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Abstract—The aim of this paper is to present a grid-forming
(GFM) control strategy with a novel active-power loop (APL)
structure facilitating limitation of active power while providing
maximum available inertial support. This is achieved by decoupling
the synchronization duties of the APL from the inertial support.
The latter is provided by calculating the active-power reference
through a dedicated inertia-emulation loop (IEL), which is con-
nected in cascade with the APL. The effectiveness of the proposed
method is demonstrated through laboratory experiments including
frequency transients of varying size and unbalanced operating
conditions.

Index Terms—Current limiting, frequency stability, grid-
forming converter, grid-connected converter, inertia, low-inertia
power system, rate of change of frequency.

I. INTRODUCTION

WORLD-WIDE transformation efforts towards the future
renewable-based power system result in the replacement

of synchronous with converter-interfaced generation. The pre-
ferred solution for the challenges associated with this develop-
ment are grid-forming (GFM) converters, which typically rely
on their active-power loop (APL) for grid synchronization [1].
This allows the converter to act as a voltage source and enables
to easily provide a number of ancilliary services such as inertial
support and fault current contribution [2]. One of the main
challenges for GFM converters is the necessity to limit the
converter current and at the same time maintain stable operation
and the required GFM properties [3]. Due to this, as reviewed
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recently in [4] a large number of publications is available on the
topic of current limitation in GFM converters. The vast number
of current-limitation strategies for GFM converters can be sorted
into three main categories [4]: strategies employing a type of
current-reference limiter such as [5], [6], [7], [8], [9], strategies
relying on a virtual impedance for current limitation as for
example [10], [11], and finally strategies employing a limitation
of the virtual back electro-motive force (EMF) such as [12].
The referenced articles as well as the majority of existing studies
dealing with the stability of current-limited GFM converters [6],
[13], [14] focus on current limitation during voltage dips. How-
ever, as this article will show, grid-frequency disturbances are
a relevant cause of current saturation that can lead to angular
instability. This kind of disturbance is particularly challenging
when the APL provides not only grid synchronization, but also
inertial support.

From the few available publications dealing with frequency-
disturbance induced instability, mainly three types of current
limitation strategies have been identified. The first is control-
mode switching (CMS), as suggested e.g. in [15], where a
complex modified droop control manipulates the active and
reactive power references based on the converter currents to
prevent loss of synchronism due to current saturation. A different
approach involving CMS is presented in [16], selecting different
frequency-response strategies based on frequency deviation and
an estimate of the rate of change of frequency (RoCoF). A third
example is given in [17], where a re-synchronization aid function
is employed to limit frequency variation while the converter
is in current control mode. The second type of strategy is to
adapt the inertia, which in [18] is based on grid impedance
estimation, to ensure a chosen stability margin for the GFM
converter. The third strategy is to switch the synchronization
duty during current limitation to a backup synchronization unit,
typically a phase-locked loop (PLL) [19], [20], [21].

CMS as well as parameter adaptation change the converter’s
properties abruptly, which is typically not desirable. Further-
more, some implementations require knowledge of system pa-
rameters such as the grid impedance, which is typically un-
known. Inaccurate estimation of these parameters results in
either too conservative or excessive limits, making it challenging
to fully utilize the converter’s actual capabilities without risk
of overcurrent [22]. Furthermore, these solutions are typically
tailor-made for a specific GFM controller, resulting in a chal-
lenging adaptation for usage with other control strategies. The
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Fig. 1. Circuit diagram and control system of a grid-connected converter.

use of a backup PLL during current saturation changes the
controller’s characteristics and, depending on the implemen-
tation, can result in the loss of some of the converter’s GFM
capabilities [23], which is undesirable as they are typically
needed the most during grid disturbances.

The aim of this article is to propose a solution to the GFM
stability problem by decoupling the synchronization task of the
APL from the provision of inertia. To address the issue properly,
the root causes of angular instability in GFM converters are
investigated. Here, the focus lies on the sources of instability
for inertia-providing controllers in case of large grid-frequency
disturbances. It is shown that existing solutions available in
the literature, typically based on variation of the active-power
reference [5], [6], [10], [13], [14], are not effective for this
kind of event because the inertial effect appears in the APL
after the reference variation. Based on this analysis, a new
solution originally presented in [24] is investigated, consist-
ing of an inertia-emulation loop (IEL) in cascade with a fast
APL. The IEL is based on the structure of a PLL and is used
to generate an active-power reference emulating the desired
amount of inertia, whereas the APL provides synchronization
with the grid. Decoupling the synchronization loop from the
inertia provision enables to dynamically limit the converter’s
load angle through the limitation of the active-power reference.
As a consequence, the current output of the converter can always
be controlled within the converter’s ratings without the need for a
current-reference limiter, thus preventing instability due to grid-
frequency disturbances [25], [26]. Next, the tuning procedure
for APL and IEL is established, demonstrating how the IEL
parameters relate to the desired inertia constant and damping
ratio of the inertial response. This is followed by experimental
validation, demonstrating that the desired behavior is achieved.
Thanks to the proposed control strategy, it is possible to preserve
the GFM properties and limit the converter current without the
need for control-mode switching or parameter adaptation.

II. GRID-FORMING CONVERTER STABILITY PROBLEM

The common property of the majority of the GFM control
structures suggested in the literature is that the converter should
be modelled as a voltage source behind an impedance [2],
[27]. This behavior can be achieved using different grid-
synchronization methods, e.g. using a dedicated synchronization
unit like a PLL. Fig. 1 shows a typical grid-connected converter
with its controller and the control input and output signals. GFM
converters typically synchronize by relying on the active-power
transfer, which can provide increased robustness in weak grids

Fig. 2. Block scheme (top) and equivalent circuit (bottom) representation of
the virtual admittance-based GFM control approach.

Fig. 3. P -δAPL curve illustrating the converter angle stability problem for a
current limit of 1.1pu with Vg = 1pu. A: Pre-disturbance operating point; B:
Current limit reached; C: transient stability limit; Pdmax: maximum decelerat-
ing power.

and islanding operation [28]. In this work, the virtual admittance-
based approach from [29] is implemented with the structure
displayed in Fig. 2. A detailed description of the control system
follows in the next section, as the results of this study are not
specific for this control structure.

Angle instability in GFM converters mainly occurs due to
two reasons: firstly, the power reference being too large for the
grid conditions such as grid strength and voltage, e.g. during
a fault [5], [6], [10], [13], [14]; secondly, the power controller
being unable to follow the grid voltage angle in case of an angle
jump or frequency disturbance. The latter is the focus of this
paper.

For the system depicted in Fig. 2 (bottom figure), neglecting
the system losses the steady state per-unit converter current is

Ic =
V EMF − V s

jX
=

Vs sin δ + j(Vs cos δ − VEMF)

X
, (1)

where the dq-frame is aligned with the converter back EMF, δ
denotes the phase displacement betweenV EMF andV s, andX is
the sum of reactances between them1. The active-power transfer
from the converter to the grid is defined with ∗ symbolizing the
complex conjugate as

P = Re {V EMFI
∗
c} =

VsVEMF

X
sin δ, (2)

and shown in blue in Fig. 3 for an example system.

1The virtual admittance Y v = Z−1
v in Fig. 2 is the inverse of the series of the

virtual impedance Zv1 and the physical filter impedance Zf .
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Fig. 4. Phasor diagram illustrating the effect of current limitation on the virtual
back EMF. Unlimited in blue, limited in red.

Denoting with Imax the maximum allowed converter current
and using circular current limitation [5] on the current reference
Iref , the limited converter-current reference is

Iref,lim = Iref
Imax

Iref
∀ Iref > Imax. (3)

Note that the activation of the current limiter is equivalent to
a variation of the phasor V EMF, defined as V ′

EMF in Fig. 4.
From the figure, current limitation results in a reduction of the
load angle δ when compared with the unlimited case, denoted
as δAPL. Even despite this reduction, the angle δAPL still has an
impact on the exchanged active power, as it determines the angle
of the current reference Iref . Using (1)-(3), the relation between
δAPL and the current-limited active power Plim is given as

Plim = Re{V sI
∗
ref,lim}

= VsVEMF sin δAPL
Imax√

V 2
s + V 2

EMF − 2VsVEMF cos δAPL

,

∀ Iref > Imax. (4)

Fig. 3 illustrates the current-limitedP -δAPL relationship follow-
ing from (4) in red. After the current saturates at B, the power
transfer decreases for increasing δAPL.

The type of instability highlighted in this section is caused by
an inability of inertia-providing APLs to follow the grid voltage
angle in case of severe frequency disturbances or phase angle
jumps. To follow a change in the grid frequency, the APL needs
to adapt its internal frequency, which requires a power control
error. As an example, a frequency decline would cause the
load angle δ to increase until the additional decelerating power
Pd = −2H dωg

dt is achieved, where H is the APL’s inertia con-
stant in s and ωg is the grid-voltage angular frequency in rad/s.
This decelerating power will appear as a steady-state error in the
active power for a constant RoCoF. When the current is limited,
the needed decelerating power might not be reached, resulting in
an continuously increasing load angle. This can cause the loss
of synchronism if the unstable equilibrium point C is passed,
equivalent to first swing instability in a synchronous machine
(SM). It should be noted that the decelerating power only de-
pends on the APL’s control parameters and the grid disturbance,
not on the active power reference. It is therefore impossible to
affect this power control error by limiting the reference, and
even during operation with an active-power reference of zero
the decelerating power can cause the converter’s current limiter
to saturate for large inertia constants and frequency disturbances.

The simulation shown in Fig. 5 illustrates this instability
mechanism caused by a frequency decrease. During unsaturated

Fig. 5. δAPL, γ and δ for converter instability due to frequency disturbance
at 4 s.

operation, the angle γ defined in Fig. 4 is zero. During limitation,
the required deceleration power Pd cannot be reached and the
APL angle δAPL increases steadily. As a consequence, γ is
decreasing at an accelerating rate, which demonstrates the loss
of the synchronization signal. In this case, loss of synchronism
cannot be prevented by limiting the active-power reference,
because the additional power is not caused by a change in ref-
erence, but by the APL’s inability to reject the grid disturbance.
GFM converters are prone to this type of instability when they
rely on the active-power transfer for synchronization. Due to
this, the APL output is not a load angle, but a ramp-formed
phase angle. When the APL angle output is manipulated to
guarantee current limitation, the synchronization signal is lost.
Large inertia, high RoCoF and operating points close to the
maximum power transfer will increase the risk for this kind of
instability, as the necessary decelerating power increases or the
available current for decelerating power decreases, respectively.

III. PROPOSED SOLUTION

The GFM design incorporating both synchronization and
inertial response in the APL is the approach typically encoun-
tered in the literature for GFM converters providing an inertial
response [28], and will here be referred to as integrated GFM. To
overcome the described risk for instability present in these ap-
proaches, the cascaded structure for the converter’s active-power
controller displayed in Fig. 6 is proposed here. The PI-based
APL tracks the active-power reference and synchronizes with
the grid by generating the angle for the converter virtual back
EMF. As the duty of the APL is to provide sychronization only,
a relatively high loop bandwidth can be selected to ensure good
dynamic performance regarding both disturbance rejection (e.g.
in the case of phase jumps) and reference tracking.

The inertia response PH is instead calculated by the IEL and
added onto the APL’s power reference Pset. This is similar to
the approaches proposed in [30], [31], where a PLL is used to
provide an inertial response from a grid-following converter.
The advantage of the proposed approach over other methods
to provide RoCoF-proportional inertial response is that the
frequency derivative is implicitly determined within the IEL.
This replaces the noise-sensitive derivation step and means
that the RoCoF estimate is immediately available, reducing
delays in the converter’s inertial response [30]. By generating
the inertial response explicitly as a part of the power refer-
ence, it can be effectively limited, preventing the previously
described instability. In the integrated GFM, a large frequency
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Fig. 6. Proposed cascaded structure for the active-power controller of GFM converters with the optional additions for a second-order APL shown in red.

disturbance would cause the current limiter to saturate. In the
proposed solution, the active-power reference is adequately
limited instead, which prevents saturation of the current and
the consequential instability. For this, the admissible converter
power Slim =

VgSN

VN
is estimated with the rated converter power

SN and rated voltage VN.2 It is used together with the reactive
power injected by the converter, Q, to calculate the active-
power limit, Plim = (S2

lim −Q2)1/2, which is then applied to
the active-power reference Pref [25].

In contrast to the proposed solution, the inertial response from
an actual or virtual SM is not achieved by varying the power
reference, but is a natural reaction to a frequency transient while
mechanical torque or power reference, respectively, are held
constant. Due to that it is nontrivial in these control designs
to limit the active power without compromising the loop’s
synchronization task. Separating the inertia from the APL as
in the proposed cascaded controller gives on the other hand
the possibility to prevent the current from exceeding its rated
value by limiting the inertial power, which in turn avoids the
triggering of the current limiter in Fig. 2. Generating the inertial
response through the APL power reference comes with the
additional advantage that the presented IEL can be used with any
sufficiently fast APL, and consequently can even be employed in
grid-following converters to provide inertial response. Despite
of being based on a PLL structure, the IEL does only provide
inertia emulation, while the APL is exclusively responsible for
active-power reference tracking and, in a GFM, for synchro-
nization with the grid. To enable operation under unbalanced
and distorted grid voltage conditions, a sequence separation
and harmonic filtering method based on a recursive least square
algorithm (RLS) is used on the inputs of the IEL.

The other parts of the controller shown in Fig. 2 are tuned
according to the method presented in [25]. While the active-
power controller generates the virtual back EMF angle, its
magnitude is determined by the voltage controller (VC), here
consisting of a simple integrator with a droop. The voltage-based
limiter presented in [25] is used to ensure current limitation by
reducing the back-EMF magnitude when necessary. The virtual
admittance (VA) is used to calculate current references from

2This applies if the converter-power reference should be limited so that
1pu current is not exceeded. If it is admissible for the converter to tempo-
rary inject larger current, e.g. thanks to a temporary overcurrent capability,
Slim = VNImax instead, with Imax being the temporary current limit.

the limited back EMF voltage and the PCC voltage. Thanks to
its resistive-inductive nature, the VA provides reference-current
filtering (through Xv) and damping (through Rv); furthermore,
it helps in preserving the converter’s dynamic performance
under varying grid strengths by reducing the impact of the grid
impedance on the total impedance variation [32]3. To ensure
proper protection of the converter hardware, a circular current
limitation as described in (3) is applied to the current references.
Note that this current limiter has a protection function only; the
controller is designed such that the limiter at maximum saturates
for a few samples during the beginning of severe disturbances
and relies on the limiters in the outer loop to keep the current
within its limit. The limited current references are then fed
to a vector-current controller to generate a converter-voltage
reference.

A. Active-Power Loop Tuning

The APL employed in this paper is based on a PI-regulator,
as described in [29], to guarantee proper tracking of the active-
power reference even when the grid frequency varies from the
rated frequency [34]. The controller’s PI-regulator is tuned using
a loop-shaping approach with active damping. Following the
tuning approach in [24], the controller parameters are selected
as

Kpd = 2
αPC

Pvmax
, KpPC =

αPC

Pvmax
, KiPC = αPCKpd, (5)

whereKpd is the active damping term4,KpPC is the controller’s
proportional and KiPC the integral gain. αPC is the APL’s
desired closed-loop control bandwidth, and

Pvmax =
VEMFVg

XV
(6)

is the converter’s power transfer limit as determined by small-
signal stability. As demonstrated in [24], this controller is suit-
able for the desired separation of inertial support from the
APL and provides perfect power-reference tracking for constant
grid-frequencies.

3The virtual reactance is selected in the range of typical SM output reac-
tance [33], while the virtual resistance is chosen to provide a small time constant
for the dc-current offset originated from the large virtual reactance.

4Note that here the active damping has been changed in comparison to [24]
to provide additional active damping in case of active-power reference steps.
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An ongoing grid-frequency disturbance will however result
in a steady-state error in the active power, similar to an inertial
response. This can be shown by examining the transfer function
from a change the grid voltage angle θg to the change in the
active power ΔP ,

Gg(s) =
ΔP

Δθg
=

−s2

P−1
vmaxs

2 + (KpPC +Kpd)s+KiPC
. (7)

A constant RoCoF can be expressed by Δθg = kωb

s3 , where k is
the RoCoF in pu and ωb is the base angular frequency in rad/s.
The steady-state error is then given by applying the final value
theorem:

lim
t→∞ΔP = lim

s→0
sGg(s)

kωb

s3
= − kωb

KiPC
. (8)

If desired, inertial contribution from the APL under the
presence of a constant RoCoF can be removed by adding a
second-order integrator. In this case, an integrative gain has to
be included in the active-damping term to achieve the desired
control behavior. This corresponds to the APL shown in Fig. 6
including the blocks in red. The tuning of this second-order APL
follows the same loop-shaping approach and is shown below.

The active-power transfer from the converter to the grid
neglecting resistances is given by the two port (2), which can be
applied here due to the relatively slow speed of APLs, allowing to
use quasi-steady state equations. To tune the controller properly,
the equation is formulated with regard to the measurable PCC
voltage instead of the Thévenin source, with δ = θEMF − θg.
Linearizing this equation for small angle differences, and for-
mulating the transfer function for a change in the converter angle
with a constant grid voltage phase angle gives the plant model
for the controller design as

Gθ(s) =
ΔP

ΔθEMF
=

VEMFVg

XV
= Pvmax. (9)

The closed-loop transfer function for a step in the power refer-
ence including the controller and plant model contains a first- and
second-order zero, which results in a pronounced overshoot in
the step response. To remove this overshoot, the active damping
terms Kpd and Kid/s are introduced as displayed in Fig. 6.
This is similar to the approach typically used for vector current
controllers (e.g. as suggested in [35]), but in this case an inte-
grative term is included in the active damping as well to cancel
the second-order zero. This results in the transfer function from
the output of the PI-regulator to the injected active power

Gω(s) =
ΔP

Δωc
=

1
Kid

PvmaxKids

s2 + PvmaxKpds+ PvmaxKid
, (10)

which corresponds to a second-order system with natural
frequency ω0 =

√
PvmaxKid and the damping ratio ζD =

PvmaxKpd(2ω0)
−1. Good results have been achieved by select-

ing the natural frequency to match half of the desired control-
loop bandwidth αPC, and choosing a damping ratio of 2, which
results in

Kid =
ω2

0

Pvmax
=

α2
PC

4Pvmax
and

Kpd =
2ω0ζD
Pvmax

=
2αPC

Pvmax
. (11)

The closed-loop transfer function from the reference to the actual
active power is

GPC(s) =
ΔP

ΔPref
=

PvmaxFPC

s+ Pvmax(FPC + FD)
, (12)

with

FPC = KpPC +
KiPC

s
+

KsPC

s2
and

FD = Kpd +
Kid

s
. (13)

A proper selection of the controller gains by comparing coef-
ficient reduces the system order to one:

GPC(s) =
PvmaxFPC

s+ Pvmax(FPC + FD)
=

αPC

s+ αPC
, (14)

with
s

αPC
=

s+ PvmaxFD

PmaxFPC
(15)

resulting in

FD = FPC
s

αPC
− s

Pvmax
(16)

and finally in

Kpd +
Kid

s
= KpPC

s

αPC
+

KiPC

αPC
+

KsPC

αPCs
− s

Pvmax
. (17)

This yields the controller gains

KpPC =
αPC

Pvmax

KiPC = αPCKpd =
2α2

PC

Pvmax

KsPC = αPCKid =
α3
PC

4Pvmax
. (18)

As mentioned before, the addition of a second-order integrator
in the APL is optional with the aim to reduce the amount of
inertial response from the APL. If a first-order controller is
preferred, setting the parameters KsPC and Kid in (11) and (18)
to 0 results in the same parameter values as (5).

Since in the proposed controller the IEL provides the in-
ertial response and the APL is only responsible for power
reference tracking and synchronization, the bandwidth αPC

can be selected as desired. Advantages of a fast APL include
better rejection of grid-frequency disturbances and consequently
more robust synchronization as well as better power reference
tracking. In this publication, an APL loop bandwith of 5Hz is
chosen, which is in the frequency range typical used in PLLs
used for synchronization in grid-following converters while still
respecting the upper limit for control-loop bandwidths for GFM
control from the grid codes reported in [36].

B. Inertia-Emulation Loop Tuning

The IEL is tuned to behave equivalent in terms of inertial
power contribution to a SM. The IEL’s output is the pure inertial
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response PH, which is equivalent to a lossless synchronous
condenser (SC), where the mechanical power Pm = 0. The
fundamental idea is that both SC and IEL track the phase angle
of the grid voltage with a given speed, which corresponds to
their inertia.

The relation between a change in rotor speed of the SM and
an active-power imbalance is given by the swing equation:

2H
dωr

dt
= Pm − Pe −Kd (ωr − ωs) . (19)

Here,H denotes the inertia constant in seconds,ωr is the angular
rotor frequency, ωg the angular frequency of the grid voltage,
Pe the electrical power injected to the grid and Kd the damping
coefficient of the machine, with all quantities but H in pu.
For a SM operating in a stable steady-state operating point,
electrical and mechanical power must be equal. During a grid
disturbance, the power imbalance in such a machine will be
its inertial response PH = Pm − Pe. Laplace-transforming and
rearranging yields

ωrs =
−PH

2H
− Kd

2H
(ωr − ωs) . (20)

As the mechanical time constants are much higher than the
electrical, the SM’s electrical power Pe can be expressed in
quasi-steady state as in (2), neglecting the resistances. Assuming
a dq-coordinate frame that is aligned with the machine’s back
EMF results in

Pe =
VEMFVs

X
sin(θr − θs) = −VEMF

X
V q
s , (21)

where V q
s denotes the source voltage q-component, and X the

sum of reactances between the back EMF and source voltage.
In the SC case with Pm = 0, back EMF and grid voltage are
aligned with each other in steady state and V q

s is zero. A change
in the grid voltage phase angle would result in a misalignment
of the voltages and an active power PH = Pe.

For small angle differences, this can be linearized as

PH =
VEMFVs

X
(θr − θs) =

VEMFVs

Xs
(ωr − ωg) , (22)

using the angular frequency and phase angle relationships

θrs = ωr and θss = ωs. (23)

In most cases, the additional power and consequently angle
difference due to inertial response is small, and the linearization
creates only negligible deviations. Using the previous equation
to rearrange (20) with the SM maximum transferable active
power Psmax = VEMFVs

X results in

ωrs = −
(

Kd

2HPsmax
s+

1
2H

)
PH. (24)

Equivalent behaviour can be established for the IEL. If the
emulated inertial-power reference PH is chosen as the input
to the IEL’s PI-regulator, the derivative of the loop’s internal
frequency is determined as

ωvrs = − (Kps+Ki)PH, (25)

where ωvr is the loop’s frequency estimate and Kp and Ki the
proportional and integral gain, respectively. PH is given by

PH = − Vc

Xf
V q
g , (26)

with the PCC voltage q-component V q
g in the coordinate system

aligned with the IEL angle θvr, and the filter reactance Xf
5. This

equation is the two-port equation formulated with the converter
terminal and PCC voltage. The virtual back EMF is replaced with
the converter terminal voltage because the virtual resistance can
take values that are too high to be neglected, making the use
of the simplified two-port equation inaccurate. The Thévenin
source voltage V s is replaced with the PCC voltage because the
latter can be directly measured. The tracking behaviour of SM
and IEL given in (24) and (25), respectively, can be related to
each other to establish equivalent behavior with the following
tuning:

Ki =
ωb

2H
, Kp =

ωbKd

2HPmax
, with Pmax =

VcVg

Xf
. (27)

This formulation assumes all quantities in the IEL are in pu
with the exception of virtual angular frequency ωvr and virtual
rotor angle θvr, which is why the base angular frequency ωb

appears in both expressions. Thus, the integral gain of the IEL
directly relates to the inertia constant of the SM behavior to be
reproduced, while the proportional gain represents the damping.
It should be noted that that the inertial effect from the IEL
and the APL are cumulative. This is due to the reason that the
IEL’s inertial effect is added to the active-power reference fed
to the APL, while the APL’s inertial effect manifests as a power
control error, i.e. in addition to the loop’s power reference. To
achieve the desired total inertial effect, the APL’s inertia constant
should be subtracted from the total inertia constant to determine
the inertia constant used for tuning the IEL. The first-order
APL’s inertial effect is, based on (8), (18), and (24), given as
HPC = ωbPvmax/(4α2

PC). In case a second-order APL is used,
the IEL is tuned with the total inertia constant. In either case,
the cumulative inertial effect will be equivalent to a SM with the
same inertia constant.

To enable the controller to leave active-power saturation after
extreme grid-frequency disturbances more quickly, the auxiliary
PI-controller suggested in [37] is implemented in the IEL.

C. Selection of Damping

As mentioned above, the proportional gain relates to the
damping of the inertial response from the IEL. The relation
in (27) determines Kp if a specific SM damping coefficient
is to be reproduced. In a SM, damping is linked to physical
properties such as friction and typically associated with losses.
In consequence, SMs are usually poorly dampened. In the IEL,
the damping does not imply any losses, which means it becomes
an additional degree of freedom. Increased damping comes
however with the downside of a slower response.

5Instead of Vc and Xf , VEMF and Xv could be chosen instead. Here, the
converter voltage and filter reactance are chosen to avoid the power coupling
dynamics introduced by Rv and to couple the emulated inertia closer to the grid
voltage.
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Fig. 7. Comparison with synchronous condenser and impact of the damping
ratio on rise time and overshoot.

In the previous section was established that inertial response
relates to tracking changes in the grid voltage angle with a
specific speed. This tracking speed is determined by the IEL
closed loop transfer function, given as

GIEL(s) =
Δθvr
Δθg

=
Pmax(Kps+Ki)

s2 + PmaxKps+ PmaxKi
, (28)

employing the small angle linearization

Δθg =
1
Vg

ΔV q
g . (29)

This is a damped second order response with a zero,

GIEL(s) =
2ζωns+ ω2

n

s2 + 2ζωns+ ω2
n

, where

ωn =

√
ωbPmax

2H
, and ζ =

√
ωb

2HPmax
Kd (30)

using (27), which allows to determine the proportional gain
based on the damping ratio as

Kp = ζ

√
2ωb

HPmax
. (31)

The effect of different damping ratios is shown in the results
from time-domain simulations in Fig. 7. For this study case, the
frequency of the voltage source is reduced with 1Hz/s from
50Hz to 47Hz, while the steady-state active-power reference is
set toPset = 0 pu. The inertia constant is selected asH = 4.68 s,
which together with the inertial contribution from the first-order
APL employed in this simulation results in a total inertia constant
of 5 s, meaning that the frequency disturbance should result in
an inertial response of 0.2 pu. The figure demonstrates that the
proposed controller is able to reproduce the behavior of a SM
with good accuracy. The proposed approach combines a fast
APL with a change in the power reference, while the response
from the SM is purely based on its mechanical behavior. From
the figure, it can be appreciated that the proposed solution has a
smaller rise time when tuned to the same damping ratio as the

Fig. 8. Comparison of the inertial contribution from a synchronous condenser
and an IEL with varying damping ratio during a frequency disturbance caused
by a load step.

SM. This can be understood from (24), (25) and (27): As the
filter reactance Xf used for the parameter selection in the IEL is
smaller than a typical SM’s transient reactance, the IEL’s inertia
is coupled more closely to the grid voltage and thereby reacts
faster to frequency changes. It can also be seen that the low
damping of the SM causes a challenging behavior. As the IEL
damping can be freely adapted without any losses, a response
without overshoot (ζ = 1) can be selected. As an additional
degree of freedom in the controller tuning, the damping ratio
of the inertial response can be selected according to the needs
and specifications of the converter system and the connecting
grid. To achieve a compromise between speed and damping of
the inertial response, a damping ratio of ζ = 0.707 is suggested
and chosen in this paper.

To study the impact of the damping of the inertial response un-
der a more realistic grid frequency disturbance, a load step is sim-
ulated. The grid model employed is based on the lumped-mass
representation of the Nordic synchronous area detailed in [38].
The lumped-mass model has a PID-governor and hydro-turbine
model, which are tuned using the parameters given in [38]. The
system model’s ratings have been chosen in relation the size of
the converter used for the experimental validation in Section IV,
and are given in Table II in the appendix. The simulation results
for a load step of 0.02 pu are shown in Fig. 8. As can be seen from
the figure, the proposed controller can reproduce SM behaviour
even for this disturbance type. Furthermore, the results show
that increased damping does not have a notable effect on the
frequency nadir.

D. Sequence Separation and Harmonic Filtering

Unbalanced conditions or operation under distorted grid volt-
ages impact the IEL and result in an unsteady inertial-power
reference. To avoid this, a sequence separation algorithm is
applied to the PCC and converter-terminal voltages, as shown in
Fig. 6. The RLS based method from [39] in its implementation in
dq-coordinates as described in [25] is used here. As mentioned
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Fig. 9. Photo of the laboratory setup used for validation.

Fig. 10. Single-line diagram of the laboratory setup.

in [39], the method can be used to not only separate positive
and negative sequences, but can in distorted grids also be used
to simultaneously estimate selected harmonic components. The
harmonics present in the grid voltage will lead to oscillations in
vg,q in the IEL’s reference frame, and are therefore added to the
power reference by the IEL. Due to this, it can be advisable to use
the RLS for harmonic estimation, in particular to the IEL’s input
signals, which allows to keep the active-power reference as free
from harmonic content as possible. Due to the low-pass filtering
characteristic of the RLS, the RLS provides some harmonic
filtering even for the harmonics not explicitly included in the
separation [39].

In this paper, for both the APL’s and the IEL’s RLS estimator
the same relative bandwidth of ξ = ωRLS/ωb = 0.9 is selected
to provide a good compromise between estimation time and
estimation accuracy. In this paper, the IEL’s estimator is tuned
to provide sequence separation as well as harmonic estimation
for 5th and 7th harmonic. The delay added by the RLS estimator
has been shown to be neglegible [24].

IV. EXPERIMENTAL VALIDATION

In this section the results of laboratory validation of the
proposed controller are presented and discussed, verifying the
effectiveness of the proposed solution in dealing with the chal-
lenges described in Section II. The experiments are conducted
using the setup depicted in Fig. 9, which is illustrated in the
single-line diagram in Fig. 10. In the laboratory setup, a REGA-
TRON four-quadrant controllable AC power source is utilized
to emulate the Thévenin voltage of the power grid, and inductors
are used to adapt the grid strength according to Xg = 1/SCR.
The GFM converter system is realized using a 2-level voltage
source converter supplied by an ideal DC voltage source. The
converter system is connected to the grid at the PCC through a

TABLE I
SYSTEM AND CONTROL PARAMETERS

Fig. 11. Step response of the first- and second-order APL. Displayed is the
positive-sequence active power.

filter reactor with inductance Lf and resistance Rf . A dSPACE
DS1006 processor board is used to control the GFM converter.
The setup’s system and control parameters are given in Table I.

To validate the converter’s response to a frequency distur-
bance, a linear frequency variation (frequency ramp) is consid-
ered, in accordance with [40], [41], [42]. A frequency ramp is the
harshest condition for the synchronization system, as it leads to
a constant phase variation (which depends on the ramp’s slope).
Furthermore, the use of a frequency ramp allows to directly
verify that the inertia contribution corresponds to the desired
inertia constant.

A. Comparison of Active-Power Loops

A step in the active-power reference is used to compare
the performance of the first-order APL used in [24] and the
second-order APL described in the previous section. At t = 1 s,
the active-power reference is stepped from 0 to 0.5pu. The
IEL is deactivated during steps in the active-power reference
to appreciate the dynamic performance of the APL. The results
from this test are shown in Fig. 11. From the figure can be seen
that the second-order APL’s response in yellow is following the
first-order APL’s response in red. This shows that both APL
designs provide equivalent reference tracking performance if the
same closed-loop bandwidth is chosen due to the loop-shaping
approach used to tune the controller parameters.

As explained, the reason to add a second-order integrator to
the APL is to completely remove the APL’s inertial response for
constant RoCoFs. This effect is illustrated in Fig. 12, where the
response of a first- and second-order APL to a frequency ramp of
5Hz/s is shown. In both cases, the IEL is deactivated to empha-
size the difference between the two APLs. As can be seen from
the figure, the first-order APL provides an undesired inertial re-
sponse during the RoCoF. In the second-order APL, the second-
order integrator compensates for the constant RoCoF, removing
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Fig. 12. Dynamic response of first- and second-order APL to a grid-frequency
disturbance of 5Hz/s during t = 0 s to 1 s. Top: Grid and internal converter
frequency (fc = ωc/(2π)). Middle: Positive sequence active power. Bottom:
Converter-current magnitude Ic.

the inertial contribution after a short time. Even though the
inertial contribution from the first-order APL may appear small
in relation to the RoCoF, this power exceeds the active-power
reference. In applications with limited energy storage such as a
STATCOM, it is necessary to reduce the APL’s inertia as much as
possible to allow for tight control of the active-power exchange.
Furthermore, as this inertial contribution is added onto the
limited active-power reference, the injected power can exceed
the limit if the reference saturates during a grid-frequency distur-
bance, to a lesser extent than but not unlike the integrated GFM.

B. Comparison With Integrated GFM

The proposed solution is here compared to an integrated GFM
controller; as described in Section III, the latter consists of the
first-order APL tuned to provide the same inertia and damping as
the combined IEL and APL in the proposed solution. To compare
the performance of the proposed solution to this controller,
two experiments are conducted. In both cases the PCC-voltage
is controlled by the converter to 1.0 pu, with an active-power
reference of Pset = 0.8pu. The first study case is a frequency
reduction of the infinite voltage source, ωs, from 50.0Hz to
49.25Hz at a rate of 0.5Hz/s, while in the second case the
frequency is varied with 2.0Hz/s to a minimum of 47Hz. In
both cases, the disturbance has a duration of 1.5 s and begins at
t = 1 s.

The results for the smaller RoCoF are shown in Fig. 13. From
the figure it can be seen that the proposed GFM controller, plotted
in red, is able to recreate the inertial response of the internal
GFM controller in blue, with the only exception being a slightly
larger overshoot at the beginning and end of the response. As

Fig. 13. Dynamic response of integrated GFM and proposed solution to a
grid-frequency disturbance of 0.5Hz/s during t = 0 s to 1.5 s. Top: Grid and
internal converter frequency. Middle: Positive sequence active power. Bottom:
Converter-current magnitude Ic.

the integrated GFM controller’s provides inertia through a slow
APL, the internal converter frequency ωc is filtered in this case.
Since the proposed controller’s APL has a higher bandwidth,
which comes with the advantages of improved synchronization
and robustness as well as faster reference tracking, the converter
frequency shows a higher harmonic content in this case. This
increased harmonic content, however, does not result in more
oscillations in the active power or current exchanged with the
grid, as can be seen from the two lower plots showing active
power and current. This experiment shows that the proposed
control structure is able to recreate the inertial response of an
integrated GFM or other VSM implementations.

Fig. 14 contains the results for the larger frequency distur-
bance. In this case the integrated GFM controller (blue) demon-
strates the instability described in Section II: The current limiter
prevents the power exchange to reach the necessary acceleration
power, and the converter in consequence loses synchronism.
The proposed GFM control structure shown in red is on the
other hand able to limit the active-power exchange to 1pu and
maintains stable operation. It is important to stress that in the
proposed solution, current limitation is purely achieved by the
manipulation of the reference active-power signal and that the
reference-current limiter (see Fig. 2) is never triggered. In con-
trast to the simulations presented in [24], the active power of the
proposed solution does not exceed 1pu and does immediately
end when the RoCoF subsides. This is the result of the inclusion
of the auxiliary PI controller described in [37].

C. Operation Under the Presence of Grid-Voltage Unbalance

The capability of the proposed solution to withstand unbal-
anced grid condition is tested in an experiment involving a
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Fig. 14. Dynamic response of integrated GFM and proposed solution to a
grid-frequency disturbance of 2Hz/s during t = 0 s to 1.5 s. Top: Grid and
internal converter frequency. Middle: Positive sequence active power. Bottom:
Converter-current magnitude Ic.

Fig. 15. Dynamic response of the proposed solution to a simultaneous single-
phase voltage dip of 0.5pu and grid-frequency disturbance of 1Hz/s during
t = 0 s to 1.5 s. From top to bottom: Grid and internal converter frequency,
active power, positive-sequence active power, converter-current magnitude Ic.

Fig. 16. Dynamic response of the proposed solution to a grid-frequency
disturbance of 1Hz/s during t = 0 s to 1.5 s under the presence of 5th- and
7th harmonic with a magnitude of 0.05pu each. From top to bottom: Grid
and internal converter frequency, active power, positive sequence active power,
converter-current magnitude Ic.

single-phase voltage dip of 0.5pu, together with a frequency dis-
turbance of 1Hz/s. This test also demonstrates the importance
of sequence separation in the IEL. The results of the experiment
are illustrated in Fig. 15, with the blue curves showing the results
of deactivated sequence separation in the IEL, and the red curves
the results of an active RLS providing sequence separation for
the IEL. In both cases, the sequence separation for APL and
current controller remains active.

As can be seen from the figure, without sequence separation
the active power from the GFM is highly distorted. Without the
sequence separation, the negative sequence causes a 100Hz-
oscillation in the dq-voltage vector, which is transferred into
the voltage q-component and consequently to the inertial-power
reference. The plot shows that there is even a notable amount
of harmonic distortion before and after the disturbance, which
is due to the unavoidable presence of unbalance and low-order
harmonics in the laboratory setup. The addition of the RLS-
based sequence separation in the IEL reduces the oscillations in
the full active power drastically, and even removes most of the
oscillations present in the positive-sequence active power. The
small transient oscillations at the beginning and end of the fault
are caused by the time needed for the RLS to correctly estimate
the sequence components.
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D. Operation Under the Presence of Grid-Voltage Harmonics

The IEL can not only cause oscillations in the active-power
reference and active power exchanged with the grid when there
are unbalances in the grid voltage, but also due to the presence of
harmonics. This effect is demonstrated in the experiment shown
in Fig. 16, where a 5th and 7th harmonic of 0.05pu magnitude
each are added to the grid voltage. As in the previous study, a
grid-frequency disturbance of 1Hz/s is applied for 1.5 s. Similar
to the unbalanced case, the figure shows that the controller
without filtering in the IEL (blue) causes more harmonic content
in the active power. It can also be seen that this controller is
not capable of providing the desired inertial response - this
is due to the oscillation in the power reference exceeding the
active-power limit. This saturation causes the active-power flow
which is subjected to the filtering effect of the APL to have
a reduced mean. The red curve, illustrating the controller with
activated RLS estimator, shows reduced harmonic content in the
power flows and the desired inertial response. If other harmonics
are present in the intended application, they can similarly be
removed by including them in the RLS estimation algorithm.

V. CONCLUSION

This paper has demonstrated that grid-frequency disturbances
can be the cause of instability in inertia-providing GFM con-
verters, and that the existing strategies to manipulate the power
reference during current saturation are ineffective in this case.
To solve the problem of loss of synchronism due to a slow
active-power loop exposed to current limitation, a cascaded
power controller consisting of an IEL in cascade with a fast APL
has been proposed. A second-order integrator can be added to the
APL to completely remove the APL’s inertia. The experimental
validation has confirmed that this approach effectively decouples
the control elements responsible for provision of inertia and
synchronization to the grid, resulting in a stable operation even
during major disturbances. The proposed controller has been
shown to be robust against unbalanced and distorted grid voltage
conditions and to allow for effective active-power limitation
while at the same time providing inertial support.

APPENDIX

TABLE II
LUMPED-MASS MODEL PARAMETERS FOR LOAD STEP SIMULATION
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