductance. 0O, Exchanged reactive power.

X, Grid reactance. 8 Angle difference between virtual-voltage source and
R Filter resistance. PCC voltage.

L¢ Filter inductance. H Inertia time-constant.

X¢ Filter reactance at rated frequency. ap Loop-bandwidth of active-power controller.

Ry Virtual resistance. Ky p Active-power controller proportional gain.

Ly Virtual inductance. Kip Active-power controller integral gain.

Xy Virtual reactance at rated frequency. Ryp Active-damping term in active-power controller.
Y, Virtual-admittance. aqQ Loop-bandwidth of reactive-power controller.

oy Virtual-admittance angle. Kp.q Reactive-power controller’s proportional gain.
PCC Point of common coupling. Kiq Reactive-power controller’s integral gain.

Vg Thévenin equivalent voltage source. RaQ Active-damping term in reactive-power controller.
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y Output of active-power controller.

) Output of reactive-power controller.

K Complex output of power controllers, y + je.

& Phase-shifted complex output of power controllers.

op Damping ratio of closed-loop active-power con-
troller.

140) Damping ratio of closed-loop reactive-power con-
troller.

RoCoF Rate of change of frequency.

I. INTRODUCTION

Global efforts to limit climate change through the reduction of
greenhouse gas emissions result in an increase of electricity
generation from renewable sources [1]. Together with other
factors, such as increased utilization and flexibility of power
grid assets as well as changing consumer technologies, the
share of power electronics in electric power grids is rising [2].
Associated with this increase are concerns and challenges
regarding the stability of converter-dominated power grids.
Examples for these challenges are the decrease of mechani-
cal inertia, reduced short-circuit current and risk for adverse
control interaction [3].

A proposed solution to the challenges is the usage of grid-
forming (GFM) converters, which are controlled as a slowly
varying voltage source behind an impedance [3], [4]. A com-
mon feature in the large variety of GFM converter control
designs available from the literature is that the active-power
control determines the angle and reactive power determines
the magnitude of the voltage source [5], [6], [7]. The as-
sumption behind is a mainly inductive impedance between
the controlled voltage and the grid connection, similar to a
synchronous machine (SM). Among the most popular GFM
control designs are the power-synchronization control [8] and
the virtual admittance-based GFM control (VA-GFM) [9].

Despite their positive contribution to improving power
system stability, GFM controllers face several challenges, in-
cluding the following.

1) Coupling between active- and reactive-power dynam-

ics [10], [11].

2) Insufficient damping of DC-current offsets [12].

3) Limited characterization and tunability of the converter
input admittance in the subsynchronous and supersyn-
chronous frequency ranges [12], [13].

These challenges can be addressed by decoupling the
GFM’s active- and reactive-power control loops and by proper
selection of the parameters of the virtual impedance. Sev-
eral solutions for GFM controllers aiming at decoupling
the active-power loop (APL) and reactive-power loop (RPL)
are available in the literature.One decoupling technique is
based on virtual-impedance shaping, as the one introduced
in [14], where a selective resistive virtual-impedance method
is adopted. In the method, a tunable virtual resistance and
a compensating virtual inductance are used to shape the
small-signal impedance of the converter, resulting in an ap-
proximately resistive behavior in the low-frequency range
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(0 — 20 Hz in the rotating dg—frame). While this approach
improves power decoupling, the selection of the virtual-
impedance parameters is constrained by the loop bandwidths
of the inner controllers. The use of a virtual-negative resis-
tance to cancel the resistive component of the line impedance
has been proposed in [15]. Although effective in achieving de-
coupling at the fundamental frequency, due to the introduction
of a negative resistance this method may negatively impact
the system’s damping, especially in the subsynchronous fre-
quency range.

Another class of decoupling techniques focuses on coor-
dinate transformations and modified power definitions rather
than impedance shaping. In [16] and [17], active and reactive
powers are phase shifted by the angle of the steady-state
impedance between the two voltage sources. However, the use
of a steady-state representation of the impedance limits the ef-
fectiveness of this method to the fundamental frequency only.
Furthermore, the proposed approach is not suitable for any
arbitrary selection of the impedance parameters, for example
when a virtual impedance is employed in the control strategy.

The authors in [18] and [19] proposed a preconditioning
matrix within the control loop to eliminate the off-diagonal
terms in the small-signal power-flow Jacobian. Although ef-
fective in decoupling power responses to set-point variations,
the feedforward of reactive power into the APL—and vice
versa, as in [19]—may compromise the desired voltage-source
behavior of the converter during grid disturbances. Moreover,
the dependence of the preconditioning matrix on the grid
impedance angle in [18] might reduce the robustness of the
decoupling performance under rapidly changing grid condi-
tions.

More recently, an active-power feedforward scheme has
been proposed in [20], where ideal decoupling voltages are
computed based on the operating point of the converter. While
this method enables decoupling over a wider frequency range,
the additional voltage compensation term may reduce the
converter’s damping, especially at frequencies above the fun-
damental.

The aim of this article is to present a decoupled GFM
converter controller based on the VA-GFM framework. The
proposed controller achieves effective decoupling of active-
and reactive-power dynamics over the frequency range in
which the power controllers are active, while allowing in-
dependent and flexible selection of the virtual-admittance
parameters to meet the desired frequency characteristic of the
converter.

The rest of this article is organized as follows. Starting
from the desired frequency characteristic of GFM converters,
the basic operation of the VA-GFM control strategy together
with the need for power decoupling is discussed in Section II.
This is followed by a presentation of the proposed decoupled
GEFM controller in Section III and the controller’s frequency
characteristics in Section IV. Finally, the results from the
experimental validation are discussed in Section V. Finally,
Section VI concludes this article.

149



IMGART ET AL.: DECOUPLED PQ GRID-FORMING CONTROL WITH TUNABLE CONVERTER FREQUENCY BEHAVIOR

Converter’s behaviour

Constant power Damping provision Constant RL load
(sub-synchronous
frequency range) (harmonic range)

T T -

Frequency

(low frequencies)

Typically up to 5 Hz Fundamental frequency

FIGURE 1. Desired behavior of GFM converters at different frequencies.

Il. FREQUENCY CHARACTERIZATION OF GFM
CONVERTERS AND THE NEED FOR POWER DECOUPLING
A. FREQUENCY CHARACTERIZATION

GFM control can be implemented in various forms, and a
unified control structure still does not exist and remains an
active topic of discussion in both industrial and academic
communities [21]. Despite this diversity, a widely accepted
characteristic of converter-interfaced resources employing
GEM control is their ability to exhibit an internal-voltage
phasor that remains constant—or nearly so—during the sub-
transient to transient time frames [3].

This behavior enables an almost instantaneous change in
the converter-current phasor in response to grid disturbances,
allowing converter-interfaced resources to provide immediate
and natural support to the grid during contingencies. This dy-
namic performance is clearly superior to the more traditional
grid-following (GFL) control, making GFM highly attractive
for system operators [22].

Beyond the subtransient and transient time frames, the
internal-voltage phasor must be controlled to maintain syn-
chronism with the grid and to regulate both active- and
reactive-power flows according to the predefined setpoints.

Consistent with the dynamic behavior outlined above, GFM
converters are expected to exhibit a slowly varying voltage-
source behavior behind a series impedance. The “slowness”
in response is governed by the speed of the converter’s power-
control loops [22]. Furthermore, the control system should be
designed to minimize the risk of subsynchronous oscillations,
thereby ensuring a damped response at frequencies below the
fundamental frequency of the power system.

Accordingly, the behavior of GFM converters—when
viewed from the PCC—can be characterized in the frequency
domain, as illustrated in Fig. 1. At low frequencies (typically
up to 5 Hz, depending on the system requirements), deter-
mined by the bandwidth of the outer-control loops, the GFM
converter should exhibit a constant-power behavior, i.e., the
“slowly varying” voltage source should change its amplitude
and phase in order to closely follow the active- and reactive-
power setpoints. This frequency range is where the converter
typically displays an active behavior [23].

At frequencies above this range and up to the system’s
fundamental frequency, the converter should exhibit a damped
response to avoid harmful control interactions and mitigate the
risk of subsynchronous resonances.

150

VSC
— RoLi poc RelLe :
/\J Ve - Vg Vs

If

FIGURE 2. Single-line circuit diagram of the investigated network.
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FIGURE 3. Generalized structure of VA-GFM control strategy.

In the harmonic range (i.e., at frequencies above the
fundamental), the converter is expected to behave as a
resistive—inductive impedance. The corresponding equivalent
impedance seen from PCC is given by the sum of the physical
filter impedance and any virtual impedance implemented in
the controller. This enables the converter to act as a sink for
harmonics, thereby improving power quality [3].

B. NEED FOR POWER DECOUPLING IN GFM CONVERTERS
Fig. 2 illustrates the single-line diagram of the network un-
der investigation. The network consists of a voltage-source
converter (VSC) system connected to an electrical AC grid
through an RL filter, characterized by a resistance Ry and an
inductance L¢. The AC grid is represented using its Thévenin
equivalent, with Ry and Lg denoting the grid resistance and
inductance, respectively. The VSC system assumes a constant
DC-link voltage. The converter current vector is represented
by i, while the voltage vectors at the PCC, the converter ter-
minal, and the Thévenin equivalent voltage source are denoted
by v, v, and v respectively.

Fig. 3 illustrates the generic block diagram of the VA-GFM
controller. In this configuration, the outer control loops—
specifically the APL and the (RPL—compute the reference
values for the virtual-voltage source, denoted as vgyg. The
APL regulates the active-power flow at the PCC, Py, by
adjusting the angle of the virtual voltage, Ogvp. The RPL! de-
termines the magnitude of the virtual-voltage source, Vemr, to
control the reactive-power flow at the PCC, Q,. In this control
scheme, the APL is responsible for tracking the reference-
active power, P.f, and for grid synchronization. Various
configurations of the APL are possible, ranging from simple
proportional controllers [8], [24] or proportional—integral (PI)
controllers [25], to controllers that emulate the electrome-
chanical dynamics of SM [6].

A key feature of VA-GFM control is that the outer loops
directly calculate the voltage references—specifically, the

! Depending on the specific application, an AC-voltage controller may also
be used.
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FIGURE 4. Equivalent circuit representation of VA-GFM.
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FIGURE 5. Top: magnitude of frequency response of Gap.(s) for VA-GFM;
bottom: magnitude of frequency response of G, (s) for VA-GFM. Blue
curves: Ry = 0.1 p.u.; red curves: R, = 0.3 p.u.; green curves: Ry = 0.5 p.u.

magnitude and phase angle of the emulated internal-voltage
source. This distinguishes VA-GFM control from the more
traditional GFL control, in which the outer loops calculate
the current references for the inner-current controller (CC).
Therefore, when GFL control is adopted, the converter can be
represented as a controllable-current source, whose currents
are determined by, for example, the power loops. Thus, in
case of transients in the grid, the GFL will react to keep
the converter’s current constant. On the contrary, although
VA-GFM control also employs a CC (see Fig. 3), the APL
and RPL calculate the virtual-voltage vgyp; in case of grid
transients, the controller will react to keep this voltage con-
stant, meaning that the converter can now be represented as
a controllable-voltage source. The role of the CC is simply
to track the current reference i ¢ calculated via the virtual
impedance Y .

Fig. 4 illustrates the equivalent circuit of the converter
employing VA-GFM control. The parameters R, and L, rep-
resent the equivalent resistance and inductance between the
emulated voltage source and the PCC, respectively. These
are referred to as virtual resistance and virtual inductance.
As shown in the figure, the equivalent impedance consists
of two components: a fixed part, determined by the physical
converter-filter resistance and inductance, and a tunable vir-
tual component, represented by Ry and Lyj.

Fig. 5 (top figure) shows the magnitude of the frequency

. AP,
response of the closed-loop transfer function Gapy,(s) = Fgf
el
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for the VA-GFM for different selections of the virtual resis-
tance Ry. It can be observed that at very low frequencies,
the gain is equal to 0 dB (1 p.u.), indicating proper setpoint
tracking. At the same time, the transfer function exhibits a
peak gain at frequencies around the fundamental (correspond-
ing to 0 Hz in three phase). This resonance, addressed in the
literature as synchronous-frequency resonance (SFR) [26], is
typical for GFM controllers and originates from the natural
response of the current flowing in an RL circuit when the
resistive part is small. SFR in the converter’s power output
introduces a DC component in the converter current during
operating-point changes. This poses a risk to the operation
of equipment, such as transformers, and must be effectively
damped. As shown in Fig. 5 (top figure), SFR can be attenu-
ated by increasing the value of the virtual resistance Ry,. On
the other hand, an increase of R, leads to a deterioration of
the APL’s closed-loop response and to a stronger coupling
between the APL and RPL. This coupling can be analyzed by
examining the transfer function from active-power reference
variation to reactive-power variation, denoted as Gep(s) =

29 for the VA-GFM control and depicted in Fig. 5 (bottom

From the figure, it can be observed that increasing the
virtual resistance raises the magnitude response of Gep(s)
across the low frequency range, indicating an increased cou-
pling between the active- and reactive-power control loops.
This behavior arises because an impedance with both induc-
tive and resistive components causes both voltage angle and
magnitude—the controlled quantities in GFM systems—to
influence both active and reactive power, thereby introducing
coupling. This can be understood more clearly by examining
the quasi-steady-state power flow equations between two volt-
age sources.

Assuming a stiff grid connection, the power flow at the PCC
in the investigated network (see Figs. 2 and 4) is given by

V. Viue — V2
S —y Jf— —&EMF g 1
L2 _g_f RV _ JXV ( )
which yields to
Ry (VgVEMF cosd — Vg2> + Xy Ve VemF sin &
v v
—R\VeViate sin 8 + X, (VeVir cos 6 — V7
= 3
Qe R+ X ¥

where V, =V, e’? and Vgyp = Vemre’® are the phasors

describing the two voltage sources, and Ry = Ry + Ry and
Xy = Xy1 + Xt represent the (partially virtual) resistance and
reactance, respectively, between these two sources. The su-
perscript “«” in the notations refers to complex conjugate.
Assuming a negligible resistance, the equations for active- and
reactive-power flows become

_ VgVEMF sin §

P,
g XV

“)
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v R#0, X=0
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4
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FIGURE 6. Impact of impedance angle on relation between voltage’s
amplitude and angle and active and reactive power [16].

and
VeVemr cos § — V7

s = X, )

For a constant PCC voltage, the linearized forms of (4) and
(5) are

Ve,0VEME,0 €08 80 AS + V; ¢ sin 60 AVEmE

AP, = 6
2 X, (6)
—V5.0VEMFE,0 5in 89 AS + Vi 0 cos S0 AVEME
AQy = —= ~ (7)
v

where the subscript “0” denotes the steady-state values. For a
small g, (6) and (7) simplify to

__ Va,0VEmF,0

AP, X

AS (8)

&

Veo0
Xy

Equations (8) and (9) clearly reveal the dependence of
active power on voltage angle and reactive power on volt-
age magnitude, which forms the fundamental basis of GFM
control. However, as the R/X-ratio increases, this simplifi-
cation becomes increasingly inaccurate. For a predominantly
resistive impedance, the previously stated relation is reversed,
resulting in the active power being determined mainly by
voltage magnitude, and reactive power by voltage angle. The
linearized expressions for this case are

AQg g AVEME. ©))

Ve.0
AP~ -

—Ve.0VEMF,0
Ry

These relations are illustrated in Fig. 6 [16]. Consequently,
an impedance with nonnegligible inductive and resistive com-
ponents causes both controlled quantities—voltage angle and
magnitude—to influence both power components, leading to
power coupling. This phenomenon is undesirable, as it de-
grades controller performance during both small and large
transients in the grid. Most controller designs are based on
the assumption of a purely reactive system, where power
decoupling holds true—an assumption that is appropriate for
high-voltage transmission systems, where line losses are neg-
ligible. In this case, the simplified power flow equations given
by (4) and (5) are valid. However, when virtual resistance is

AVEMF (10)

AQ, ~ AS. an
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increased, power coupling is introduced, limiting the feasi-
ble values of Ry to relatively small magnitudes in VA-GFM
control. To address this challenge, the control strategy pro-
posed in this aricle allows the virtual resistance to be freely
selected to effectively damp SFR without introducing cou-
pling between the power control loops, as demonstrated in
Section I'V.

11l. DECOUPLED VA-GFM CONTROL

Fig. 7 shows the block diagram of the proposed Decoupled
VA-GFM control. The controller, implemented in the station-
ary af-plane, is based on the VA-GFM in Fig. 3, where
the power controllers directly generate the back-electromotive
force (EMF) voltage, vgyr. As a main difference, in the pro-
posed approach the complex signal k¥ formed by the outputs
of the APL and RPL, is passed through a phase-compensation
block that compensates for the power coupling introduced
by the virtual admittance Y . The phase compensation allows
the selection of arbitrary values for virtual resistance and in-
ductance while maintaining near-perfect decoupling between
the APL and RPL in the frequency region where these con-
trollers are active. Note that although the APL and RPL work
independently, differently from any other VA-GFM imple-
mentation they share the same control structure; thus, if the
same loop bandwidth for the APL and RPL is selected, the
controller is symmetric and can be represented through a
single-input/single-output transfer function.

A. VA PHASE COMPENSATION

A key element of the proposed controller is the VA phase
compensation applied to the output of the APL and RPL. The
decoupling is achieved by dynamically rotating the complex
signal k by the frequency-dependent virtual-admittance angle,
¢y (s) as shown in Fig. 8. Consequently, the resulting power
flow appears as if governed by a purely resistive network,
where voltage magnitude controls active power and voltage-
phase angle controls reactive power (see Fig. 6). Conceptually,
the VA phase compensation proposed here is similar to the
method proposed in [16], as it rotates the complex-apparent
power vector to remove the coupling introduced by generic RL
impedance. However, it is important to note that the dynamic
implementation proposed here applies not only to the fun-
damental frequency, but to the entire frequency range where
the power controllers are active, i.e., the “constant-power”
frequency range in Fig. 1. This is achieved through the dy-
namic implementation of the virtual-admittance, Yy (s), in the
phase-compensation block.

The decoupling mechanism can be illustrated in steps
using the circuit in Fig. 4 and the phase-compensation
block in Fig. 8. For a generic system frequency o and
using a rotating-frame synchronized with the grid-voltage,
the two voltage phasors can be represented as Vpyp(w) =
Vemr e/%and V(@) =V, ¢’/%", which are connected by the ad-

mittance Y, (w) = =Y, e/9Y. This allows to express

1
Ry+JwLy

VOLUME 7, 2026
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>

Y(s) —® arg

the complex-apparent power at V,, as

Se(@) =V (@)} ()
. (12)
= Vo¥y e (Vamp e ™ —Vp).

As clearly indicated in (12), the power flow is dependent on
the phase of the virtual admittance and hence a coupling exists
for the conventional approach. The proposed scheme gener-
ates the voltage vy S0 that the power flow is not dependent
on @y. This is equivalent of rotating the power phasor by ¢y
to obtain

S i (@) = Ve¥y (Vemr e ™/° =Vy) (13)

which is the power flow over a frequency-dependent resistive
admittance Yy, = (R% + (wLy)?) 12, Consequently, the rota-
tion of the complex-power phasor cancels the coupling effect
of the complex admittance Y, ().

Following the details of Figs. 7 and 8, the phasor Vg is
given by

Vi = & = elle 740 - ey (14)
or, in terms of voltage perturbation
AViyr = (Vaur oe*Y) Ak (15)

Assuming a stiff grid voltage, the power flow variation
resulting from the voltage perturbation is

— —7 *
AS,y(@) = VgoYve ¥ [(Viyp ge™#Y) Ax”] (16)
= Vg o¥WVimp 0 AK.

It can be understood from (16) that the power output is
dictated strictly by the outputs of the power controllers where
the impact of the virtual-admittance phase is canceled by the
phase compensation unit, similar to the rotated power expres-
sion in (13) and unlike the conventional approach as in (12).
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As illustrated in Fig. 6 and visible by linearizing (13), reac-
tive power is determined by the negative voltage phase angle
for the resulting purely resistive case. To maintain the same
sign for both components, the proposed VA phase compen-
sation multiplies the angle of the (unshifted) complex-power
vector with —1, which corresponds to mirroring the vector on
the V-axis of the resistive case in Fig. 6.

It is of importance to stress that the phase rotation (and
thereby the decoupling) is applied to the complex signal « and
impacts the design of the APL and RPL only. After calculation
of the virtual voltage vy, active- and reactive- power flows
are governed by the system voltage and the actual virtual
impedance. The choice of a phase rotation that results in a
resistive representation of the virtual impedance is made due
to the fact that this allows for a complex representation of
the inputs to the power controller (from this the use of the
terminology complex-power controller). As it can be easily
understood, a similar approach can be adopted where the
phase compensation leads to a purely reactive representation
of the virtual impedance, leading to a more classical approach.
The duality in the selection of a resistive or reactive represen-
tation for the virtual impedance is given in Appendix.

Note that the VA phase compensation can be applied at
the input of the power controllers, as is, for example, the
case in [16]. If the control parameters of both power control
loops are chosen to be identical, this configuration results
in behavior equivalent to applying the compensation at the
controller outputs, as illustrated in Fig. 7. However, applying
the compensation at the controller outputs allows the APL
and RPL to be tuned independently, as demonstrated in the
following section. In contrast, placing the compensation at the
controller inputs causes both APL and RPL to jointly regulate
active and reactive power in proportion to the ratio between
Ry and Ly, that is, according to the VA angle ¢y. Therefore,
when independent tuning of the APL and RPL is desired—for
instance, to provide inertial support by slowing down only
the APL—the phase compensation should be applied at the
controller outputs, as proposed here.

B. DERIVATION OF DECOUPLED VA-GFM CONTROL
PARAMETERS

1) TUNING OF COMPLEX-POWER CONTROLLER
The complex-power controller provides both complex power-
reference tracking as well as grid-voltage synchronization.
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The complex-power controller proposed here has identical
structure for active and reactive power, consisting of a PI
controller and an active damping term (see Fig. 7). The tuning
of the controller is detailed below and is similar to the loop
shaping approach described in [27].

Assuming initial conditions for the grid voltage Vy o =1 per
unit (p.u.) and, for simplicity of the derivation, Pref = Qref =0
p.u., the initial condition for the internal voltage Vg be-
comes Vpyg o = Vg0 = 1 p.u.. Using these assumptions, (16)
and Ak = Ay + J Ag, the linearized active and reactive pow-
ers can be expressed as

a7
(18)

Following Fig. 7 the control laws for the APL and RPL are
given as

APy =Y, Ay
AQg = Yy As.

1 Kip
Y= 5 |:<KpP+ ) (Pref_Pg)_RaPPg] (19)

s
1 Kig
&= ; KpQ + T (Qref — Qg) - RaQQg (20)
and the closed-loop transfer function from the active-power
reference to the active power can be expressed as

AP, Y, (Kpps + Kip)

- @
APt s>+ (Rep + Kpp)s + Kip

An equivalent expression can be derived for Gq,,;—q,- This
transfer function can be loop-shaped to second-order low-pass
filter (LPF) by selecting the following control parameters:

Kp.p = ap[Yy(wn)] ™!
Kip = ap[Yy(wn)]™!

Rap = ap(2zp — D[Yy(wn)] ™!

where ap is the desired loop bandwidth, ¢p the desired damp-
ing ratio and the magnitude of the virtual admittance at
rated frequency, and Yy (wN) = (R% + a)IZ\IL%)_l/ 2 is used for
calculating the control gains. Selecting ¢p = 1, yields to a
closed-loop system shaped as a first-order LPF.

The parameters for the RPL are tuned equivalently, and are
determined by the selection of the desired loop bandwidth aq
and damping ratio {qg. In the case that the loop bandwidths
and damping ratios for the APL and RPL are selected to be
the same, both transfer functions can be expressed through a
single, real-valued transfer function for the complex-apparent
power

GPref - Pg =

(22)

AS, a(s+a)

G — == = .
Sref Sg Agref s2+2§a+a2

(23)

2) ap-SELECTION FOR INERTIA PROVISION

As shown in [28], the APL in the proposed design can be
tuned to provide an inertial response equivalent to that of a
SM or a virtual SM, i.e. a GFM converter implementing the
SM’s mechanical equation as its active-power control law. The
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TABLE 1. System and Control Parameters for the Frequency Analysis

System parameters Control parameters

SN 100 MVA L1 0.35 p.u.

%N 33 kV Ry1 0.485 p.u.

Wh 314.16 rad/s ap =aqg 27 5rad/s
L¢ 0.15 p.u. ¢p = Cq 1

Ry 0.015 p.u. acc 21 200rad/s
SCR  3pu

closed-loop transfer function from grid-voltage angle 6, to
active power is given as

X ¥2s?

- 24
s2 + aplps + a% 24

Go,~p =

Based on this, the inertial response can be estimated as s — 0
by

2
_ Gop XY,
wg—P 52 s2 + aplps + o

= Py. (25)

The inertial response relates to the provided inertia-time con-
stant as H = Py %% 28], yielding to

XY (@0 ox
®ENTTH 2

IV. FREQUENCY ANALYSIS

As argued in Section II, the frequency domain analysis of the
converter’s behavior is an indispensable tool to ensure compli-
ance with grid code requirements and demonstrate some of the
GFM properties, e.g., absence of adverse control interactions.
Taking into account that the time constant of the VA is selected
to be much smaller than that of the outer APL and RPL, a
first analysis is made using the steady-state representation of
the VA (as it is often the case in works dealing with analysis
of VA-GFM available in the literature). This is followed by
an analysis including the dynamics introduced by the virtual
inductance, to highlight differences and the impacts of control
parameters. The system and control parameters used for this
analysis are shown in Table 1, with deviating values men-
tioned in the text.

(26)

A. ANALYSIS WITH STEADY-STATE VA REPRESENTATION

Consider the steady-state representation of the VA, Y, =
(Ry + JXV)_I, and assume a fast and accurate CC. The Bode
diagram of the transfer function from reference- to actual-
complex power for the tuning provided in the previous section
is displayed in Fig. 9 and shows the expected LPF-behavior
as well as the absence of any coupling between active and

reactive power.
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FIGURE 9. Closed-loop response of decoupled GFM controller. Virtual
reactor dynamics neglected. Top left: P to Pg; Top right: Q. to P;; Bottom
left: Pt to Qg; Bottom right: Qs to Q.

Under the same assumptions, the converter’s input admit-
tance is given as

. d
Al Y8 YEKG) | | Avg on
. - d
Al? Yc?ss (s) Yc?gs(s) Avg
Yess(s)
with
ad Pret ap(ap + 25) R, §2
Yoss() =773 2 P 2
Vg,o (s + ap) R; + X7 (s + ap)
dq Oret ap(ap + 25) Xy s*
Yess(s) = =73 2 2 x2 2
Vg,O (s + ap) Rv + X7 (s + op) 08)
qd Oref aqQ (‘XQ + 2s) Xy 52
Yc,ss(s) =~73 ) 5 5
Vg’0 (s +aqQ) R; +X; (s +ag)
Pt ag(ag + 25 R 52
Yc?gs(s)z _r Q( Q ) .

Ve (s+aQ?  RI+X7 (s+ag)

The components of the converter’s admittance Y. g re-
veal that the Decoupled GFM very well follows the desired
frequency behavior depicted in Fig. 1. Each impedance com-
ponent is constituted by two terms: the first term depends
on the desired active/reactive setpoint and has a LPF shape,
identifying the “constant power” region in Fig. 1. Note that
(28) also gives the possibility to easily assess the passivity
properties of the converter. This is particularly helpful in the
constant-power region, i.e. for @ < ap, ag, where the con-
verter typically exhibits a nonpassive behavior. For s = 0, the

passivity-index of Y. s is equal to —, /Pr2ef + Qrzef / Vg2,0 [29],

which can be directly calculated from (28).
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frequency (Hz) frequency (Hz)

FIGURE 10. Input admittance of decoupled GFM controller. Virtual reactor
dynamics neglected. Blue curves: P = Qe = 0 pu; red curves:

Pret = 0.3 p.u., Qref = 0 p.u. Top left: Y24, Top right: ¥29.; Bottom left: Y2,
Bottom right: Y/'%.

The second term presents a high-pass filter characteris-
tic and only depends on the selected values for the virtual
impedance. From (28), it can also be observed that the di-
agonal elements of Y. only depend on the active-power
setpoint, while the anti-diagonal elements depend on the
reactive one. This confirms the effectiveness of the power
decoupling action in case of power setpoints variation. At
higher frequencies (where the impact of the APL and RPL
vanishes), active- and reactive-power flow will only depend
on the virtual admittance parameters, with a natural coupling
determined by the virtual-impedance angle.

The expression in (27) can be further simplified for the case
that the same bandwidth is selected for both power-control
loops, ap = ag = «. In this case, Y. becomes Hermitian
and can be written as a complex expression? instead

RV - JXV S2 U(dq),

Ai(dq) - _
-+ R4+ X2 (s+a) ¢

(29)

Fig. 10 contains the Bode diagram for the converter’s in-
put admittance in (27), for different setpoints. The constant
power and constant admittance’ behaviors are clearly visible.
The transition between these depends on the selected loop-
bandwidths for the APL and RPL.

B. ANALYSIS WITH DYNAMIC VA REPRESENTATION
For a complete analysis, it is necessary to take the dynamics
of the VA into account. In Fig. 11, the Bode diagram of the

2Similar to the constant-power region, the converter’s passivity properties
in the constant-impedance region can be assessed using (29) for w > «.

3As the steady-state representation is chosen here, the admittance’s fre-
quency dependency is not represented in these figures.
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FIGURE 11. Closed-loop response of decoupled GFM controller for
different values of «p. Virtual reactor dynamics included. Top left: P,¢; to
Pg; Top right: Qs to Pg; Bottom left: ¢ to Qg; Bottom right: Qs to Q.
Green curves: ap = 1.2 . 7 rad/s; Red curves: ap =3 - 2 . 7; Blue curves:
ap=5-2.1.

closed-loop transfer function including the frequency dynam-
ics is shown for different values of the APL bandwidth ap for
Pret = Orer = 0. The impact of the VA frequency dynamics
can be seen when comparing the blue curves to Fig. 9. Even
with those dynamics, the LPF-behavior of the response is
preserved. As a main difference, it can be observed that the
coupling between Qrer and Py as well as between P and Q,
respectively, is nonzero but remains very small, especially in
the frequency region where the APL and RPL are active. The
effectiveness of the proposed decoupled GFM can be further
appreciated when comparing with the frequency response for
the conventional VA-GFM for the same selection of the virtual
resistance R, (see Fig. 5, green curves). Besides the small
coupling, it is important to observe that the Decoupled GFM
allows to preserve the desired closed-loop response, despite of
the large selection of R,. Comparing the curves representing
different loop bandwidths in Fig. 11 shows that reducing ap
leads to a faster decay of the gain as expected, resulting in
a narrower frequency range with constant-power behavior. It
can also be seen that the change of ap does not have an impact
on the reactive-power response Qrer to Q. Manipulating the
RPL’s aq gives equivalent results,* and in particular no impact
on the active-power response.

In Fig. 12, the impact of the damping ratio on the frequency
response of the APL and RPL can be studied. A reduction of
the damping ratio ¢ from 1 (blue) over 0.7 (red) to 0.5 (green)
results in an amplification at frequencies around ap and «gq.

The same effects can be seen in Fig. 13, showing the
converter’s input admittance for changing damping ratios ¢

4The corresponding figure is not shown here due to space constraints
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FIGURE 13. Input admittance of decoupled GFM controller for different
values of damping ¢ in the power-control loops; {p = ¢q = ¢. Virtual reactor
dynamics included. Top left: Yyq; Top right: Yyq; Bottom left: Y4 Bottom
right: Yqq. Green curves: ¢ = 0.5; Red curves: ; = 0.7; Blue curves: ; = 1.

under consideration of the VA frequency dynamics. As a
main difference compared to the case depicted in Fig. 10, the
frequency dynamics become visible as a decaying magnitude
in the high frequency range, caused by the growing impact
of the term sL,.> The amplification caused by low damping

STt can be proven that components of the converter’s input admittance
can be well approximated to the ones in (28) by considering the frequency-
dependent model of the VA in the derivation of the second right-hand terms.
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Red curves: Ry = 0.5 p.u.; Blue curves: R, = 1 p.u.

ratios in the power controllers is also replicated in the in-
put admittance, which makes it clear that this parameter has
a large impact on the provision of damping at frequencies
close to the loop bandwidth of the power controllers. This
is particularly relevant if the converter system is required to
dampen power-system oscillations, which often appear in this
frequency region.

As expected from the analysis in Section II, changing the
virtual resistance, Ry, mainly has an impact on the damping
in the subsynchronous-frequency range and particularly at the
SFR, which lies at 50 Hz. This is visible in Fig. 14, which
shows the input admittance for different values of R, .

The inertial response provided by the APL can be examined
with help of the frequency response from grid voltage fre-
quency derivative d f / dt to active power Py, shown in Fig. 15.
As can be seen from the figure, a higher inertia constant,
corresponding to a lower ap, results in a higher gain, which
corresponds to a larger inertial response.

To summarize, the frequency analysis of the decoupled
GFM controller shows that the proposed design addresses
both the problem of SFR as well as power coupling, as
demonstrated by the presented frequency responses. It has
furthermore shown how different control parameters can be
used to influence the controller response in different frequency
ranges. These findings are summarized in Fig. 16, which
shows the dd-element of the converter’s input admittance as a
comparison to the desired converter behavior shown in Fig. 1.
For comparison, the response of a pure admittance, without
controller, is also shown in black. From the figure, it can be
seen that the main difference to the pure admittance appears
for frequencies around and below the APL’s and RPL’s band-
width, as the converter shows a constant power behavior in
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controller. Virtual reactor dynamics included. L, = 0.5 p.u. Solid black
curves: virtual admittance response, with Ry = 1 p.u; solid blue curves:
GFM controller response, with Ry = 1 p.u. and ¢p = {q = 1 (base case).
Dashed green curves: GFM controller response, with Ry = 1 p.u. and

¢ = 0.7; Dashed red curves: GFM controller response, with R, = 0.25 p.u.
and¢=1.

this range. As can be seen from the dashed green curve, the
main way to impact the controller’s response at frequencies
around the power controller’s loop bandwidth (apart from
tuning the controller’s parameters to a different bandwidth) is
the damping ratio ¢. At higher frequencies (here up to about
100 Hz) and in particular around the fundamental, the virtual
resistance R, becomes the dominant factor. This parameter
also plays the main role in the damping of the SFR. For fre-
quencies above this, the main impact on the input admittance
gradually shifts from R, to the virtual inductance Ly, until the
bandwidth limitation of the CC deteriorates the representation
of the VA.

V. EXPERIMENTAL VALIDATION

To validate the claimed performance of the controller, exper-
imental validations have been carried out in the laboratory.
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Controllable AC
voltage source

FIGURE 17. Photo of the laboratory setup used for validation.
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FIGURE 18. Single-line diagram of the laboratory setup.

TABLE 2. System and Control Parameters for the Laboratory Setup

System parameters Control parameters

SN 1 kVA L1 0.343 p.u.

%N 100 V Ry1 variable

wp 314.16 rad/s ap =aq 27 Srad/s
Lf 0.157 p.u. Cp = CQ 1

R¢ 0.0157 p.u. acc 2w 200rad/s
SCR  variable fsampling 5 kHz

A photo of the laboratory setup is shown in Fig. 17, with the
single-line diagram in Fig. 18. The grid voltage is emulated
using a four-quadrant programmable AC power source by
REGATRON, and the grid impedance is realized with the help
of physical reactors. The GFM converter system consists of a
two-level VSC supplied by an ideal DC voltage source rated
at 300 V. The VSC is controlled using a dSPACE dS1006
real time controller, and is connected to the PCC through a
phase reactor with inductance L¢ and resistance R¢. Sinusoidal
pulsewidth modulation is used to calculate the converter’s
switching pattern. The remaining system and control parame-
ters used for the experimental validation are listed in Table 2.
The APL and RPL bandwidths are chosen to comply with the
recommendations for GFM control action defined in [21]. Af-
ter grid energization, the VSC is initially operated via a simple
GFL control scheme, consisting of a CC with zero-reference
currents and a phase-locked loop for grid synchronization.
Subsequently, the control strategy is switched to the proposed
decoupled GFM controller.

Figs. 19 and 20 show the dynamic performance of the
proposed decoupled GFM controller in reaction to steps in
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FIGURE 19. Dynamic performance of proposed decoupled GFM controller
(blue curves) and conventional VA-GFM (red curves) in case of steps in
active- and reactive-power references (dashed-black curves). SCR = 3 and
Ry = 0.5 p.u. Top: measured amplitude of PCC voltage; middle: measured
active power; bottom: measured reactive power.

the active- and reactive-power references for a relatively weak
grid with a short-circuit ratio (SCR) of 3, and for a stronger
grid with a SCR of 5, respectively.Following the frequency
analysis in Fig. 5, in order to suppress the SFR without the
aid of additional controllers, the virtual resistance is set equal
to the virtual reactance: Ry = Ly = 0.5 p.u. As shown, regard-
less of the strength of the connecting grid, the controller works
as intended and presents a first-order LPF response as for the
design. Only a small cross-coupling between active and reac-
tive powers can be observed, mainly due to the variation of the
grid voltage in response to a power step. For comparison, the
dynamic performance of the conventional VA-GFM with the
same control parameters and grid conditions is also reported
in the figures (red curves).

In order to further appreciate the effectiveness of the pro-
posed decoupled GFM controller against the conventional
VA-GFM, Fig. 21 shows the detail of the dynamic perfor-
mance of these controllers for two extreme selections of
the virtual resistance: Ry = 0.3 p.u. (dashed curves) and
Ry =1 p.u. (solid curves). It is evident from the figure that
the conventional VA-GFM presents a very large overshoot as
the virtual resistance increases, up to c.ca 35% of the applied
power step. On the other hand, the coupling between active
and reactive powers is almost negligible when using the de-
coupled GFM, up to 4% for Ry = 1 p.u. Furthermore, it is of
importance to highlight that the dynamic performance of the
decoupled GFM is almost unchanged regardless of the large
variation in the virtual resistance, confirming the possibility of
independent selection of the virtual impedance’s parameters.
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FIGURE 20. Dynamic performance of proposed decoupled GFM controller
(blue curves) and conventional VA-GFM (red curves) in case of steps in
active- and reactive-power references (dashed-black curves). SCR = 5 and
Ry = 0.5 p.u. Top: measured amplitude of PCC voltage; middle: measured
active power; bottom: measured reactive power.
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FIGURE 21. Detail of dynamic performance of proposed decoupled GFM
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FIGURE 22. Dynamic performance of proposed decoupled GFM controller
during RoCoF event for ¢p = 0.5 (green curves), p = 0.7 (red curves), and

¢p = 1 (blue curves). Top: grid frequency; middle: measured active power;

bottom: measured reactive power.

Finally, to validate the effectiveness of the proposed tuning
mechanism for the APL and the ability to provide inertial
power, an RoCoF event is applied to the system. In this
study case, the frequency of the controllable-voltage source
is reduced at a rate of 2 Hz/s from 50 to 45 Hz, while the
active power reference is set to P = 0 p.u. The loop band-
width ap is selected in accordance with (26) to achieve an
inertia time constant H = 5 s. Consequently, for the applied
frequency disturbance the inertial active-power response is
0.4 p.u. The loop bandwidth «q is kept as in Table 2. Fig. 22
illustrates the active power response of the converter for three
different values of the damping ratio {p. As observed, all cases
produce the desired steady-state inertial-power. As expected,
alower damping ratio results in a faster rise time of the inertial
power; its selection, depends on the system requirements.

VI. CONCLUSION
In this article, a novel control strategy for VA-GFM for ef-
fective decoupling between the active- and reactive-power
responses has been presented. The proposed Decoupled VA-
GEFM controller is based on a complex-power outer control
loop and employs a VA-compensation algorithm to achieve
near-perfect decoupling between active and reactive power for
any selection of the VA parameters. As a consequence, the vir-
tual resistance in the VA can be selected arbitrary, depending
on the system needs for damping in the subsynchronous-
frequency range and at SFR.

This article also presents a detailed frequency analysis of
the proposed controller. This analysis demonstrates that the
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different degrees of freedom in the controller can be used to
influence the behavior in different frequency ranges indepen-
dently. Furthermore, it is shown that for equal selection of the
APL and RPL bandwidths, both the closed-loop transfer func-
tion and the converter’s input admittance can be expressed as a
single-dimensional transfer function, thus allowing for single-
input/single-output representation of the decoupled VA-GFM.
The effectiveness of the proposed approach over the con-
ventional GFM control strategies are also verified through
experimental tests.

APPENDIX

Consider a virtual admittance model where its resistive part
is negligible: ¥y (w) =~ 1/ jwL, — ¢y(w) = —m /2. Using the
circuit in Fig. 4, the virtual back-EMF voltage vp\: can be
derived from Figs. 7 and 8 as

VEME = EXTIN = efx ol

olvxtiex e~ ilaretyx +iex)—m/2] 0N

e|yx+jgx |e=Jarglyx +iex) im/2 ejeN
(30)
—j JT/2
= erx—jex)e™" ,joN

— EXFI GION — EX I (X HON)

= VeMmF ng()’x+9N)

where the subscript “X” denotes that the controller outputs
have been calculated considering a reactive input-admittance
model. From the equations above, the voltage vpyr has the
same structure as for a conventional GFM control, with the
APL and RPL deciding the voltage phase and magnitude
through the corresponding output signals yx and ex, respec-
tively. Note that the conventional controller generates the
voltage magnitude, V, directly from the RPL, whereas in the
proposed strategy the RPL’s output is its natural logarithm
(i.e., € = In(V)), to guarantee the same control structure for
APL and RPL.

The result in (30) also agrees with the power-flow equations
derived from (2) and (3) for a purely reactive impedance (Z, =
1/%,)

P VgVEMF,X sin § _ Vgegx sin yx
¢ Zy Zy

) ) (€2))
Ve VEMF,x €08 6 — Vg VeefX cos yx — Vg
£ Z, B Z,
Similarly, consider now the extreme case of a virtual admit-
tance model where the resistive part is dominant: Yy (w) =
1/Ry — ¢y(w) = 0. The virtual voltage vgyp can now be
calculated as

i i iep le—ilagOR+ieR)]
VEME = SERTIN — g i — Llyrtierle eION

— p(PR=JER) pJON — R pJ(—ERTON)
= VeMF Rej(—8R+9N)
(32)
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where the subscript “R” denotes that the controller outputs
have been calculated considering a resistive input-admittance
model. As can be observed, the role of the active- and reactive-
power controllers to generate the phase and magnitude of
VpMmr 1S reversed as compared with the reactive impedance
case: |vgyp| controls the active power, while /(vgyp) con-
trols reactive power. This is inline with the power-flow
equations derived from (2) and (3) for a purely resistive
impedance

VeVEME,R cOS 8 — ng Vge'R cos eg — ng

. = =
Zy Zy (33)
0, = _VgVEMF,R sin § _ —VgeVR sin eg
&£ Z, - Z,

While the conventional VA-GFM would have generated the
phase and magnitude of vgyr in a similar form as in (30), re-
gardless of the selected parameters for the virtual admittance
(leading to a deteriorated dynamic performance with nonneg-
ligible Ry), thanks to the implemented phase compensation
the role of the controller outputs y and ¢ adapts automatically
in the decoupled GMF. For the two extreme cases considered
in this appendix, moving from a reactive to a resistive model
of Yy, leads to

EX =™ ¥R
YX — —ER

yielding to the same active- and reactive-power flow in (31)
and (33).
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