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ABSTRACT The massive penetration of renewable energy sources in electrical systems has been displacing
synchronous generators (SGs) from conventional power plants in the last few years. Renewable generation
plants are usually connected to power grids through electronic power converters, which cannot provide the
same power generation services as SGs due to their mode of operation. Recently, different concepts have
been proposed for electronic converter control in an attempt to emulate the performance of SGs, resulting
in the so-called grid-forming converters (GFCs). This paper proposes a new GFC control strategy based on
the reactive power synchronization (RPS) method, which decouples the synchronizing power and the active
power control of renewable generation source to which a converter is connected. For this purpose, this study
assesses three power sources: batteries, photovoltaic (PV) plants, and full-converter wind turbines.Moreover,
the study proposes models and controls for each of these sources, whose dynamics exert a decisive influence
on the grid services provided by renewable energy plants. Thereafter, the study proposes a GFC–RPS control
scheme and verifies its effectiveness in different applications; for example, inertial response, which provides
power immediately through a fast frequency response after a grid has experienced a load variation. Unlike
storage systems and wind turbines, PV plants can only render these services if they are not operating at
maximum power. Further, the study validates the GFC–RPS control strategy for regulating AC voltage at the
output terminals of a converter. Finally, the paper assesses GFC hot swapping during the transition from a
grid-connected to an isolated-operation mode while feeding a dynamic load. Results revealed that both the
voltage and frequency remain stable, thereby demonstrating that the proposed GFC–RPS control indeed acts
as a true voltage source and emulates the behavior of a conventional SG.

INDEX TERMS Grid-forming power converter, renewable energy sources, reactive power synchronization,
fast frequency response, converter hot swapping.

I. INTRODUCTION
The concept of grid-forming converters (GFCs) was first
introduced within the context of microgrids [1], [2] as a novel
control method for voltage source converters (VSCs) acting
as uninterruptible power supplies aimed at maintaining volt-
age and frequency at the load when it becomes disconnected
frommicrogrids. GFCs act as voltage sources with low-series
impedance, which implies that synchronization systems must
be accurate enough to support parallel operations with other
GFCs supplying isolated loads.

The associate editor coordinating the review of this manuscript and

approving it for publication was Youngjin Kim .

However, in recent years, GFC development has risen to a
greater dimension due to themassive integration of renewable
energy sources in power systems. Renewable energy systems
are usually connected to a grid through electronic power
converters, which are increasingly displacing synchronous
generators (SGs) used in conventional power plants. These
SGs traditionally control the voltage and frequency of power
grids. Current energy generation scenarios in many European
electricity systems reveal that at certain periods of time,
an extremely high percentage of energy demand (>70%) is
covered by renewable generation, and some countries are
even proposing renewable generation to meet 100% of the
total energy demand in the forthcoming decades [3].
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From a grid standpoint, converters operating in grid-
following mode are considered voltage-controlled current
sources, as opposed to SGs, which act as voltage sources.
International grid codes [4] set forth operating criteria for
renewable generation in terms of the following grid services:
a) power/frequency control, b) reactive/voltage control, and
c) supply continuity in the events of voltage dips (e.g., fault
ride through). The problem with grid-following converters
is that their services are always provided once voltage and
frequency are measured at their terminals, which is known as
grid supporting. For example, a power–frequency (P/f) regu-
lation service is executed using a phase-locked loop (PLL) to
measure frequency deviations to increase or decrease active
power. This method emulates the operation of SG gover-
nors. However, some studies suggest that they can produce
grid instability when emulating the inertial response of these
generators at extremely high electronic converter penetration
rates [4], [5].

Frequency deviation is the result of an imbalance between
generated and consumed active power in an electrical system.
Grid-following converters always render services in a delayed
manner after a power imbalance effect has occurred as they
measure the imbalance through frequency and act accord-
ingly. In a synchronous generation scenario, converters work-
ing in this mode will maintain frequency initially, but they
will not be able to completely control it by themselves. There-
fore, renewable generation plants are not normally allowed
to feed local loads isolated from a grid and must include
‘‘anti-islanding’’ protection [6].

Furthermore, GFCs commonly emulate SG behav-
ior. In these instances, the control system’s orientation
angle (θ) that is determined by measuring voltage directly
at converter terminals through a PLL, it is now replaced by
the integral action of the frequency deviation, 1ω, which it
is calculated through an active power synchronization loop,
or through reactive power as the current study proposes.
In recent years, several research studies have been published
on GFC grid synchronization methods, but most of them
have focused on active power synchronization loops [7]–[11].
References [7]–[9] discuss the design of active power syn-
chronization methods against disturbance rejection, voltage
harmonics, unbalance, phase jump, and frequency devia-
tion events. Furthermore, [10], [11] study the stability of
synchronization processes in weak grids and during voltage
dips. The simplest synchronizationmethod comprises a droop
regulator that determines frequency increase, 1ω, based
on active power deviation from an established reference
value [12]–[14]. Although this method has been widely
used in microgrid applications, the first synchronization
scheme for VSC converters connected to a grid without a
specific synchronization unit was introduced by Zhang et al.
in [15]. This synchronization process was initially proposed
for high-voltage direct current (HVDC) converters, but it
has finally been extended to other applications. This tech-
nique uses controls to emulate synchronizing torque naturally
offered by SGs. This led some researchers to propose the

use of controlled-operated power synchronization loops to
reproduce the oscillation equation of an SG. These con-
trols are known as a virtual synchronous machine (VSM),
[14], [16], [17]. A synchronverter is based on a similar
approach [18], but it emulates SGs without using any specific
synchronization unit. Finally, [19] presents a synchronous
power converter (SPC), whose operating principle is based on
determining frequency deviation, 1ω, from a second-order
function applied to the variation between the measured and
reference active powers. This technique uses an additional
frequency loop to modify the active power reference when
a deviation exists between the reference frequency and fre-
quency recorded by a PLL.

All the aforementioned techniques use an active power
synchronization (APS) loop; however, a similar technique
also exists based on reactive power synchronization (RPS)
[20]–[24]. This technique is grounded on the relationship
between the active and reactive powers exchanged instan-
taneously by the GFC as per the dynamic equations of the
interconnection grid. GFC–RPS was first proposed in [20] as
a frequency control scheme for the internal grid of offshore
wind farms connected to HVDC links through LCC rectifiers.
Uncontrolled rectifiers (including units with diode rectifiers)
can be used in offshore wind farms because their power flows
in a single direction. These rectifiers are also more affordable
and robust compared to HVDC-VSC rectifiers, but they need
a stable AC grid to switch. This work proposes a central
solution wherein a GFC is connected to the input terminals
at a rectifier station, and it is supported by a capacitor bank.
Later, [22] discussed the possibility of implementing controls
without capacitors. In [21], the authors applied the same con-
trol technique, but in a distributedmanner. Here, the front-end
converters of full-converter (FC) wind turbines maintain the
frequency of internal AC grid and simultaneously achieve an
equitable distribution of the reactive power generated by a
wind turbine farm. In [23], the authors assessed the dynamic
relationship between active and reactive powers, as well as
the control strategies used to synchronize converters to a
grid by measuring reactive power. The advantage of this pro-
posal is that the active power channel remains free, without
the synchronization loop being affected by the dynamics of
the renewable energy source. Moreover, [24] proposes an
extension of the RPS concept but applied to controlling the
distributed frequency of FC wind generators in black-start
applications.

Another important aspect regarding the operation of GFCs
is the transition between the grid-connected operation and
isolated modes, or vice versa, which is known as hot swap-
ping. However, this transition implies a significant distur-
bance of voltage and frequency [50]–[52].

Most of the control proposals discussed in previous studies
assume an ideal DC voltage source in the DC link capable
of providing all the energy demanded by the AC terminals.
However, in wind generators and photovoltaic plants, GFC
responses actually depend on the dynamics of the source. The
present paper specifically addresses GFC control strategies
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using RPS applied to renewable generation sources (wind
generators, photovoltaic plants, and batteries). Moreover,
it assesses and discusses their response to frequency varia-
tions, AC voltage controls, and during the transition between
the grid-connection and isolated modes of operation.

This paper is organized as follows: Section II provides a
system overview, and Section III discusses basic RPS prin-
ciples applied to a simple grid comprising a GFC connected
to a voltage source with an impedance Zg and modeled by its
dynamic equations. Section III also proposes a linear model
in the state space and obtains transfer functions for active
and reactive power increments in terms of voltage and angle
module variations. Thereafter, Section IV presents the RPS
control scheme, as well as a block diagram for the plant model
and RPS controls. Likewise, a resulting oscillation equation is
calculated as a second-order function that establishes a rela-
tionship between angle and active power variations, similar
to an SG. Section V discusses renewable generation plant
models for sources connected to a converter, as well as active
power regulation schemes. Further, Section VI examines reg-
ulator designs, and Section VII provides the results from the
simulations conducted for each of the technologies analyzed.
Specifically, Section VII addresses GFC responses against
grid load variations, AC voltage controls, and the transition
process between grid-connected and isolated modes, feeding
a dynamic load on converter terminals when a circuit breaker
trip occurs. Finally, Section VIII discusses our conclusions
from this study.

II. SYSTEM DESCRIPTION
Fig. 1 illustrates a system scheme composed by a grid-
forming controlled voltage source electronic converter con-
nected to a grid. The voltage across the DC bus terminals
is Vdc, and the input current is Idc. The converter is con-
nected to the point of common coupling (PCC) through an
LC filter. The GFC is controlled by measuring the current, i,
PCC voltage, V , and grid current, ig. The instantaneous active
power,Pg, and reactive power,Qg, values are calculated at the
point where the GFC is interconnected with the grid.

A breaker is then connected between the PCC terminals
and the grid, and its state determines the operation mode
of the GFC (on: grid connected, off: islanded). The grid is
modeled through a Thévenin equivalent formed by a volt-
age source with an amplitude of Vg, a frequency of ωg,
short-circuit impedance of Zg, and ratio of X/R.
In fact, different renewable generation sources can be con-

nected to DCVSC terminals. Fig. 2 denotes the three different
DC sources assessed in this work. The left panel (Fig. 2a) dis-
plays a battery. The central panel (Fig. 2b) displays a variable-
speed type-IV (full converter) wind generator comprising
a wind turbine coupled to an electric generator controlled
through a back-end converter. Finally, the right panel (Fig. 2c)
represents a photovoltaic (PV) generator. The current gen-
erated by the battery is expressed as Ibat , DC current from
the full converter is expressed as Ifc, and current from the
PV generator is expressed as Ipv.

FIGURE 1. System description of a three-phase grid-forming voltage
source converter connected to the grid.

FIGURE 2. DC sources: a) battery, b) wind turbine, c) PV generator.

III. REACTIVE POWER SYNCHRONIZATION
To assess the existing relationship between the instantaneous
active and reactive powers generated by the GFC against an
increase in voltage and angle, the model illustrated in Fig. 3 is
used. In this figure, the GFC is represented as a voltage source
behind an impedance connected to a grid with frequency, ω0.
The grid voltage is taken as a phase reference of V g = Vg 6 0,
where grid impedance is represented by Zg = Rg + jω0Lg.
The GFC voltage is V = V 6 δ, and the angle, δ, represents
the angular difference between the two voltages.

FIGURE 3. Simplified representation of a GFC connected to a grid.

Complex power, Sg = Pg + jQg, is calculated in steady
state based on PCC output as

Sg = Pg + jQg = V

(
V − V g

Zg

)∗
(1)
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where all the magnitudes are expressed per unit (pu). The
term in parentheses represents the current phasor, Ig, and the
symbol (∗) indicates the corresponding complex conjugate.

Fig. 4 displays the vector diagram of the voltage and cur-
rent phasors.

FIGURE 4. Voltages and current vector diagram.

Considering Zg = Zgejϕg and separating the real and imag-
inary parts, the active and reactive powers can be expressed
as follows:

Pg =
V
Zg

(
Vcosϕg − Vgcos(ϕg + δ)

)
Qg =

V
Zg

(
Vsinϕg − Vgsin(ϕg + δ)

)
. (2)

If Rg = 0, then

Pg =
VVg
Xg

sinδ Qg =
(
V
Xg

) (
V − Vgcosδ

)
. (3)

The dynamic equations for the circuit illustrated
in Fig. 3 expressed in per unit for a dq reference frame rotating
at a speed of ω0 are

V − V g = RgIg +
Lg
ω0

dIg
dt
+ jLgIg (4)

where V = vd + jvq, V g = vdg + jvqg, and Ig = idg + jiqg.
When considering voltage, V g, as a reference, the

vqg component is zero, and the voltages vd = Vcosδ and
vq = Vsinδ. Taking the real and imaginary parts in (4),
we obtain the following dynamic equations:

Vcosδ − Vg = Rgidg +
Lg
ω0

didg
dt
− Lgiqg

Vsinδ = Rgiqg +
Lg
ω0

diqg
dt
+ Lgidg. (5)

The state variables of this system are idg and iqg, and the
inputs are V , Vg, and δ, where the values of the active and
reactive powers are

Pg = vd idg + vqiqg = (Vcosδ) idg + (Vsinδ) iqg
Qg = vqidg − vd iqg = (Vsinδ) idg − (Vcosδ) iqg. (6)

Next, the variations of the instantaneous active and reactive
powers transmitted by the GFC after an angle step of δ and a
voltage step of V are obtained. The grid parameter values are
as follows: Rg = 0.01 pu and Lg = 0.15 pu (Zg = 0.1503 pu
and ϕg = 86.19◦) at a frequency of 50 Hz (ω0 = 100π rad/s).

A. VOLTAGE ANGLE STEP
Fig. 5 denotes the transient variation of Pg and Qg at
t = 0.1 s, when a step of δ = 8.62◦ is generated against the
grid voltage. Here, the GFC and grid voltage magnitude both
remain constant at V = Vg = 1 pu.

FIGURE 5. Active and reactive power response to a step in the GFC
voltage angle.

As can observed, the active power increases until matching
its steady-state value of Pg = 1 pu through damped oscilla-
tion. Reactive power also oscillates until it reaches its steady-
state value of Qg = 0.09 pu. Both powers converge to their
steady-state values, but during their transient state, power
oscillations are similar in amplitude although they pulse in
counter phase.

Fig. 6 displays the power values recorded in a PQ plot.
This figure clearly denotes the damped oscillation of both
powers describing a spiral starting from the (0,0) point and
converging on the final steady-state point at (1, 0.089). The
spiral is traversed from left to right in such a way that, as the
active power increases, the reactive power decreases.

FIGURE 6. PQ plot. Step in the GFC voltage angle.

B. VOLTAGE AMPLITUDE STEP
The same analysis is conducted when the magnitude of
the GFC voltage changes from V = 1 to 1.075 pu. The
voltage angle at the PCC is held constant and equal to
δ = 0◦. Fig. 7 denotes the transient variation of the active
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FIGURE 7. Active and reactive power response to a step in the GFC
voltage amplitude.

and reactive powers. Both the powers oscillate in phases, but
the active power remains approximately constant, and the
reactive power increases until it reaches its steady-state value
at Qg = 0.5 pu.
The powers in the PQ plane also describe a spiral from

the (0,0) point to (0.02,0.5) pu. In this case, both the powers
oscillate in phases, i.e., a positive change in the active power
causes a positive change in the reactive power, and vice versa.
Fig. 8 illustrates the evolution of the Pg and Qg powers in the
PQ plane against changes in PCC voltage amplitude.

FIGURE 8. PQ plot. Step in the GFC voltage amplitude.

C. STATE-SPACE LINEAR MODEL
By linearizing the dynamic equations from (5) at a given
operation point, the following linear model is obtained in the
state space: [

d1idg
dt

d1iqg
dt

]
= A

[
1idg
1iqg

]
+ B

[
1V
1δ

]
[
1Pg
1Qg

]
= C

[
1idg
1iqg

]
+ D

[
1V
1δ

]
(7)

where the state variable vector is [x] = [1idg,1iqg]t ,
input vector is [u] = [1V ,1δ]t , and output vector is
[y] = [1Pg,1Qg]t .

The state matrix, A, is equal to

A = ω0

 −
Rg
Lg

+1

−1 −
Rg
Lg

 . (8)

The parameters of the state matrix are expressed in pu,
and the matrix items in (8) are expressed in rad/s because the
matrix is multiplied by the base frequency, ω0. As the matrix
eigenvalues are calculated from |λI − A| = 0, then(

λ+
Rg
Lg
ω0

)2

+ ω2
0 = 0, (9)

whose solution is

λ1,2 = −ξωn ± jωn

√
1− ξ2 (10)

where ξ is the damping coefficient, and ωn is the natural
frequency, whose expressions in terms of the plant parameters
are

ωn = ω0

√
1+

(
Rg
Lg

)2

ξ =

(
ω0

ωn

)(
Rg
Lg

)
. (11)

The values from (11) for the Rg = 0.01 pu, Lg = 0.15 pu,
and ω0 = 100π rad/s plant parameters are as follows: ωn =
314.86 rad/s and ξ = 0.07 pu. Substituting the expressions
from (10) into (9), the λ1,2 eigenvalues are expressed as

λ1,2 = −
Rg
Lg
ω0 ± jω0 (12)

where λ1,2 = −20.94 ± j314.16 rad/s for the values above.
The expressions for the B, C, and D matrices are available in
Appendix A hereto.

From the linear model matrices, the transfer functions
between the outputs (1Pg,1Qg) and inputs (1V ,1δ) can
be calculated as per the following matrix:

C (sI − A)−1 B =


(
1Pg
1V

) (
1Pg
1δ

)
(
1Qg
1V

) (
1Qg
1δ

)
 (13)

where s = jω.
Developing the matrix expression from (13), the transfer

functions corresponding to the main diagonal are obtained:(
1Pg
1V

)
= −

1
V0

(
1Qg
1δ

)
=

V0
(
s+ Rg

Lg
ω0

)
(
s+ Rg

Lg
ω0

)2
+ ω2

0

. (14)

Likewise, the secondary diagonal for the other two func-
tions are also obtained:(

1Qg
1V

)
= +

1
V0

(
1Pg
1δ

)
=

V0ω0(
s+ Rg

Lg
ω0

)2
+ ω2

0

. (15)

VOLUME 9, 2021 67993



J. L. Rodríguez Amenedo et al.: GFCs Control Based on RPS Method for Renewable Power Plants

Dividing equations (14) and (15), the active and reactive
power variation ratio against an angle increase are obtained:(

1Pg
1δ

)
= −

ω0(
s+ Rg

Lg
ω0

) (1Qg
1δ

)
. (16)

For voltage variations, the expression is equal to (16) but
interchanging the positions of Pg and Qg, as well as the sign
of the equation:(

1Qg
1V

)
= +

ω0(
s+ Rg

Lg
ω0

) (1Pg
1V

)
. (17)

Expressions (16) and (17) are consistent with the results
presented in Fig. 5 and Fig. 7. When a change in the
GFC voltage angle of 1δ = 8.62◦ is applied, the active
power, Pg, reaches its rated power after a damped oscillation.
In this case, the reactive power, Qg, oscillates in the opposite
direction, but remains practically zero. The same reasoning
is valid for active and reactive power variations against a
GFC voltage change. When 1V = 0.075 pu, the active and
reactive power variations produce damped oscillations in the
same direction, but the reactive power stabilizes at a value of
Qg = 0.5 pu and active power at a value of Pg = 0.03 pu.
Also considering, R = 0, the relationship is expressed as the
derivative of the function.

Next, the transfer function of the reactive power
change, 1Qg, in terms of the normalized frequency,
1ω, is calculated as follows:(

1Qg
1ω

)
=

(
1Qg
1δ

)(
1δ

1ω

)
=

(
1Qg
1δ

)
ω0

s
(18)

where 1δ/1ω = ω0/s.
Solving (1Qg/1δ) in (16) and replacing it in (18), then

(
1Qg
1ω

)
= −

(
s+ Rg

Lg
ω0

)
ω0

(ω0

s

)(1Pg
1δ

)
. (19)

At Rg = 0, the pole-zero pair from the previous equation is
cancelled out, and the transfer function for the reactive power
with respect to the frequency is equal to the active power
variation with respect to the angle:(

1Qg
1ω

)
= −

(
1Pg
1δ

)
. (20)

This equation indicates that, at constant voltage, the reac-
tive power is the derivative of Pg with respect to the angle, δ,
as can observed in (6).

This conclusion demonstrates the possibility of synchro-
nizing through the RPS method, where, if the active power
of the grid, 1Pg, changes due to an angle change of 1δ,
the instantaneous reactive power also changes. Against an
instantaneous change in1Qg,1ω is calculated using a droop,
which allows to calculate the angular reference, δ, of the
converter by integration. The following section discusses the
GFC control scheme based on RPS.

IV. GRID-FORMING CONVERTER CONTROL
Fig. 9 denotes the general scheme for the GFC control sys-
tem based on reactive power synchronization represented
by the RPS block. To perform this control, the instanta-
neous currents of the three-phase grid represented by the
[i]g,abc and the current at the output of the converter,
[i]abc are measured. Likewise, the instantaneous PCC volt-
ages are measured [v]abc.

FIGURE 9. General scheme of the GFC control.

This control obtains the angle, θ, through the RPS block,
which positions the d axis in a dq rotary axes system with
respect to a stationary reference axis, α (Fig. 10). The
angle, θ, is then used to determine the dq components of
the current at the output of the converter idq = id + jiq,
as well as the PPC dq voltages vdq = vd + jvq, through a Park
transformation (abc/dq). The voltage and current controllers
use these variables as input to align the PCC voltage vector
toward the d axis of the rotary system (vq = 0) and to
control the reference current, i∗d , which is associated with the
active power generatedwhen the vdq voltage vector is oriented
toward the d axis.

FIGURE 10. Voltage vector diagram.

Fig. 10 denotes the vector diagram for the PCC, v, and
grid, vg, voltages. As mentioned earlier, the v voltage vector
remains controlled-aligned to the d axis, rotating at a speed
ofω, and its angular positionwith respect to the reference axis
is θ . In turn, the vg vector rotates at a speed of ωg, forming an
angle of θg. The angle, δ, represents the angular difference
between both vectors and remains constant when ω = ωg.
According to (3), the active power transmitted from the
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GFC to grid in steady state is proportional to sinδ. The
dynamics of the power angle, δ, are determined by the fol-
lowing expression:

1
ω0

dδ
dt
= ω − ωg (21)

where ω and ωg represent the control system and grid fre-
quencies, respectively, expressed in pu.

A. REACTIVE POWER SYNCHRONIZATION BLOCK
As discussed in Section III, a dynamic relationship exists
between the reactive power, Qg, and power angle, δ, when
the GFC transfers the active power, Pg, to the grid. This
relationship will be used as a synchronization mechanism.

Fig. 11 denotes the reactive power synchronization loop
corresponding to the RPS block. The difference between the
reference reactive power, Q∗g, and reactive power measured
at the GFC output, Qg, determines the per unit frequency
increase, 1ω, that must be applied to the control to obtain
an angle of θ through the synchronization constant, Ks.

FIGURE 11. Reactive power synchronization loop.

The reactive power calculation is performed based on the
output of the GFC expressed in normalized values using a
Clarke transformation for the [i]g,abc and [v]abc instantaneous
values. When the grid is synchronized at a frequency of ω0,
then 1ω = 0, and the generated reactive power matches the
reference power asQ∗g = Qg. If the grid frequency is different
from ω0, then Q∗g 6= Qg to compensate for frequency devi-
ation through the synchronization loop. If the main breaker
trips, the currents of the [i]g,abc vector become null, and
the GFC enters in an islanded mode. In this condition of
1Qg = 0, the feeding frequency of a load connected to the
GFC terminals would be ω0.

Here, the RPS block does not act as a PLL following the
existing PCC voltage angle. Instead, it establishes a syn-
chronization component by modifying the internal frequency
increase, 1ω, after measuring the reactive power. As it will
discussed in the following sections, the GFC can operate
in islanded mode after the tripping of the main breaker by
controlling PCC voltage amplitude and frequency values.
However, this will not happen if the converter is operat-
ing in a grid-following mode. When the breaker trips, the
PLL measures the generated voltage angle, without a suitable
control reference.

B. VOLTAGE AND CURRENT CONTROLLER
The GFC controller, as illustrated in Fig. 9, receives the dq
values from the [i]abc currents and [v]abc voltages after the

Park transformation is conducted using the angle, θ, obtained
from the RPS block. This controller has an inner current
control loop for the dq components and an outer voltage
control loop, which keeps the voltage vector aligned to the d
axis from the reference rotary system, implying that vq = 0.
Fig. 12 illustrates a block diagram for the dq current and
voltage controller.

FIGURE 12. Outer voltage controller and Inner current controller.

The outer voltage controller maintains the voltage vec-
tor oriented by establishing that v∗q = 0 by regulating the
current, iq. This is possible because the dynamic equations
in the filter capacitor, Cf , describe the relationship between
current and voltage in each of the dq axes. These equations,
expressed in normalized values, are

id − idg =
Cf
ω0

dvd
dt
− Cf vq

iq − iqg =
Cf
ω0

dvq
dt
+ Cf vd . (22)

The second equation in (22) demonstrates how the cur-
rent, iq, controls the variation of vq, where the iqg and Cf vd
terms both represent voltage control loop disturbance vari-
ables. In the first equation, when the voltage is oriented
toward the rotary reference system (vq = 0), the current,
id , matches idg in a steady state. Therefore, the GFC active
power and power transmitted to the grid are equal. In a
transient state, the difference between both currents modifies
the voltage, vd , which is equal to the PCC voltage magni-
tude. This proves that the PCC voltage magnitude can indeed
be controlled through active power by changing the current
reference i∗d , but only when operating in islanding mode.
When the GFC operates in an islanded mode, the voltage
control through the active power is used to obtain the power
demanded by the load. However, when the GFC is connected
to a grid, the active power cannot be used to regulate PCC
voltage because the power setpoint is only used to obtain a
given amount of power from the source. Therefore, on grid-
connected mode, the voltage is commonly controlled through
the exchange of reactive power by modifying the Q∗g value
(Fig. 9). This reasoning, as per the filter capacitor equa-
tions, is also valid when the output filter of the GFC is
type L [22], [25], [26].
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C. REACTIVE POWER SYNCHRONIZATION BLOCK
DIAGRAM
The voltage and current controllers specified in the previous
section monitor the reference active power from i∗d and main-
tain the voltage vector aligned to the reference system, which
rotates at a speed ofω (Fig. 10); thus, v∗q = 0. As the dynamics
of these voltage and current regulators are faster than the
dynamics of synchronization loop, it can safely assume that

id = i∗dvq = 0. (23)

The dynamic equation of the current vector, ig,dq, expressed
in pu is

Lg
ω0

d ig,dq
dt
= vdq − vg,dq −

(
Rg + jLg

)
ig,dq (24)

where ig,dq represents the grid current vector along the
dq axes.

Based on the conditions set forth in (23), the active and
reactive power expressions in (6) are

Pg = +vd idg
Qg = −vd iqg. (25)

Taking the imaginary part of (24)

Lg
ω0

diqg
dt
= −vqg − Rgiqg − Lgidg. (26)

Furthermore, using the PCC voltage vector oriented toward
the d axis as the reference, as denoted in Fig. 10, then
vqg = −

∣∣vg∣∣ sinδ. Linearizing (26) around an operating point,
this expression is reduced to

Lg
ω0

d1iqg
dt
= vg0cosδ01δ − Rg1iqg − Lg1idg. (27)

This equation considers that 1ω = 0. In other words,
the frequency variation has not been taken into account
because the equation assumes that the control system always
maintains the voltage vector oriented. Moreover, (27) denotes
the relationship between iqg (reactive power) and the angle, δ.
Assessing this expression in a steady state, disregarding the
resistance Rg and multiplying by vd0, the following relation
is obtained:

1Pg =
(
vg0vd0
Lg

cosδ0

)
1δ (28)

where the term in parentheses is the synchronization
constant, Kpδ.
From (27), a dynamic relationship between the reactive

power and angle, δ can be established. Solving the equation
for 1iqg and using the operator, s, it is obtained that

1iqg =
ω0(

s+ Rg
Lg
ω0

) (vg0cosδ0
Lg

1δ −1idg

)
. (29)

Starting from the hypothesis established in (23), and
without considering the capacitor, Cf , dynamics, it can be

deduced that 1idg = 1i∗d . Therefore, if (27) is multiplied
by vd0, the following dynamic relation is obtained:

1Qg =
ω0(

s+ Rg
Lg
ω0

) (1P∗g − Kpδ1δ) (30)

where1P∗g = vd01i∗d . Likewise, the transfer function is also
obtained:

Gqp (s) =
ω0(

s+ Rg
Lg
ω0

) , (31)

which, as it may be observed, is equal to the relation-
ship obtained between 1Pg and 1Qg in (16) and (17).
Fig. 13 illustrates the block diagram for the plant model and
RPS controls from the previous equations.

FIGURE 13. Block diagram RPS control and plant model.

The RPS control block determines the frequency increase
for the reference rotary system, 1ω, based on the difference
between the reference reactive power, 1Q∗g, and generated
reactive power, 1Qg, using Ks as a synchronization con-
stant. The difference between the frequency, 1ω, and grid
frequency, 1ωg, is integrated to obtain 1δ as per (21). The
reactive power increase, 1Qg, is obtained from the transfer
function (31) and difference between 1P∗g and Kpδ1δ.

D. CHARACTERISTIC SWING EQUATION
To characterize the RPS procedure, the oscillation equation
that relates the dynamic variation of 1δ against a change in
1P∗g has to be determined, as an analogy of what happens in
an SG. Using the block diagram from Fig. 13, when1ωg = 0
and 1Q∗g = 0,

1P∗g =
(

s
GqpKsω0

)
1δ + Kpδ1δ, (32)

and considering (31), the oscillation equation is reduced to(
1

Ksω2
0

)
s21δ +

(
Rg

LgKsω0

)
s1δ + Kpδ1δ = 1P∗g. (33)

The study of the classical model of an SG connected to an
infinite bus [27] generates the following oscillation equation:(

2H
ω0

)
s21δ +

(
D
ω0

)
s1δ + Kpδ1δ = 1Pm (34)

where H is the inertia constant, and D is the damping coeffi-
cient. Comparing (34) and (33), then

H =
(

1
2Ksω0

)
D =

(
Rg
KsLg

)
. (35)
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The synchronization constant, Kpδ, in both the equations
are analogous. The H and D constants are inversely propor-
tional to the synchronization constant, Ks. Based on the unit
values used in Section III (Rg = 0.01 pu, Lg = 0.15 pu,
and ω0 = 100π rad/s) and a typical value of Ks = 0.1
pu [23], the inertia constant is H = 0.016 s and, the damping
constant is D = 0.67 pu. The H value is extremely lower
than the H value reported for an SG, whose typical values
are several seconds. This large difference is explained by the
inertia constant being produced through an electromagnetic
effect, instead of an electromechanical effect as happens in
an SG.

The following sections discuss the contribution from
renewable generation plants to the inertia emulation and
active power exchange capacities against frequency changes
reported in a grid.

V. DC SOURCES MODELING AND CONTROL
Converters in grid-following mode operate as virtual SGs
functioning as AC voltage sources connected to a grid
(Fig. 3). In an islanded operation, the GFC supplies the power
demanded by the load to maintain the voltage and frequency
values at its terminals. The active power demanded by the
load is supplied by the DC source, which is usually modeled
as an ideal source of constant DC voltage in the literature.
However, in actual converter operation, the source may be
connected to the DC terminals of the converter, such as
batteries, wind turbines, or PV generators.

For PV generators at a given irradiance and temperature
conditions, the characteristic P(V) curve of the generator
presents the maximum power generated at a given DC volt-
age, and the converter regulates the DC voltage to obtain
the maximum power point (MPPT). An extensive literature
exists on different MPPT techniques used for PV plants,
including the perturbation and observation method [29]–[31],
incremental conductance method [32]–[34], and others based
on artificial neural networks and fuzzy logic [35]. GFCs may
operate in PV plants connected to a grid using an MPPT
strategy. However, in this case, they cannot engage in P/f
regulation and supply power when a drop in grid frequency is
detected as this requires additional power input that they are
not able to generate because the maximum possible power
has already been extracted from the panel. To provide this
service, panels must operate at a DC voltage that exceeds
their maximum power value, thus generating a lower power.
Further, they can also store a power reserve that may allow
them to increase power when demanded. When the DC volt-
age is lower than the maximum power voltage, less power is
also generated, but the operations are conducted at a higher
current, and therefore, at lower performance levels [36].
Obviously, this mode of operation is not economic although
it may be required by grid codes in certain operating cir-
cumstances. When a PV generator supplies an islanded load,
with sufficient solar resources, a simple open-loop control
(leaving the DC voltage free) would allow the PV generator
to automatically adjust the DC voltage to the level required

for supplying the power demanded by the load. Of course,
even when this technique may be possible, the most efficient
way to supply an islanded load is using a hybrid system
(PV generator + energy storage systems) [37], [38].
In variable-speed wind turbines, an MPPT strategy is also

implemented, but, in this case, the rotation speed of the tur-
bine is modified to extract the maximum possible power from
the incident wind. This paper assesses a technology known as
type IV or FC, which comprises two back-to-back converters.
The converter connected to the machine (back-end converter)
controls the electrical torque of the generator to regulate the
rotation speed of the wind turbine based on anMPPT strategy
that establishes a relationship between the maximum power
and rotation speed of the turbine. The other converter (the
front-end converter) is connected to the grid. This converter
controls the DC voltage, thus guaranteeing that all the power
generated by the turbine and injected into the DC bus is
instantly drained into the grid. In the classic example of an
FC wind turbine connected to a grid, the front-end converter
works in grid-following mode using a PLL. This type of gen-
erator provides P/f regulation [39] and even emulates inertia
as a virtual SG [40] through grid-supporting controls. More-
over, these generators can also operate in islanded mode [41]
and can even provide black start services [42].When a GFC is
used in a converter connected to a grid, as illustrated in Fig. 1,
the converter receives a power command. Further, the back-
end converter controls the DC voltage through a regulation
loop that determines the electrical torque of the generator.
In this case, the functions of the back-to-back converters are
interchanged from the classic control configuration. Themain
advantage of a GFC mode control is that the FC turbine
may either operate connected to the grid or in an islanded
mode. This latter mode of operation is not possible for grid-
following converters. In an islanded mode, the front-end
converter behaves as an AC voltage source, thus maintaining
the voltage and frequency as constants at GFC terminals. The
active power demand is transferred to the DC bus, which is
served by the back-end converter, regulating the DC voltage
while, in turn, modifying the power provided by the electric
generator. As can be observed, in this operation mode, power
flows are determined by the load and not by the primary
energy source, as in grid-connected systems.

Below, the electrical models for each of the DC sources
used are described, as well as the regulation strategy for the
GFC–RPS in the both modes of operation: a) islanded and b)
grid connected.

A. BATTERY MODEL
The electrical model of the battery [43]–[45], as illustrated in
Fig. 14, includes a voltage source, Eb, which depends on the
state of charge (SoC), a series resistor, Rs, and a capacitor,Cb,
connected in parallel with the resistance,Rp, which represents
the transient capacity of the battery.

When a sudden change occurs in the current, Ib, voltage
variations at the battery terminals, Vdc, are not instantaneous
but change based on a time constant, τb = RpCb.
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FIGURE 14. Equivalent circuit of a battery.

The SoC of the battery is defined as

SoC = 1−
Q (t)
Qn

(36)

where Qn represents its nominal capacity, and Q (t) is the
capacity discharged at a given time, which is calculated as

Q (t) = Q (0)+
∫ t

0
Ibdt. (37)

The expression of the dependent voltage source, Eb, is cal-
culated according to [38] as

Eb (t) = E0 − K
Qn

Qn − Q (t)
+ Ae−BQ(t). (38)

The first term, E0, corresponds to the nominal no-load
voltage. The second term, which is expressed with a negative
sign, is actually K/SoC and represents the voltage drop dur-
ing discharge, where K is the polarization constant. As can
be observed in Fig. 15, the drop is very pronounced when
the battery is extremely discharged (SoC ∼ 0). The third
term represents the surge effect experienced by the battery
when charged SoC ∼ 1 and is modeled by the following
exponential function: Ae−BQ(t). Table 1 of Appendix B lists
the parameters that represent the discharge curve displayed
in Fig. 15 according to (38).

FIGURE 15. Discharge curve of the battery (Table 1).

The dynamic equations used to determine the voltage at the
terminals of the battery, Vdc, are

dVcb
dt
= −

1
Cb

(
Ib +

Vcb
Rp

)
Vdc = Eb + Vcb − RsIb. (39)

FIGURE 16. Battery block diagram.

Fig. 16 shows the block diagram for the battery considering
both (36) and (37).

To assess the dynamic response from the battery against
changes in power setpoint values or grid frequency variations,
the Eb voltage can be considered constant if the assessment
time period is short because the SoC of the battery only
exhibits a slight variation. Fig. 15 denotes that, for a battery
discharge capacity of 600 Ah, the recorded voltage is nom-
inal, i.e., Vn = 800 V. Therefore, even if the battery is dis-
charged at a current of 1 C (1200 A) for several seconds, the
voltage variations in the battery are extremely small because
the SoC of the battery only exhibits a slight variation.

B. FULL-CONVERTER GENERATOR MODEL
Fig. 2 (b) illustrates a type-IV wind turbine (full converter)
up to the DC bus. In a conventional FC configuration, the
back-end converter receives a torque command to regu-
late the rotation speed of the turbine. In a generator rotor
flux-oriented control scheme, the torque is proportional to
the q-axis current. Therefore, the d-axis current is usually
set to zero to obtain a given torque from the minimum cur-
rent [46]–[48]. In this case, the DC voltage is kept constant
using a voltage regulator implemented in the front-end con-
verter, which extracts all the active power produced by the
generator.

Conversely, when a GFC is used, the power control of the
wind turbine is implemented in the front-end converter. This
way, the DC voltage is regulated by the back-end converter.
The output from this regulator is the current, Ifc, as shown
in Fig. 17, which is proportional to the active power of the
generator. Unlike conventional FC controls, the active power
generated first passes from the front-end converter to the
generator and then to the turbine.

The simplified electrical model for the FC turbine (type IV)
depicted in Fig. 12 (b) is represented by a dependent current
source whose value is the output of a DC voltage regulator,
as specified in Fig. 17. The current, Ifc, is calculated based on
the voltage error, edc = V ∗dc − Vdc, as

Ifc = kpvedc + kpi

∫
edcdt. (40)
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FIGURE 17. Back-end converter equivalent circuit of a full converter using
a GFC.

The voltage response, Vdc, is obtained from the dynamic
equation for the capacitor, Cdc :

dVdc
dt
=

1
Cdc

(
Ifc − Idc

)
(41)

Assuming that no losses exist in the front-end converter,
and the voltage vector is oriented toward the d axis of the
rotary reference system, the following relationship is given
according to [49]:

Idc =
3
4
maid (42)

where ma is the amplitude modulation index, and id is the
direct component of the current vector at the output of the
converter.

C. GFC CONTROL. BATTERY AND FULL CONVERTER
The GFC–RPS control scheme proposed herein is applica-
ble when a battery is connected to the DC terminals of the
front-end converter or to the back-end converter of a wind
turbine modeled as a dependent current source, as shown
in Fig. 17.

The inputs of the control system are as follows:
a) the reference current, i∗d ; and b) reference reactive power,
Q∗g, incoming to the RPS block.

The i∗d component has three terms as can be observed in
the following expression:

i∗d = irefd −
1ω

R
+ ihsd . (43)

The first term is the irefd component corresponding to the
reference active power,P∗g. In per unit values, i

ref
d is calculated

as the quotient between P∗g and the voltage modulus of GFC
terminals, vd . Here, it has to be pointed out that vq = 0 applies
for the voltage controller; therefore, |v| = vd . The second
term is calculated from the frequency increase,1ω, obtained
as an internal variable from the RPS block and multiplied
by the inverse of the droop constant, R. When a frequency
drop is detected (1ω < 0)), the GFC injects additional active
power by increasing the value of i∗d . Note the minus sign of

the second term in (43). The third term is only used when the
converter operates in an islanded mode, and it corresponds
to the reference current, ihsd , obtained from the AC voltage
control block and uses a hot-swapping mechanism between
the grid-following operation and islanded modes. This block
establishes a voltage control at GFC terminals when they
become disconnected from the grid and start operating in an
islanded mode. The voltage control in an islanded mode is
conducted through the current, id , as demonstrated in (22).
However, when the GFC is connected to a grid, the voltage
depends on the short-circuit impedance at the PCC and on
the amount of reactive power exchanged. In Fig. 18, the GFC
contributes to AC voltage regulation when the converter is
connected to the grid through Q∗g using a droop constant, nQ.

FIGURE 18. GFC control diagram of a VSC when a battery or a full
converter is connected on the DC bus.

In the AC voltage control block with a hot-swappingmech-
anism, when the GFC is connected to the grid, the reference
AC voltage, V ref , is not required to match the voltage, V ,
recorded at the terminals. In this case, ihsd 6= 0 current
is generated, which is corrected by subtracting a voltage
increase, 1V , from V ref so that V ∗ = V ref

− 1V . The
increase in voltage, 1V , is calculated using a slow integral
regulator until V ∗ = V and ihsd = 0. This regulator has a
reset signal that is only triggered when the output switch is
open (s1 off). In this situation, the integrator block is disabled,
and1V becomes null. When the GFC operates in an islanded
mode, the voltage is controlled through the injection of active
current, ihsd , at the terminals.

This control block allows the hot-swapping mechanism to
control the AC voltage when the grid-connection trips. Dur-
ing the grid disconnection process, the capacitor voltage tends
to decrease rapidly. For this reason, the reference voltage
takes a value exceeding the nominal value to compensate this
drop dynamically, e.g., V ref

= 1.05 pu.

D. PV GENERATOR MODEL
The PV generator model depicted in Fig. 19 corresponds to
a Norton equivalent, where, according to [36], the current
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FIGURE 19. PV generator equivalent circuit.

source, Ig, and resistance, Rg, are

Ig = NpIi

(
Rs,pv

Rs,pv + Rp,pv

)
Rg =

Ns
Np

(
Rs,pv + Rp,pv

)
(44)

where Rs,pv and Rp,pv are the series and parallel resistances,
respectively, of the ideal PV module. The number of modules
connected in series forming a single string is Ns, and the
number of strings connected in parallel is Np.
According to [36], the current, Ii, at the module terminals

is

Ii = Iph − I0

[
exp

((
Rp,pv

Rs,pv + Rp,pv

)
Vpv + RsIi
αVth

)
− 1

]
.

(45)

The current, Ii, is a function of the voltage at the terminals
of the PV module, Vpv, and of the current, Iph = f (G,T ),
wherein G(W/m2) represents the irradiance and T (◦C) the
temperature. The current, I0, is approximately equal to the
short-circuit current of the PVmodule, where α is the ideality
factor and Vth the thermal voltage.
Fig. 20 denotes the I(V) and P(V) curves for the PV gen-

erator assessed in the present study. The Pdc,max maximum
power is 2 MW (point A), and it is obtained at a voltage of
Vdc,max = 700 V.

FIGURE 20. I(V) and P(V) curves of a PV generator.

Table 2 of Appendix B hereto lists the corresponding
PV generator parameters.

E. GFC CONTROL PV GENERATOR
In the same manner as the battery and FC turbine, the GFC
control for the PV generator also uses the current, i∗d , and
reactive power, Q∗g, as input variables, whose values can
be determined using an outer AC voltage controller. The
difference of this GFC is that a reference active power cannot
be imposed from the front-end converter, but it is imposed
through a voltage control, Vdc, following a PV generator
MPPT strategy (point A in Fig. 20).

The PV generator can provide the power/frequency (P/f)
regulation service as long as it does not operate at its maxi-
mum power point, Pdc,max , thereby reducing the power gen-
erated at a constant value of 1Pdc through a delta control.
Fig. 21 denotes the control scheme required by the PV gen-
erator to effectively provide P/f regulation services. Initially,
Pdc,max is determined through an estimator using the temper-
ature and irradiance as input variables. Thereafter, the power
increase, 1Pdc, is subtracted from this power so that power
may be increased if there is a frequency drop. The maximum
power estimator also determines the value of the voltage
,Vdc,max , at which Pdc,max is generated. The voltage, Vdc,max ,
is the lower limit of the integral regulator that determines the
reference voltage, V ∗dc, of the PV generator. The maximum
regulator limit corresponds to the no-load voltage, Voc, whose
value is specified in Table 2 of Appendix B. Finally, the
DC voltage regulator determines the reference, i∗d , for the
GFC. The time constant of the integral regulator is adjusted
so that it can be slower than the response from the DC
voltage regulator. In this case, a value of T = 0.5 s is
used.

FIGURE 21. GFC control diagram of a PV generator during P/f regulation.

In P/f regulation, a 1Pdc power reserve is deliberately
imposed so that it can be applied if the grid experiences a
frequency drop (1ω < 0). The regulation loop generates an
increase in −1ω/R power, which results in a transient V ∗dc
voltage drop, thus increasing the additional reference
current, i∗d . Otherwise, against an increase in frequency
(1ω > 0), the reference, i∗d , drops, generated power dec-
reases, and DC voltage transiently increases. Once 1ω = 0,
the DC reference voltage returns to its initial setpoint value.
The PV generator provides these P/f regulation services in the
operating area wherein the voltage, Vdc, exceeds Vdc,max .
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VI. VOLTAGE AND CURRENT CONTROLLERS TUNING
The control system features two nested control loops, an inner
current loop, and an outer voltage loop. The current loop is
formed through a PI regulator that controls a plant represented
by a first-order function as per the dynamics of the Lf filter.
Here, the open-loop transfer function of the current controller
is

Gc(s) = kpc

(
Tcs+ 1
Tcs

)(
1/Rf
Tf s+ 1

)
(46)

where kpc is the proportional gain of the regulator, and Tc its
integral time constant. The time constant of the filter is Tf =
Lf /(ωbRf ), where Lf and Rf represent the inductance and
resistance of the filter in pu, respectively, and ωb represents
its base frequency in rad/s. According to the filter parameters
detailed in Table 3 of Appendix C, Tf = 95 ms. If the time
constant of the regulator equals the time constant of the plant,
i.e., Tc = Tf , the pole-zero pair of the transfer function
is cancelled out, and (45) remains as an integral function
expressed as

Gc (s) = kpc

(
ωb

Lf

)
1
s
. (47)

The transfer function of the closed-loop current controller,
G′c, is calculated as

G′c =
Gc

1+ Gc
=

1
τis+ 1

(48)

where τi = Lf /(ωbkpc).
The bandwidth of (47) corresponds to the 1/τi value.

The bandwidth (BW) selected for the current controller is
500 rad/s (τi = 2 ms) so that kpc = 0.24 pu considering
that Lf = 0.149 pu and ωb = 100π rad/s (see Appendix C).
Fig. 22 denotes the Bode diagram for the transfer function of
the closed-loop current controller.

FIGURE 22. Bode diagram of the inner AC current loop (500 rad/s
bandwidth) and of the outer AC voltage loop (250 rad/s bandwidth).

The outer AC voltage regulator is calculated similarly.
In this case, the open-loop transfer function would be

Gv (s) = kpv

(
Tvs+ 1
Tvs

)(
1

τis+ 1

)(
1

Tc,acs

)
. (49)

The Gv function has three terms. The first one corresponds
to the transfer function of the PI regulator, where kpv and

Tv are the proportional gain and integral time constant,
respectively. The second term is the transfer function
from (47), and the third term is the transfer function for the
plant based on the dynamics of the capacitor, where Tc,ac is
its time constant calculated as the product from multiplying
the filter capacity by the value of the base AC impedance,
Tc,ac = Cf Zb,ac. Based on the values specified in Table 3 of
Appendix C, Cf = 6 mF, Zb,ac = 0.08�, and the time
constant, Tc,ac, is 0.48 ms.

The regulator design uses Tv = 4Tc and a voltage regulator
bandwidth of 250 rad/s (50% of the current loop bandwidth).
At these values, the proportional constant for the voltage
regulator is kpv = 0.1 pu. The Bode diagram for the transfer
function of the closed-loop current controller is illustrated
in Fig. 22.

This same procedure is followed when calculating the
DC voltage regulator. In this case, the time constant of
the DC capacitor, Tc,dc, is given by CdcZb,dc. According to
the parameters from Table 3 (Appendix C), the capacitance
of the DC capacitor is Cdc = 150 mF, and its impedance is
Zb,dc = (8/3)Zb,dc [36], which means that Tc,dc = 32 ms.
Applying the same methodology as above, the proportional
gain of the DC voltage regulator is now equal to kpv = 5.4 pu
and generates a bandwidth of 250 rad/s.

VII. SIMULATION RESULTS
This section presents the results from the GFC converter sim-
ulation using the control strategies described in the previous
sections. As shown in Fig. 23, the GFC is connected to the
grid through the switch, s1, and to a local dynamic load
(AC motor). The generic DC source either represents a bat-
tery, FC wind turbine, or a PV plant

FIGURE 23. System description of a GFC connected to an AC grid by an s1
switch and to a local dynamic load (AC motor). The generic DC source
represents a battery, a full converter or a PV plant.

The simulation results have been grouped into three
blocks. The first block examines the rapid response from the
GFC against grid frequency changes depending on the source
connected to its DC terminals. The second block discusses the
contribution from the GFC to voltage control through reactive
power regulation. Finally, the last block assesses the dynamic
response from the GFC during the AC voltage control hot-
swapping process when the GFC becomes disconnected from
the grid, and the converter remains in an islanded mode
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supplying a dynamic load at its terminals. All grid and
dynamic load parameters are listed in Table 3 of Appendix C.

A. FAST FREQUENCY RESPONSE
This section examines the response from the GFC and dif-
ferent DC sources after a load change. For these purposes,
we are considering a dynamic grid represented by an SG
with an inertia constant of H = 4 s, a droop constant of
R = 5%, and an integral constant of KI = 0.1 pu to perform
secondary regulation. The SG andGFC feed a load of 90MW.
At t = 1 s, this load increases to 108 MW, which causes
a frequency deviation, as observed in Fig. 24. Because the
power contribution from each of the DC sources is different,
the frequency values recorded are different.

FIGURE 24. Frequency response after a load change.

Here, at t = 1 s, a grid frequency drop occurs that reaches
49.5 Hz (1ω = 1%), but it gradually recovers through
the action of the secondary regulation services until again
reaching its nominal value at t = 15 s. The droop constant
used for this fast frequency response (FFR) strategy is the
same droop constant of the grid, i.e., R = 0.05 pu.
This response is only reported in the control strategy for

a GFC connected to a battery or to a FC turbine (Fig. 18),
where the current, i∗d , corresponding to a frequency variation
is calculated according to (43) as−1ω/R. Fig. 25 denotes the
power response from the GFC connected to the different DC
sources assessed after the grid has experienced a load change.
For the battery and FC wind turbine, the maximum power
increases to 370 kW, which gradually reduces as the fre-
quency recovers. As can be observed, the response from both
the systems is practically the same. According to the control
scheme discussed in Section V (item E), the response from
the PV plant is also shown in Fig. 25. The maximum power
increase generated is less than the one reported for the battery
and FC wind turbine (170 kW). Therefore, causing a higher
frequency deviation. This variation in power is lower because
of the dynamics of power being controlled through the DC
voltage controls in the PV generators. Fig. 25 also shows
how the reactive power, Qg, (in red) follows the frequency
variations experienced by the grid to maintain synchronism
although the reference value is Q∗g = 0. The minimum
reactive power value recorded is 500 KVAr.

Fig. 26 displays the Vdc variation from all the three DC
voltage sources. For the battery, after a sudden change in

FIGURE 25. GFC active and reactive power response during a load change
in the grid for different DC sources.

FIGURE 26. DC sources voltage response during a frequency change in
the grid.

frequency, the voltage drops by capacitive effect to 785 V
and recovers until it reaches its initial value at t = 20 s. The
DC voltage behavior experienced by the FC turbine denotes
a similar drop, but its dynamics are faster, even exceeding
800 V during the voltage recovery process, which finally
stabilizes at 20 s. For the PV plant, the voltage is reduced
to 750 V but then overshoots exceeding 800 V. Therefore,
the active power delivered is at times lower than the initial
power (Fig. 25).

B. REACTIVE VOLTAGE DROOP CONTROL
When the GFC is connected to the grid, AC voltage is con-
trolled based on the reference reactive power, Q∗g, from the
RPS loop. Fig. 27 charts the response from the GFC after
a voltage increase in the grid at t = 0.5 s until the voltage
reaches 1.09 V at the terminals. The droop control shown
in Fig. 18 and Fig. 21 causes the GFC to respond before
a voltage increase in the grid by absorbing 1 MVAr. This
analysis demonstrates how the GFC is able to contribute to
AC voltage control by exchanging reactive power, Qg, even
when this variable is also used in the synchronization loop.
The real AC voltage control depends on the short-circuit
power of the grid. Consequently, when the short-circuit ratio
is high, a considerable reactive power must be exchanged to
modify the voltage at the GFC terminals.

C. HOT SWAP FROM GRID CONNECTED TO ISLANDED
The transition between grid-connected and islanded modes
of operation is one of the requirements demanded from
GFCs when operating as voltage sources. However, this
transition can lead to significant voltage and frequency
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FIGURE 27. GFC reactive power response under an AC voltage increment.

variations at converter terminals when the converter swaps
from a grid-following to an islanded mode, especially after
a dynamic load has been supplied. This section discusses the
dynamic response from the GFC under the hot-swapping con-
trol strategy, as denoted in Fig. 18, after a grid disconnection
at t = 0.5 s, and the converter supplies a dynamic load.

For these purposes, it is assumed that the GFC is connected
to a battery at its DC terminals. The GFC is coupled to the
grid at its AC terminals, where an induction motor is also
connected. The characteristics of this induction motor are
described in Table 3 of Appendix C. The motor demands
1 MW, which is supplied from the grid, because the i∗d
setpoint of the converter is zero. Similarly, the reference
reactive power based on the input from the RPS block is
Q∗g = 0. Therefore, the converter provides the reactive power
demanded by the motor that it is not compensated by the
capacitors, Cf , of the LC filter.
The GFC control strategy is specified in Section V

(item C). The RPS block synchronizes the GFC to the grid
while maintaining vq = 0. The vd voltage regulator also
remains active, with the integrator enabled with a time con-
stant of T = 0.3 s enabled to adjust the V ∗ reference to the
actual voltage of the grid (vd = 1 pu). The V ref voltage is
set at a higher value than the rated voltage, which is 1.05 pu.
This way, in a steady state,1V = 0.05 pu, and the current is
ihsd = 0. The top chart in Fig. 28 shows the voltages, vd and
vq, when the main switch, s1, trips at t = 0.5 s.

FIGURE 28. Voltage and frequency response during the transition
between grid-connected mode to is landed mode.

The voltage across the capacitor tends to drop rapidly
when the grid is disconnected, at which point the voltage

regulator, vd, acts by injecting the current, ihsd 6= 0. The ref-
erence voltage increase, V ref , described above, is conducted
precisely to compensate the voltage drop in the first moments
after the switch has tripped. In Fig. 28, the voltage magnitude
drops to 0.9 pu and then recovers to its setpoint value of
V ref

= 1.05 pu in t = 2 s. The grid frequency oscillates
around 50 Hz before the switch trips due to the instanta-
neous reactive power ripple. However, after a disconnection,
with the GFC hot swapping to islanded mode, the frequency
imposed by the control system is exactly 50Hz. This is caused
because the frequency, 1ω, is equal to zero, which, in turn,
occurs because Q∗g = 0 and the reactive power output is zero
when the switch trips. The bottom chart in Fig. 28 denotes the
frequency measured at the converter output terminals.

Fig. 29 displays the three-phase voltages at the output
terminal of the GFC right before and after the switch trips.
As can be observed, the voltage is slightly distorted in each
phase, but the transition is smooth. Fig. 30 details the instan-
taneous voltage in one phase of the converter, ea, and at its
output terminals, va.

FIGURE 29. Instantaneous voltages in the three phases at the GFC output
terminals.

FIGURE 30. Instantaneous voltages in one phase at the GFC output ea
(top figure) and in its terminals va (bottom figure).

The output voltage of the converter presents the typical
pulse width modulation shape. When the switch trips, a dis-
continuity is observed in the commutation that causes a slight
distortion of the instantaneous voltage, va.
In an islanded mode of operation, the GFC maintains

the voltage and frequency under control, only generat-
ing the active and reactive powers demanded by the load.
Fig. 31 denotes the evolution of the active power generated
by the converter, P, and power of the grid, Pg, during the grid
disconnection process and its subsequent islanded operation
supplying the motor. Before the switch trips, the active power
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FIGURE 31. Active power drawn from the grid, Pg and active power
generated by the GFC, P .

demanded by the load (1MW) is supplied by the grid, and the
GFC power setpoint is i∗d = 0. After the switch trips, the grid
power becomes zero, i.e., Pg = 0, and the GFC automatically
assumes themotor loadwith a power oscillation caused by the
changes produced in the voltage magnitude (Fig. 28).

Fig. 32 denotes the reactive power variation absorbed from
the grid,Qg, and generated by the converter,Q. The reference
reactive power, Q∗g, of the grid is zero at all times. Before
the switch trips, Qg assumes a value slightly higher than
zero because the frequency is not strictly equal to 50 Hz,
as shown in Fig. 28. The power, Q, supplied by the con-
verter is 65 kVAr, which corresponds to the reactive power
demanded by themotor minus the power supplied by the filter
capacitors, Cf . After being disconnected from the grid, the
power, Qg, is zero (the current, ig, is zero), and the reactive
power supplied by the GFC undergoes an oscillation due to
the transient voltage variation experienced at the terminals.
At t = 2 s, the oscillation is dampened, thus reaching the
same value of Q just before the switch trips.

FIGURE 32. Reactive power drawn of the grid, Pg and reactive power
generated by the GFC, P .

The instantaneous currents of the converter and grid are
shown in Fig. 33 and Fig. 34, respectively. Before being
disconnected, at t = 0.5 s, the converter injects only reactive
current, and the active current demanded by the motor is sup-
plied by the grid. After the switch, s1, trips and the converter
is disconnected from the grid, the current of the grid becomes
zero, and the current of the converter increases to supply the
active and reactive powers demanded by the motor.

The response from themotor is presented in Fig. 35. Before
the grid switch trips, the motor rotates at 1457 rpm and

FIGURE 33. GFC instantaneous three-phase currents.

FIGURE 34. Instantaneous three-phase currents on the grid.

FIGURE 35. Response of the motor during the transition between
grid-connected mode to an is landed mode. Electromagnetic torque (top
figure) and rotational speed (bottom figure).

develops an electromagnetic torque of 6 kNm. In themoments
after t = 0.5 pu, the torque oscillates, and the rotation speed
initially drops and stabilizes at 1460 rpm at t = 2 s due to the
increased voltage at the motor terminals, i.e., V = 1.08 pu.
The results presented in this section validate the robustness

of the GFC–RPS control based on the hot-swapping strat-
egy during the transition from a grid-connected mode to an
islanded mode.

VIII. CONCLUSION
This study proposes a new GFC control system based on the
RPS method applied to renewable energy plants: PV plants,
FC wind turbines, and batteries. First, this paper provides an
overview of the RPS method, discussing the dynamic cou-
pling between the instantaneous active and reactive powers
and transfer function between1Qg and1δ, which allows the
execution of the synchronization process.

Compared to other APS methods, the main advantage of
this method is that it allows the decoupling of the active
power control and synchronization loops, which facilitates
the efficient integration of the different generation sources
connected to the DC input bus.

68004 VOLUME 9, 2021



J. L. Rodríguez Amenedo et al.: GFCs Control Based on RPS Method for Renewable Power Plants

TABLE 1. Li-ion battery parameters.

Furthermore, this paper introduces different models and
control schemes for PV plants, FC wind turbines, and batter-
ies coupled to aGFC converter. Thereafter, the study proposes
a GFC–RPS control scheme and verifies its effectiveness in
different applications. The first application is P/f regulation
when the grid experiences a load variation event. This service
is provided with batteries and FC wind turbines through FFR
from the internal control variable, 1ω. For PV plants, this
service can only be provided if the power generated initially
is lower than that of themaximum power point. In conclusion,
PV plants can provide this service but a significant energy
yield will be lost, with extreme economic implications.

Subsequently, in a grid-following mode, this paper proves
the capabilities exhibited by the GFC–RPS control to
exchange reactive power with the grid against voltage vari-
ations at its terminals, which also demonstrates the ability
of the proposed system to control the AC voltage in the
output terminals by exchanging reactive power, even when
this variable is linked to the synchronization loop.

Finally, the excellent dynamic response of the GFC is val-
idated in the transition process from a grid-connected mode
to an islanded mode while supplying a dynamic load. The
results revealed that both the voltage and frequency remain
stable at the transition, thus demonstrating that the proposed
GFC control indeed acts as a true voltage source emulating
the behavior of a conventional SG.

APPENDIX A
STATE-SPACE MODEL MATRICES
Matrix A is expressed in (7). Matrix B is obtained from (5) as

B =
[
cosδ0 −V0sinδ0
sinδ0 +V0cosδ0

]
.

Likewise, matrices C and D are obtained from the Pg and
Qg expressions in (6)

C = V0

[
cosδ0 sinδ0
sinδ0 −cosδ0

]

D =


Pg0
V0

−Qg0
Qg0
V0

+Pg0

 .

TABLE 2. PV generator parameters.

TABLE 3. Parameters used in the study.

All quantities with a subscript of ‘‘0’’ indicate steady-state
values calculated at the initial point.

APPENDIX B
DC SOURCES PARAMETERS
The battery definition parameters from Fig. 14 and Fig. 15 are
listed in Table 1.

The PV generator parameters are shown in Table 2.

APPENDIX C
GRID AND CONVERTER PARAMETERS
Table 3 indicates the electronic converter, AC motor, and grid
parameters used in this study.
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