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A B S T R A C T

This paper introduces a novel classification for droop-based control strategies towards emerging interest of
utilizing grid-forming control schemes in high voltage direct current (HVDC) systems. Classical droop control for
grid-forming operation does not conventionally depend on a phase-locked loop (PLL). It is demonstrated that by
including a PLL in droop control, it is possible to define two other droop-based control variants with different
capabilities and functionalities. To highlight the differences in performance of each control scheme, the active
power response of the power converter is evaluated in case of variation in grid short circuit ratio (SCR) as well as
the PLL response time by considering an ideal DC bus. Accuracy in active power regulation, frequency support
capability and virtual inertia emulation are the functionalities that have been addressed for the proposed three
different control schemes. In a next step, the introduced droop-based grid-forming schemes are assessed by
considering the dynamics of both AC and DC side of the power converter at one terminal of an HVDC link.
Finally, based on the simulation results, a summary of features for all introduced grid-forming control schemes is
presented1.

1. Introduction

The massive integration of renewable energy resources (RESs)
changes the generation paradigm from conventional fossil fuel-based
power plants to renewable-based generation [1,2]. RESs are connected
to the AC system through power electronic converters. Since power
electronic converters do not inherently provide the inertial response to
the power system, the increasing penetration of power electronic-based
RESs is leading to a major reduction of the total electrical grid inertia
and raising the rate-of-change-of-frequency (RoCoF) level in case of
grid disturbances [3]. Such conditions are challenging in UK and Ire-
land due to the high penetration of wind power generation. In this case,
the low inertia occurs when the load is low and high amount of power is
imported from the existing and future high-voltage direct-current
(HVDC) interconnections with the neighboring power systems [4].

Recent research projects have demonstrated that the control of
HVDC converters with grid-forming control schemes, as fundamental to
the operation of low-inertia power systems, could be an effective so-
lution to increase the equivalent inertia and subsequently to improve
the frequency dynamics of the power systems [5–7]. Therefore, several

publications have focused on the implementation of virtual synchro-
nous machines (VSMs), as one of the prominent grid-forming schemes,
with an explicit emulation of the synchronous machine's (SM) swing
equation on the HVDC converters [4,8,9].

There are several other grid-forming control schemes for virtual
inertia emulation which have been reviewed in [10,11]. Many of these
control schemes have nearly the same mechanism of operation. For
instance, the classical droop control, which relies on the power-balance
based synchronization mechanism, operates in a similar way to VSM.
The application of the droop control in the control of the HVDC con-
verters aiming to increase the power system's equivalent inertia is an
emerging topic, which has not been much assessed. Only few number of
publications have focused on the inertia emulation with the droop
control in which the dynamics of the DC side of the converter have not
been studied [12]. Conventionally, droop control does not depend on a
phase-locked loop (PLL) for grid synchronization. Instability issue while
connecting to the weak AC grids is a major concern related to including
a PLL in the control system. This statement is originated from dynamic
studies carried out on the grid-following control [13].

In this paper, three fundamentally different droop-based grid-
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forming control schemes with exclusive capabilities in power regulation
accuracy, frequency support and inertial effect are proposed. These
capabilities are examined by considering an ideal DC bus. The power
electronic converter is assumed to be connected to a simplified
equivalent AC grid where the interaction between the dynamics of the
studied power converter with the remote grid is ignored. In order to
investigate on the effect of including PLL in the grid-forming control,
several simulations are performed by applying a step in the active
power of the converter for various grid short-circuit ratios (SCRs) and
PLL response times. The obtained and presented results, in both time-
domain and state-space, highlight the fact that integrating the PLL in
grid-forming control will not cause instability in case of connection to a
weak AC grid, although the introduced grid-forming schemes have
different dynamic performance with respect to the variation of the SCR
and PLL response time. Analysis of the proposed control schemes,
provides an additional insight into the application of the droop-based
control variants in controlling an HVDC link. Therefore, in the last step
by including the DC bus dynamics to the analysis, the introduced grid-
forming schemes are examined in consideration of both DC and AC side
requirements. Simulations, which are performed in Matlab-Simulink
environment, show how the control of the DC side can be integrated
with the droop-based grid-forming control schemes for HVDC applica-
tions.

The remaining of the paper is organized as follows. Section 2 recalls
the fundamentals of the droop control for grid-forming controlled
converters. Then, considering either with or without using a PLL, three
different variants of the droop-based grid-forming control schemes are
introduced and classified based on their capability in providing the
virtual inertia for the power system. Section 3 addresses the dynamic
assessment of the proposed control schemes in terms of variation in SCR
and PLL response time and frequency support capability. The applica-
tion of the proposed control schemes in control of the HVDC converters
is discussed in Section 4. Finally, Section 5 concludes the paper.

2. Origin of grid-forming control for power converters

The grid-forming control has already been presented in many pa-
pers. Fundamental principles are now recalled to address the origin of
this control and introduce its different variants. The studied power
system consists of a DC/AC power converter, which is connected to an
AC grid at the point of common coupling (PCC) by using a transformer
(Fig. 1-a). The dynamics of the remote AC grid are ignored since the
grid is modeled with a Thevenin equivalent circuit.

A grid-forming control is based on the phase and magnitude control
of the output voltage vf . To simplify the analysis, the filtering of har-
monics is not considered. Therefore, vf is assumed to be equal to vm; the

fundamental component of the modulated converter voltage. The effect
of this assumption is discussed in Section 3.

The simplified single-phase equivalent circuit of the system is given
in Fig. 1-b. All the variables are considered in per unit. The transformer
is only modeled by its leakage inductance Xc. It should be noted that
upper case symbols stand for root mean square (RMS) values of in-
stantaneous signals. Lower-case symbols represent the instantaneous
signals. Based on this representation and by considering the voltage at
the PCC (vg), the active power can be expressed as [14]:

= = −p
V V

X
ψ ψ δ δ

.
sin( ) ( ),m g

c
m g (1)

where Vm and Vg are the RMS values for voltages and δm and δg are the
corresponding phasor angles of the voltages in radian.

The active power is controlled through the difference of angle be-
tween the converter voltage angle δm and the grid angle δg. Let's con-
sider that a PLL delivers an estimate of the phasor grid angle δ̂g at PCC.
Then, it is possible to define a reference angle ψref for the power control
as follows:

= −ψ δ δ̂ .ref m g (2)

In steady state it yields:

=ψ ψ.ref (3)

Fig. 2 presents the grid-forming control using a PLL, which is named
as scheme A. It should be noticed that since in transmission systems the
angle ψ is small, then sinψ ≈ ψ [14]. In this figure, the phasor angles
have been replaced by the time-domain angles. The expression of the
instantaneous grid angle is:

= +θ t ω ω t δ( ) ,g g B g (4)

where ωB is the base frequency and ωg the actual grid frequency. From
Fig. 2, the converter angle θm is:

= +θ t θ t ψ t( ) ^ ( ) ( ),m g ref (5)

with the sensed grid angle from a PLL:

= +θ t ω ω t δ^ ( ) ^ ^ ,g g B g (6)

where ω̂g is the estimated grid frequency. In steady state ω̂g=ωg and

=δ δĝ g. Eq. (5) can be written as = −ψ t θ t θ t( ) ( ) ^ ( )ref m g with

= +θ t ω ω t δ^ ( )g g B g. Therefore, it can be found that by using the time-
domain angles:

=ψ t ψ t( ) ( ).ref (7)

In steady state ψ is constant and so, ψref is constant. A closed loop
control including an integrator is used to eliminate the power error in
steady state (Fig. 2). Hence, in steady state, the measured active power
is following the reference power p*:

=p p*. (8)

Generally, a low-pass filter is applied to the power measurement.
The aims are to filter the measurement noise, to avoid frequency jump
and to decouple the dynamic of droop control loop from inner loops.
Here, the filter is applied to the mismatch of the reference power and

Fig. 1. Presentation of the studied system. Fig. 2. Grid-forming control with a PLL - scheme A.
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the measured power that provides the same effect [15]. The cut-off
frequency of the filter ωc has to fulfill the following condition to ensure
the stable operation of power converter [16]:

< <

ω ω
ω

ω ω.
20

.
5

,gn B
c

gn B

(9)

where ωgn is the grid nominal frequency. Usually, =ωc
ω ω.

10
gn B is chosen

in the literature [15]. In [17] it has been demonstrated that the scheme
A is highly robust against the variation of the grid short circuit ratio.
Moreover, due to the desirable estimation of the grid angle, this grid-
forming scheme can regulate the active power accurately. In Fig. 3, the
information from the PLL has been moved to obtain another variant of
the grid-forming schemes. The estimate of the grid angle is not used
anymore but only the estimate of the grid frequency. The active power
is still under control but not with the same dynamics.

For this control scheme, the differential equation that relates the
angular frequency ωm to the active power can be written as follows:

= − − − +

m ω
dω t

dt
p t p t

m
ω t ω t1 ( ) * ( ) ( ) 1 ( ^ ( ) ( )).

p c

m

p
g m

(10)

Eq. (10) is equivalent to the well-known swing equation in syn-
chronous machines, which is recalled in Fig. 4. By identification, the
equivalent inertia constant and damping factor are found as follow:

= =H
m ω

K
m

1
2

, 1 .
p c p (11)

Therefore, the control scheme B is capable of providing an inertial
effect, which is one of the main interests of using grid-forming control
for future power systems. In steady state, =ω ωm g and =ω ω^g g. It re-
sults in:

=p t p t* ( ) ( ). (12)

If the estimated frequency by the PLL is replaced by the nominal
grid frequency ωgn, (Fig. 5) a classical droop control is obtained and
named, in this paper, as scheme C. In [17], it has been shown that:

− = −ω t ω m p t p t( ) ( * ( ) ( )).g gn p (13)

This last formula is equivalent to the classical inversed frequency
droop control with the frequency droop gain mp.If this converter is
operating in parallel with other sources, it is well known that a good
load sharing when supporting the frequency is linked with the choice of
this droop gain. For example, the ENTSOE grid code for the generator
prescribes a range of droop values between 1.5% and 10% [18]. Con-
versely, with the PLL (schemes A and B), mp is a gain, which can be
adjusted with respect to the desired closed loop dynamics and there is
no link with the frequency support. Droop control can be implemented
in an outer loop as illustrated in Fig. 3.

The corresponding differential equation of the scheme C is ex-
pressed by:

= − − − +

m ω
dω t

dt
p t p t

m
ω ω t1 ( ) * ( ) ( ) 1 ( ( )).

p c

m

p
gn m

(14)

As the result, this control scheme has the same inertial effect as the
scheme B. The difference is that the value of mp is not adjustable in the
scheme C and it is determined based on the load sharing requirements.
Therefore, ωc is the only adjustable parameter to get the desired value
of inertia constant.

To sum up, the three types of control have fundamentally different
characteristics. Schema A provides only an active power control.
Scheme B adds an inertial effect. Scheme C merge, three functionalities:
active power control, inertial effect and frequency support. Although
the scheme C has all abovementioned functionalities, in terms of fre-
quency support, there is no possibility to limit the amount power that
participates in the frequency support. This may be a big issue for the
sources that are connected to this kind of converter.

3. Dynamic assessment of the grid-forming control variants

The aim of this study is to investigate on the robustness of the in-
troduced droop-based grid-forming control variants as well as the fre-
quency support capacities. To this end, the average model of the 2-level
voltage source converter (illustrated in Fig. 1a) is used. It should be
noted that in this stage, since the aim is to study only the AC side, an
ideal DC source is considered. Dynamic simulations are performed in
Matlab-Simulink environment. Control schemes are implemented in a
synchronous reference frame (SRF) by using the Park's transformation
[19].

The scheme of the dynamic model implementation is presented in
Fig. 6. In [15, 20], it has been proved that the fast dynamics of inner
control loops (voltage and current control) have a negligible effect on
the system dominant poles. Therefore, all the pole map analysis are
performed for the simplified model with no LC filter. Identical results in
time domain for both simplified model and detailed dynamic model
proves the correctness of the simplification assumption. Two following
studies in grid-connected mode assess the functionalities of the three
introduced grid-forming controls.

3.1. Connection to a constant frequency grid

In this case study, it is assumed that the power converter is con-
nected to a constant frequency grid. A focus is made on the active
power control. The dynamic response of the converter is assessed with
respect to the SCR and PLL response time variations. System parameters
are given in Table 1.

3.1.1. Variation of the SCR
According to IEEE definition, SCR is the ratio of the available short-

circuit current, to the load current at a particular location [21]. At the
PCC, SCR is expressed as:

=SCR
X
1

G (15)

Ref. [22] has defined the grid strength as strong, weak or very weak

Fig. 3. Grid-forming control with a PLL - scheme B.

Fig. 4. Implementation of the swing equation.

Fig. 5. Grid-forming control with no PLL - scheme C.
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if its SCR is greater than 3, between 2 and 3, or lower than 2, respec-
tively. The given grid impedance in the Table 1 corresponds to the
SCR=3. The droop gain mp is 2% for the scheme C. In order to have the
similar dynamic behavior in active power control loop for SCR=3, the
adjustable parameter =m 0.0062p is considered for the scheme A (see
Ref. [17]). The same value of mp as scheme A is chosen for the scheme
B. A PLL with 20 ms response time is used to provide an estimate of the
grid angle and frequency at the PCC for schemes A and B. The basic
block diagram of the PLL is illustrated in Fig. 7. Fig. 8 indicates the pole
trajectory of the studied system for all control schemes with respect to
the SCR. It can be clearly seen that, contrary to the scheme A, the
system dominant poles are moving with respect to the SCR value for
both schemes B and C. The theoretical origin of this statement has al-
ready been explained for scheme A and C in [17].

In the time domain, a step is applied to the power reference at
t = 0.2 s. Time domain simulation with the full dynamic model of the
system verifies the higher dependency of the active power dynamics for
the schemes B and C to the value of SCR as it is illustrated in Fig. 9.
Presented results show that the control scheme A is not sensible to the
SCR and so it is very appropriate for the active power regulation. More
significantly, while connecting to a weak grid by the PLL-based grid-
forming schemes (schemes A and B), the system is not facing instability
and it keeps an acceptable damping.

3.1.2. Variation of the PLL response time
In this case, the SCR is kept constant (SCR = 3) and the PLL re-

sponse time is changing. Fig. 10 shows the pole trajectory of the studied

Fig. 6. Dynamic implementation of the grid-forming control [15].

Table 1
System parameters of Fig. 1.

Parameter Value Parameter Value

Base power SB 1 GW p*pu 0.0 pu

Converter nominal power pn 1 GW mp 0.02
Base voltage VB 320 kV ωc 31.4 rad/s
Grid voltage Eg 1 pu Rv 0.09 pu
Base frequency ωB in rad/s 314.16 ωf 60 rad/s
Grid nominal frequency ωgn 1 pu Eset 1 pu
AC line-line voltage 320 kV Lf 0.15 pu
Transformer inductance Xc 0.15 pu Cf 0.066 pu
Transformer resistance Rc 0.005 pu kpv 0.52
Grid Thevenin inductance XG 0.333 pu kiv 1.16
Grid Thevenin resistance =R X /10G G 0.0333 pu kpc 0.73
us 640 kV kic 1.19

Fig. 7. Structure of the PLL.

Fig. 8. System pole trajectory with respect to the SCR for each control scheme.
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system for schemes A and B with respect to the PLL response time. It can
be clearly seen that for a wide range of PLL response time the system
stays stable.

The other result of this study is that the tuning of the PLL plays a
significant role in the system response. For the given system para-
meters, if the PLL is fast (e.g. ts<50 ms) the dominant dynamics are
mainly linked to the states in the active power control loop [17]. For
the medium values of PLL response time (e.g. 100<ts<500 ms) there is
a high interaction between the states in the power control loop and the
states that are mainly linked with the PLL tuning in participation to the
system dominant modes. For a very slow PLL (e.g. ts>1 s, which is not a
realistic range) the states that are linked with the PLL tuning have the
most participation rate in the dominant poles of the system.

Time domain simulation given in Fig. 11 also shows that for the fast
PLL, since the dominant poles are not linked with the PLL tuning, the
scheme A and B have different active power response, as expected.
However, for the high value of ts (e.g. =t s2 )s , the poles that are
mainly linked with the PLL tuning become dominant and therefore we
cannot see any difference between the active power response of both
control schemes. Infact the dynamic response of the schemes A and B
with a very slow PLL is the same as scheme C (of course with an
identical value of mp) The presented results prove the stable operation
of the proposed grid-forming control variants in case of variation in the
grid SCR and PLL response time.

3.2. Connection to a variable frequency grid for frequency control analysis

In order to study the frequency control capability the grid-forming
control variants, the power converter is connected to a variable fre-
quency grid, which is depicted in Fig 12. The grid parameters are given
in the figure. The line length is 20 km.

Since the schemes A and B do not inherently participate in power
sharing, the droop control is implemented in an outer loop (see Fig. 3)

for these schemes with a 2% droop gain. The power regulation gain is
kept constant at mp=0.0062 and the PLL response time is 20 ms. It is
assumed that the inertia constant of the power converter is H = 5 s.
Therefore, according to (11), ωc has to be equal to 16.1 rad/s for the
schemes A and B. For the scheme C, since mp is the droop gain rather
than an adjustable parameter, ωc has to be changed to 5 rad/s in order
to get H = 5 s. This reduction in the filter cut-off frequency results in
power oscillations. A derivative action on the measured active power
has to be utilized to eliminate these oscillations. More details about the
design of this derivative action is given in [12].

A 0.4 (pu) step is applied to the load at t = 5 s. Fig. 13 shows the
active power response of the power converter for each control scheme.
During the first millisecondes, it can be noticed that the power injected
to the grid is exactly the same for the three schemes. This is due to the

Fig. 9. Active power response of each control scheme with respect to the SCR variation.

Fig. 10. System pole trajectory with respect to the PLL response time for
schemes A and B.

Fig. 11. Active power response with respect to the PLL response time.

Fig. 12. Scheme of the converter that is connected to a variable frequency grid.
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voltage source behavior of the converter. Then, the control is adjusting
the angle of the modulated voltage. It can be noticed that for schemes B
and C the converter injects more power after the disturbance due to the
inertial effect. Fig. 14 shows the grid frequency ωg. The improved
RoCoF and frequency nadir for the schemes B and C are clearly de-
monstrated in this figure.

Up to here, the grid-forming control variants are introdued and their
features and capabilies have been investigated with several dynamic

studies. Due to the recent interest on using grid-forming controls in
HDVC systems, specially for the goal of virtual inertia provision, next
section is devoted to the application of the introduced control schemes
in dynamic enhancement of the HVDC systems.

4. Application in HVDC systems

In this section, the effect of using grid-forming control schemes by
including the DC side dynamics with application in HVDC systems is
analyzed. It should be noted that only one side of the HVDC link is
modeled accurately. For the other side, it is assumed that the power is
assimilated to a 10 ms first order model via a controllable current
source. The cable dynamics are ignored and in order to have a rough
model for the DC side with realistic values, the capacitors of both HVDC
substations are merged in a single capacitor, which provides a 80 ms
(40 ms for each substation) inertia constant =H ms( 80 )DC [23]. The
nominal DC bus voltage is 640 kV.

Fig. 15 shows the scheme of DC side control implementation where
the DC bus voltage is regulated thanks to the controlled current source.
Therefore, the grid-forming converter is not performing the DC voltage

Fig. 13. Active power response of each control scheme in connection to a
variable frequency grid.

Fig. 14. Grid frequency ωg.

Fig. 15. Implementation of the DC bus voltage control.

Fig. 16. Injected power from the DC bus in scenario I.

Fig. 17. DC bus voltage in scenario I.

Fig. 18. Absorbed power from the DC bus in scenario II.

Fig. 19. DC bus voltage in scenario II.
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control. To design the DC voltage controller, ignoring the current
source dynamics, a 300 ms response time is chosen. Two following
scenarios are considered for this study.

4.1. Scenario I: step in the converter active power reference

In this scenario, the aim is to verify that the DC controller is able to
regulate the DC bus voltage in such a way to keep the voltage level in
the range of 5% around the nominal value. Therefore, a 1 pu step is
applied to the reference power of the grid-forming converter. It is as-
sumed that the grid frequency is fixed. The control parameters for the
power converter as well as the AC grid parameters and load change
scenario are the same as section III. B. A 1 pu step is applied to the
reference power of the converter at t = 5 s. Fig. 16 shows the absorbed
power from the DC bus. Fig. 17 illustrates the DC bus voltage. It can be
found that the DC bus voltage is properly controlled in the acceptable
range.

4.2. Scenario II: step in the load

For this case, it is assumed that the converter is connected to the
variable frequency grid of Fig. 12. A step equal to 0.4 pu is applied to
the AC load. Fig. 18 illustrates the absorbed power from the DC bus
which is very similar to the active power at the AC side (see Fig. 12) due
to the decoupling control of the DC and AC side. Fig. 19 indicates the
DC bus voltage. It can be clearly seen that the DC voltage has more
reduction for the schemes B and C during the first milliseconds after the
disturbance. This is due to the higher demand for the energy at the AC
side to provide the inertial support. Considering the obtained results for
the performed studies in both AC and DC sides, Table 2 gives a sum-
mary of the features and capabilities of the proposed droop-based grid-
forming control schemes.

5. Conclusions

This paper proposed a classification for the droop-based grid-
forming control schemes by including a PLL on the control. Depending
on the choice that is made, the service provided to the system is
modified. Adding a PLL allows to get one more degree of freedom in the
control and to decouple the frequency support from power control loop.
Presented analysis by considering an ideal DC bus and using both
system pole maps and time domain simulations proved that the pro-
posed control schemes show different performance in case of variation
of the grid SCR as well as PLL response time, while the system remains
stable. Finally, by considering the DC bus dynamics the effect of each
scheme on the DC bus voltage control was investigated that could give
an insight to the application of the proposed control schemes in the
control of an HVDC link.
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Table 2
Summary of the grid-forming control features.

Scheme PLL Advantages Disadvantages

A Yes - Optional frequency support - Accurate power regulation -Robust against
SCR variation

- No inertial effect

B Yes - Optional frequency support- Inertial effect - Higher DC voltage deviation in case of frequency variation
C No - Inertial effect - Higher DC voltage deviation in case of frequency variation - Compulsory

frequency support
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