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A B S T R A C T   

The increasing penetration of wind energy conversion systems (WECSs) based on the doubly-fed induction 
generator (DFIG) has raised serious concerns about the stability of modern power systems. One important issue is 
the frequency control of interconnected networks, which may become more complex owing to the low inertia of 
wind turbines. In this context, this work presents a novel frequency control approach that associates the grid-side 
converter (GSC) with a synchronverter. To assess the performance of the proposed solution, a thorough com-
parison with other well-known frequency control techniques is presented, that is, pitch angle control and 
switching angle controller (SAC). Simulation tests of the IEEE 14-bus modified test system are carried out in 
PSCAD/EMTDC® software to assess the behavior of a 165 MW wind farm (WF) when frequency variations occur. 
The results show that the classical control approaches can restore the system frequency within a time interval up 
to 63% shorter and a frequency dip lower than 13% when compared with WECSs that cannot provide frequency 
support. In turn, the synchronverter-based technique presents improved performance while attenuating a fre-
quency dip by 45.7% and 56.9% when compared with the aforementioned strategies and WECSs without fre-
quency support, respectively.   

1. Introduction 

Wind energy conversion systems (WECSs) have emerged as an 
interesting solution for diversifying the energy matrix of several coun-
tries worldwide owing to the intrinsic renewable and abundant nature of 
the wind [1]. In this context, advances in wind turbine and generator 
technology caused a significant reduction in energy costs associated 
with wind farms (WFs) over the last years [2]. However, the high 
penetration of WFs may affect the power system stability significantly. It 
is also worth mentioning that the frequency variation of power systems 
due to fluctuations in the wind generator output increases, causing 
changes in the operation point of turbines. Even though WFs are pro-
vided with a frequency relay responsible for disconnecting them after a 
given frequency disturbance, the massive disconnection of generating 
units may lead to power oscillations [3]. 

Thus, modern grid codes have imposed several restrictions for the 
connection of WFs to the grid considering both steady-state and tran-
sient conditions, while incorporating the capacity of providing 

frequency control, active and reactive power flow control, and voltage 
ride through as ancillary services [4]. Variable-speed wind turbines 
(VSWTs) employing the permanent magnet synchronous energy gener-
ator (PMSG) and the doubly-fed induction generator (DFIG) associated 
with a power electronic interface can be used for this purpose [5]. 
Among them, DFIG-based WECSs are the most popular choices because 
the back-to-back converter processes only a small portion of the rated 
power, whereas one can easily control the active power and reactive 
power flow [6]. Unfortunately, VSWTs are immune to the grid frequency 
variation, causing severe stability issues in conventional power systems 
based on synchronous generators [7]. The insensitivity of DFIGs to the 
frequency deviation is due to the rotor connected to the grid through an 
ac-dc-ac converter, thus decoupling the active power output and the grid 
frequency. This aspect also prevents the frequency variation damping 
through the supply or absorption of kinetic energy. Another important 
issue is that DFIGs typically operate in maximum power point tracking 
(MPPT) mode, limiting the power reservation and the capacity to in-
crease the power output when necessary [8]. 

* Corresponding author. 
E-mail address: klima@dee.ufc.br (F.K.A. Lima).  

Contents lists available at ScienceDirect 

Electric Power Systems Research 

journal homepage: www.elsevier.com/locate/epsr 

https://doi.org/10.1016/j.epsr.2022.108820 
Received 2 February 2022; Received in revised form 18 August 2022; Accepted 15 September 2022   

mailto:klima@dee.ufc.br
www.sciencedirect.com/science/journal/03787796
https://www.elsevier.com/locate/epsr
https://doi.org/10.1016/j.epsr.2022.108820
https://doi.org/10.1016/j.epsr.2022.108820
https://doi.org/10.1016/j.epsr.2022.108820
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2022.108820&domain=pdf


Electric Power Systems Research 214 (2023) 108820

2

Frequency control has been thoroughly addressed in the literature in 
terms of distinct solutions, whereas a comprehensive review of the 
existing solutions is presented in [9]. An attempt to quantify the 
short-term active power support is addressed in [10] and, according to 
[11], there are two major approaches for this purpose. One can achieve 
primary frequency control by the de-loading operation of VSWTs to 
reserve the active power output instead of performing MPPT. On the 
other hand, virtual inertia control allows emulating the behavior of 
synchronous generators in frequency excursion events [12]. 

Considering the limited power reservation capacity of the afore-
mentioned methods, an interesting solution for providing frequency 
support is investigated in [13], in which inverters can emulate the 
behavior of synchronous machines, thus being referred to as syn-
chronverters. This technique was successfully applied in a DFIG-based 
WECS in [14], considering that the grid-side converter (GSC) can be 
controlled for this purpose. Energy storage devices like batteries con-
nected to the dc link of the back-to-back converter are used to supply the 
additional power required by the control system. So far, synchronverters 
have been mostly used in distributed generation and low-power 
photovoltaic systems [15]. Even though some works focused on the 
connection of DFIGs to microgrids can be found in the recent literature 
[16], it is reasonable to state that this is still an incipient subject, 
especially in terms of studies dedicated to large-size WECSs. 

A time-variable droop control that allows VSWTs to support the grid 
during underfrequency and mitigate secondary frequency dips is pre-
sented in [17]. A switching angle controller (SAC) can also be used to 
regulate the active power output by adjusting the angle between the 
internal voltage and the terminal voltage of the DFIG as in [18]. The 
authors in [19] analyzed the influence of the frequency response control 
on the interaction between the WECS and the grid, proposing a hybrid 
active damping technique for the WF to mitigate the potential 
lightly-damped modes. However, this latter solution may not be quite 
effective when the operation point is not fixed. Distributed model pre-
dictive control (DPMC) allows the coordinated operation of the WF and 
the power grid aiming at frequency control but at the cost of additional 
complexity involving optimization techniques [20]. Since the virtual 
inertia control relies on de-loading the WECS because the active power 
output must increase when the grid frequency is below the rated con-
dition, it is possible to combine it with modern techniques like predic-
tive control and artificial intelligence to obtain the reference quantities 
for the back-to-back converter [21]. 

In this context, considering the prominent application of syn-
chronverters to DFIG-based WECSs for frequency support, this work 
presents a control strategy that relies on replacing the DFIG with a 
synchronverter, whereas it behaves like a synchronous generator. A 
thorough performance analysis is also presented while comparing it with 
other two primary frequency de-loading control techniques, that is, 
pitch control and SAC. For this purpose, the IEEE 14-bus modified test 
system available in [22] for steady-state studies is employed, comprising 
the addition of a 165 MW DFIG-based WF to bus #1 and considering 
dynamic data for time-domain simulations. The dynamic parameters for 
a complete synchronous machine model including the machine itself, an 
exciter, and a regulator are defined based on the Santo Antônio hydro-
electric power plant model available in [23], which presents five 82.5 
MW generators. The dynamic parameters are also determined for the 
synchronous compensators according to [24]. The modified test system 
is thoroughly analyzed in PSCAD/EMTDC environment in terms of the 
performance of the frequency control techniques. 

The remainder of this work is organized as follows. Section 2 pre-
sents the modified test system in detail. Section 3 describes the primary 
frequency control approaches adopted in the comparative analysis, as 
well as the novel introduced solution based on synchronverters. Sec-
tions 4 and 5 discuss the simulation results of the test system associated 
with the control approaches and main conclusions, respectively. 

2. Dynamic model and parameters of the IEEE 14-bus modified 
test system 

Fig. 1 shows the IEEE 14-bus modified test system, where a WF is 
connected to bus #1. As previously mentioned, data of a real hydro-
power plant were used for adjusting the generators, including the 
automatic voltage regulator (AVR) and exciter [23], whereas the syn-
chronous compensators were configured according to [24]. Table 1 
shows the parameters associated with the synchronous machines and 
condensers. Tables 2 and 3 summarize the parameters associated with 
the DFIGs and transmission lines, respectively. 

To adapt the rated voltage of 13.8 kV of the synchronous generators 
and compensators to the 138 kV system, ideal transformers and buses 
rated at the same voltage levels of the machines were added to buses 
#15 – #19. The remaining parameters associated with transmission 
lines, transformers, voltage levels, and steady-state data are the same as 
those presented in [24] and [25], resulting in a total system loading of 
259 MW and 73.5 Mvar. 

The WF connected to bus #1 consists of a 5-MW DFIG with a stator 
voltage of 690 V, employing a current-controlled rotor-side converter 
(RSC) based on field-oriented vector control. In turn, the GSC relies on 
voltage-oriented control. The active switches of both converters are 
driven using pulse width modulation (PWM) hysteresis control, result-
ing in a fixed switching frequency of 6 kHz. The DFIG is connected to a 
690 V/13.8 kV transformer associated with a 13.8 kV bus, which is used 
to model a variable-speed WF. A maximum of 33 machines is adopted in 
the study, resulting in a WF whose total power is 165 MW aiming to 
replace two synchronous generators connected to bus #1 and keep the 
total system power constant during the simulation. 

The mechanical system, which comprises the turbine and the pitch 
angle controller, extracts the maximum available power from the wind 
and produces the mechanical torque. The basic operation principle relies 
on measuring the wind speed and defining the MPPT curve, which 
provides an active power reference for the RSC as defined in [26]. To 
verify the consistency of the modified test system when reflecting real 
conditions, the short-circuit levels at buses #2 and #5 were calculated, 
that is, exactly where the frequency is measured and the load blocks are 
added to verify the power system behavior, respectively. 

According to [27], one can calculate the short-circuit currents 

Fig. 1. IEEE 14-bus modified test system.  

J.D.A. de Oliveira et al.                                                                                                                                                                                                                       



Electric Power Systems Research 214 (2023) 108820

3

through the buses using symmetrical components and sequence im-
pedances. The following assumptions are made for calculating the 
equivalent Thévenin impedances: the generators are represented by 
their respective d-axis subtransient reactances xd"; the transmission lines 
are represented in terms of the pi model; the load power is constant and 
not taken into account for simplicity; the transformers are represented 

by their respective total leakage reactances. 
One can determine the short-circuit level (SCL) of a given bus by 

obtaining the equivalent Thévenin representation of the system as in (1), 
where VTh is the Thévenin voltage and ZTh is the impedance seen from 
the bus where the short circuit occurs, respectively. 

SCL =
VTh

2

ZTh
. (1) 

Considering a balanced three-phase system, the positive-sequence 
impedances of the circuit components are equal to their respective 
real parts. From the bus impedance matrix Ż, one can determine the 
equivalent impedances of the whole system from the inverse nodal 
admittance matrix Ẏ− 1 as in (2). 

Ż = Ẏ − 1
=

⎡

⎢
⎢
⎣

Ż11 Ż12 … Ż1n
Ż21 Ż22 ⋯ Ż2n
⋮ ⋮ ⋮ ⋮

Żm1 Żm2 … Żmn

⎤

⎥
⎥
⎦, (2)  

where Zmn is the impedance associated with two buses m and n, 
respectively. 

Considering the parameters listed in Table 1 – Table 3 and using the 
aforementioned methodology, one can obtain the Thévenin impedances 
associated with buses #2 and #5 as Z22 = 0.0035 + j0.0455 pu and Z55 
=0.0148 + j0.0851 pu, respectively. Thus, the respective three-phase 
short-circuit currents are Isc2 = 9.158 kA and Isc5 = 4.843 kA. Consid-
ering VTh = 1 pu in (1), the SCLs of buses #2 and #5 are 2188.2 pu and 
1157.4 pu, respectively. One can also determine the short-circuit ratio 
(SCR) from (3) for an available power Pd = 411.25 MW, resulting in 
SCR2 = 5.32 and SCR5 = 2.81. Fig. 2 shows the behavior of the root 
mean square (RMS) three-phase short-circuits, which were obtained 
from the model implemented in PSCAD environment. It is observed that 
Isc2 and Isc5 correspond exactly to the calculated values. 

SCR =
SCL
Pd

(3) 

An increase of the load power was simulated in bus #5 without 
considering the WF to assess the impact on the grid frequency. The 
loading increases at instant t = 40 s, exactly when the start-up transient 
of the power system and synchronous generators finishes. Table 4 pre-
sents the load added to bus #5 for distinct scenarios in absolute values 
and as a percentage of the total system loading of 259 MW and 73.5 
Mvar. Fig. 3 also presents the behavior of the system frequency 
measured on bus #2 for scenario #4. The frequency reduces up to 57.12 
Hz, increases to 59.44 Hz after 50 s, and equals 58.5 Hz at t = 53.86 s, 
that is, 13.86 s after the load step. Considering that the maximum time 
interval between 56 Hz and 58.5 Hz is 20 s, this is the worst-case sce-
nario for which the underfrequency protection is not enabled. Therefore, 
this condition will be adopted in the forthcoming analysis. 

The rate of change of frequency (RoCoF) is defined as the derivative 
of the power system frequency over time (df/dt) measured when load- 

Table 1 
Parameters of synchronous generators and condensers.  

Operation Sync. 
Gen. 

Sync. 
Gen. 

Condenser Condenser 

Default Unit no. (New Unit 
no.) 

1 (15) 2 (16) 3 (17) 6 (18), 
8 (19) 

Rated Power (MVA) 247.5 165 40 25 
Rated Voltage (kV) 13.8 13.8 13.8 13.8 
H(s) 3.600 3.600 1.520 1.200 
ra(s) 0.002 0.003 0.000 0.003 
xd (pu) 0.333 0.500 2.373 1.769 
xq (pu) 0.220 0.330 1.172 0.580 
xd’ (pu) 0.123 0.185 0.343 0.304 
xq’ (pu) 0.153 0.230 1.172 0.228 
xd" (pu)) 0.097 0.145 0.231 0.204 
xq" (pu) 0.097 0.145 0.231 0.204 
xp (pu) 0.053 0.080 0.132 0.105 
Td0

′ (s) 5.700 5.700 11.600 8.000 
Tq0

′ (s) 0.135 0.135 0.850 0.850 
Td0

′′ (s) 0.050 0.050 0.058 0.053 
Tq0

′′ (s) 0.120 0.120 0.201 0.015  

Table 2 
DFIG parameters.  

Parameter Value 

Rated active power Pn = 5 MW 
Rated line-to-line stator voltage VsLL = 0.69 kV 
Turns ratio between the stator and rotor 0.3 
Rated frequency f = 60 Hz 
Stator resistance Rs = 0.0054 pu 
Stator leakage inductance Lls = 0.1 pu 
Rotor resistance Rr = 0.00607 pu 
Rotor leakage inductance Llr = 0.11 pu 
Magnetizing inductance Lm = 4.5 pu 
Angular moment of inertia J = 6 s 
Grid-side coupling inductance Lg = 0.126 mH 
Rated dc-link voltage Vdc = 1.45 kV 
Dc-link capacitor Cdc = 15 mF 
Wind speed at the maximum power coefficient (Cp(max)) Vw(base) = 11 m/s 
Rated mechanical output power Pmec = 5 MW 
Turbine initial speed ω0 = 1.2 pu  

Table 3 
Parameters of transmission lines.  

Line R [pu/m] X [pu/m] B [pu/m] 
From bus # To bus # 

1 2 0.0194 0.0592 0.0528 
1 5 0.054 0.223 0.0492 
2 3 0.047 0.198 0.0438 
2 4 0.0581 0.176 0.034 
2 5 0.057 0.174 0.0346 
3 4 0.067 0.171 0.0128 
4 5 0.0134 0.0421 0.0001 
6 11 0.095 0.199 0.0001 
6 12 0.123 0.256 0.0001 
6 13 0.0662 0.13 0.0001 
7 8 0.0001 0.176 0.0001 
7 9 0.0001 0.11 0.0001 
9 10 0.0318 0.0845 0.0001 
9 14 0.127 0.27 0.0001 
10 11 0.0821 0.192 0.0001 
12 13 0.221 0.2 0.0001 
13 14 0.171 0.348 0.0001  

Fig. 2. RMS three-phase short-circuit currents through buses #2 and #5.  
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generation imbalances occur as caused by the disconnection of either 
large loads or generators, or by system splits. This is an important 
parameter that reflects the grid robustness and can be calculated from 
(4) [28]. 

RoCoF|t=0+ =
ΔPimb

Pload

fo

2H
, (4)  

where 0+ denotes the instant after the load-generation disconnection, 
ΔPimb represents the load-generation variation, Pload is the total load 
power, f0 is the system frequency before the disconnection, and H is the 
equivalent inertia of the system in seconds. 

The careful analysis of (4) reveals that the low values of SCL2 and 
SCL5 as associated with SCR2 and SCR5, respectively imply a low inertia 
H, thus causing the term f0/2H to be high. Besides, a power variation of 
60 MW/12 Mvar for scenario #4 considering a total loading of 412.5 
MW causes ΔPimb/Pload to be high as well in (4), resulting in a high value 
of RoCoF. This is the main reason why the frequency drops significantly 
in Fig. 3. Thus, it is reasonable to assume that the system frequency may 
vary from 60 Hz to 57.12 Hz in practice, this being a benchmark for the 
present study and future work on frequency variation. 

3. Frequency control techniques for DFIGs 

The classical modeling of DFIG-based systems composed of back-to- 
back converters is well known in the literature. From the simplified 
analytical model of the machine described in [29], one can obtain (5) – 
(8) for the representation in the dq reference frame. 

vsd = Rsisd +
dψsd

dt
− ωsψsq, (5)  

vsq = Rsisq +
dψsq

dt
+ ωsψsd , (6)  

vrd = Rrird +
dψrd

dt
− ωslψrq, (7)  

vrq = Rrirq +
dψrd

dt
− ωslψrd, (8)  

where v, i, R, ψ , and ω represent the voltage, current, resistance, mag-
netic flux, and angular speed, respectively; d and q stand for quantities 
associated with the direct and quadrature axes; respectively; r and s 
correspond to quantities associated with the rotor and stator, respec-
tively; and ωsl is the slip angular frequency. 

Manipulating (5) – (8) and considering the stator and rotor magnetic 
fluxes expressed in terms of the dq currents and inductances L, one can 
obtain the stator currents Isd and Isq as a function of the rotor currents Ird 
and Irq from (9) and (10), respectively. Thus, it is possible to control the 
stator current components from Ird and Irq, and consequently the active 
and reactive power of the machine. 

Isd =
ωsLsVsq

(ωs
2Ls + 2sRs + s2Ls)Ls

−
LmIrd

Ls
, (9)  

Isq =
(Rs + sLs)Vsq

(ωs
2Ls + 2sRs + s2Ls)Ls

−
LmIrq

Ls
, (10)  

where Lm is the magnetizing inductance. 
The classical control methods of DFIGs employ the RSC to define the 

active and reactive power using field-oriented vector control. The stator 
active power Ps and stator reactive power Qs can be calculated from (11) 
and (12), respectively. 

Ps = vsdisd + vsqisq, (11)  

Qs = vsqisd − vsdisq. (12) 

Substituting (9) and (10) after converting the quantities from the 
Laplace domain to the dq reference frame in (11) and (12), it is possible 
to obtain the stator reference currents ird* and irq* for the RSC from (13) 
and (14), respectively, as demonstrated in [29]. 

ird
∗ =

vsq
2 − Qs

∗ωsLs

vsqωsLm
, (13)  

irq
∗ =

− Ps
∗Ls

vsqLm
, (14)  

where “*” denotes reference values. 
The GSC is responsible for regulating the dc-link voltage and the 

reactive power flow through the back-to-back converter. Using voltage- 
oriented control, it is possible to define the voltages at the point of 
common coupling (PCC) denoted by vPCC as a function of the voltages in 
the dq reference frame from (15) and (16), respectively. 

vPCCd = Rid + L
did

dt
− ωsLiq + vinvd, (15)  

vPCCq = Riq + L
diq

dt
− ωsLid + vinvq, (16)  

where vinvd and vinvd are the d-axis and q-axis components of the GSC 
voltages. 

Manipulating (15) and (16), as well as assuming vPCC=vPCCd and 
vPCCq = 0, one can obtain the reference voltages for the GSC in (17) and 
(18). 

vinvd
∗ = vPCCd − Rid + L

did

dt
+ ωsLiq, (17)  

vinvq
∗ = −

(

Riq +L
diq

dt
+ωsLid

)

. (18) 

To solve frequency stability issues of interconnected power systems 
caused by the high penetration of VSWTs such as DFIG-based ones, two 
types of frequency control strategies have often been adopted in the 

Table 4 
Load step in bus #5.  

Scenario Load step (MW / Mvar) Load step (%MW /%Mvar) 

1 9 / 3 3.47 / 4.08 
2 15 / 3 5.79 / 4.08 
3 30 / 6 11.58 / 8.16 
4 60 / 12 23.16 / 16.32 
5 90 / 15 34.75 / 20.41  

Fig. 3. Frequency deviation after the load step.  
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literature. The first group of control methods allows WFs to participate 
in primary frequency control by operating with a low power output (de- 
loading), reserving part of the active power for other tasks than MPPT. 
For this purpose, overspeed techniques [30] and pitch angle control [31] 
are used. The second group comprises the so-called virtual inertia con-
trol, in which wind turbines emulate the behavior of synchronous gen-
erators during frequency variation events. Such approaches can be 
divided into three main categories [32]: Δf response, which depends on 
the deviation in the system frequency from the rated value, with 
adjustable parameters and strategies that define the type of response; ii) 
fixed trajectory response, this being a decoupled strategy in which a 
fixed response is enabled for any frequency deviation beyond a given 
threshold; and iii) df/dt response, which is enabled by the instantaneous 
RoCoF, thus emulating an inertia-type synchronous response. 

To evaluate the performance of de-loading methods, two distinct 
approaches are addressed as follows: the first one combines inertia and 
pitch angle control [33], whereas the second one comprises the associ-
ation of SAC and automatic generator controller (AGC) [18]. In turn, the 
method proposed in this work relies on emulating the behavior of a 
synchronous generator by applying the synchronverter concept for 
controlling the GSC, whereas it is not a de-loading-based approach. In 
other words, the power required by the system is supplied by a battery 
bank connected in parallel with the dc-link capacitor. This is a very 
interesting solution, especially considering that the generator will al-
ways operate at the maximum power point. Besides, there is no need for 
mechanical components, thus making the dynamic response of the 
control system very fast owing to the battery bank. 

Fig. 4 presents the modified control system of a DFIG-based WECS 
that incorporates the primary frequency control as an ancillary service. 

It is worth mentioning that the synchronverter-based control is supposed 
to replace conventional vector control solutions typically used in 
WECSs. 

3.1. Pitch angle control 

This technique relies on de-loading the WECS to increase the pitch 
angle β so that part of the rated active power can be used for frequency 
support. Droop control can be used to adjust the reserve active power 
margin ΔP as a function of the frequency variation Δf according to (19) 
[34]. The power versus frequency characteristic of a droop control 
system is shown in Fig. 5. 

Fig. 4. Typical control system of a DFIG-based WECS with primary frequency control.  

Fig. 5. Droop characteristic of frequency control.  
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ΔP = − KGΔf , (19)  

where the power regulation coefficient is equal to the inverse of 
parameter R as defined by (20). 

R =
1

KG
=

Δf
ΔP

. (20) 

Fig. 6 shows the power Pe versus rotor angular velocity ωr charac-
teristic of the DFIG simulated in this work, as well as the maximum 
power point for a pitch angle β0=0◦. When the angle changes to β1 = 2◦, 
the power curve also does, reducing the maximum power of the machine 
for the same wind speed. The difference between the maximum power 
PMPPT and the new de-loaded power Pde represents the wind turbine 
power margin to be used during frequency variation events, thus 
emulating the droop control of synchronous machines. It is observed 
that the maximum power is 1.0 pu at ωr = 1.1 pu for β0 = 0◦. When the 
pitch angle is β1 = 2◦, the de-loaded power is 0.832 pu, representing a 
difference of 0.168 pu or 845 kW in the case of a 5 MW DFIG. 

Fig. 7 presents the pitch angle controller described in [33], where the 
pitch angle is controlled at a rate of 2◦ per second in the event of a 
system frequency variation Δf. The relationship between the pitch angle 
variation Δβ and Δf can be expressed by (21). 

Δβ = KβΔf = Kβ
(
fmeas − fref

)
, (21)  

where Kβ is a proportional coefficient; fmeas and fref are the measured and 
reference values of the system frequency, respectively. 

The relationship between Pde and PMPPT can be expressed by (22), 
where K% is a percent coefficient. 

Pde =

(

1 −
K%
100

)

PMPPT . (22) 

The controller shown in Fig. 7 was incorporated into the WF 
considering the IEEE 14-bus modified test system for verifying the per-
formance during frequency events. It is worth mentioning that this 
technique may prove to be slower than the virtual inertia control owing 
to the need for changing the pitch angle, this task being assigned to 
auxiliary motors coupled to mechanical reducers for turning the blades. 
In real projects, the usual angle rotation speed is between 1 and 5◦ per 
second, being faster for small angles and slower as β increases. In this 
study, the initial pitch angle is adjusted to 2◦ to reduce the initial output 
power. The speed of rotation of the blades is 2◦ per second. 

3.2. SAC 

This strategy was formerly proposed in [33] and relies on de-loading 

the wind turbine similarly to the pitch angle control, but aiming to 
obtain a given power margin for controlling the switching angle instead. 
This controller is associated with an adder, whose inputs are the stator 
phase angle measured by a phase-locked loop (PLL) and a virtual rotor 
angle generated by the SAC. The resulting sum is applied to the con-
trollers of the GSC and RSC, thus increasing the power output of the 
wind turbine. In other words, this technique causes the DFIG to behave 
like a synchronous generator. 

SAC is a discrete controller with only two control inputs. The active 
power output is adjusted by controlling the angle between the internal 
voltage and the terminal voltage of the DFIG, which is called virtual 
rotor angle. In this way, the response to frequency deviations with active 
power support is faster than that of continuous controllers. Continuous 
controllers can respond to changes over a wide frequency range, 
whereas SAC can only be enabled when the frequency deviation exceeds 
a specific threshold. Therefore, SAC is more robust to small magnitude 
oscillations and measurement noise associated with the system 
frequency. 

The equivalent Thévenin circuit that represents the DFIG is shown in 
Fig. 8(a), where Req and Leq are the equivalent resistance and inductance, 
respectively, and V→s is the stator voltage. Thus, one can calculate the 
internal voltage E→ms from (23). 

E→ms =
sωs

2LmLr + jωsLmRr

Rr
2 + (sωsLr)

2 . (23) 

Assuming that V→s = Vs∠θs and E→ms = Ems∠(θ + θs), where Vs and Ems 
are the absolute values of the stator voltage and terminal voltage, 
respectively, θ is the DFIG virtual angle, and θs is the stator voltage 
angle, one can obtain the active power transferred from Ems to Vs as in 
(24). 

Pe =
Vs

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Req
2 + Xeq

2
√

[
Req(Emscosθ − Vs)+XeqEmssinθ

]
(24) 

Since Xeq>>Req during the normal operation of the DFIG, one can 
simplify (24) as (25). 

Pe =
EmsVs

Xeq
sinθ. (25) 

Fig. 9 shows the behavior of the virtual rotor angle θ as a function of 
Pe. When the system frequency drops, one can increment the DFIG active 
power by increasing θ. Fig. 10 presents the controller block diagram, 
which is responsible for generating an angle Δθ. 

Fig. 6. DFIG power curves for different pitch angles.  

Fig. 7. Block diagram of the pitch angle control.  

Fig. 8. Equivalent circuit of the DFIG in a steady-state condition.  
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As previously mentioned, the SAC is designed to operate with two 
control inputs, namely the increment and decrement of an angle rep-
resented by +Δδ and –Δδ, respectively. To maintain the stable operation 
of the DFIG, the virtual rotor angle θ must always be positive. The SAC 
input is the frequency deviation f–f0, where f is the load frequency and f0 
is the rated system frequency. The switching logic is represented by (26). 

where q(t) is the output of switching logic ς, which can be true of false; e 
(t) = f – f0 is the error corresponding to the frequency deviation; 
φ0

+andε0
+ are constant values measured in hertz, used to define the 

funnel error F 0 := {(t, e(t)) ∈ ∗R∗≥0 × ∗R ∗|φ−
0 ≤ e(t) ≤ φ+

0 }; ∨ and ∧
are the OR and AND operators, respectively;q(t − ) = lim

t→0+
q(t − ε);φ0

−

+ε0
− and φ0

+ − ε0
+ are the lower and upper thresholds of a switching 

event, respectively. Therefore, the switching of q(t) does only occur 
when e(t) = φ0

− + ε0
− or e(t) = φ0

− + ε0
− , as there is no sliding mode. 

The control law u(t) associated with q(t) is defined by (27). 

u(t) =
{
− Δδifq(t) = true
+Δδifq(t) = false . (27) 

The analysis of (26) and (27) shows that SAC cannot generate a 
neutral value like u(t) = 0. However, the controller output, that is, the 
virtual angle θ must be constant in a steady state. Therefore, the con-
ditional delay block represented by (28) is incorporated into the 
respective block diagram. 

u(t) =
{

u(t − 1), ife(t) ∈ (φ0
− + ε0

− ,φ0
+ − ε0

+)

u(t), ife(t) ≤ φ0
− + ε0

− ∨ e(t) ≥ φ0
+ − ε0

+ . (28) 

In other words, if the frequency error is within the trigger limits, the 
SAC output will correspond to u(t) as associated with a given time delay. 
If the thresholds are reached, the output becomes u(t). This prevents 
unwanted excursions of Δδ in case of instantaneous frequency variations 
beyond limits. The controller output is added to the phase angle θPLL 
measured by the PLL of the DFIG. The resulting phase angle is then used 
to generate the three-phase voltage references for the PWM modules of 
the RSC and GSC. 

To increase the power output when the frequency varies, the DFIG 
must operate in a steady state with a reduced power reference, similarly 
to the behavior of the pitch control method. The power margin adopted 
in this case is 16.8%, which corresponds to an angle β1 = 2◦ as defined 
previously, resulting in a power reference of 0.832 pu. 

3.3. Synchronverter-based control of the GSC 

The term “synchronverter” was first defined in [13], which stated 
that an inverter is capable of emulating a synchronous generator. Thus, 
the control theory related to synchronous generators can be promptly 
applied in grid-tied inverters. One can then control the active and 
reactive power supplied by synchronverters to emulate the well-known 
frequency and voltage droop mechanisms. In this work, a syn-
chronverter is used to replace the traditional vector control associated 
with the GSC. Similarly, the authors in [35] employed synchronverters 
combined with theRSC. However, such a solution does not rely on 
additional energy sources and a PLL is not necessary. The results evi-
dence that the power reservation is somewhat limited because the only 
energy source is the dc-link capacitor, whose voltage should be properly 
controlled. In turn, the present study incorporates a battery bank in 
parallel with the dc link to provide frequency support, considering that 
an additional amount of energy is injected into the PCC through the GSC. 
Therefore, this process will not affect the stability of the RSC, whose 
control system requires a PLL. 

The first step consists in modeling the synchronous machine, this 
being a well-known process in the literature that comprises the electrical 
and mechanical parts. The model described in [13] and updated in [35] 

was used for this purpose. Considering the ideal representation in Fig. 11 
(a), one can state that the mutual inductances between the field winding 
and the stator windings vary according to the rotor electrical angle θ as 
in (29). 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Maf = Mf cos(θ)

Mbf = Mf cos
(

θ −
2π
3

)

Mcf = Mf cos
(

θ −
4π
3

)
, (29)  

where Mf is the amplitude of the mutual inductance. 
Considering that M is the mutual inductance between the windings, 

one can obtain the equations for representing the flux linkages ϕ of the 
armature phases a, b, and c and the field winding f according to (30). 

Fig. 9. Virtual rotor angle θ as a function of the active power Pe in a DFIG- 
based WECS. 

Fig. 10. Block diagram of the SAC.  

q(t) = ς(e(t),φ0
+ − ε0

+,φ0
− + ε0

− , q(t− )) = [e(t) ≥ φ0
+ − ε0

+ ∨ ((t) ≥ φ0
+ + ε0

+ ∧ q(t− ))]

q(0− ) ∈ {true, false}, (26)   
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⎧
⎪⎪⎨

⎪⎪⎩

ϕa = Lia − Mib − Mic + Maf if
ϕb = − Mia + Lib − Mic + Mbf if
ϕc = − Mia − Mib + Lic + Mcf if
ϕf = Maf ia + Mbf ib + Mcf ic + Lf if

, (30)  

where ia, ib, ic are the stator currents and if is the rotor excitation current. 
One can assume that the neutral remains unconnected, that is, 

ia+ib+ic = 0, as well as adopt a vector notation according to (31) to (34). 

Φ =

⎡

⎣
ϕa
ϕb
ϕc

⎤

⎦, (31)  

i =

⎡

⎣
ia
ib
ic

⎤

⎦, (32)  

cos(θ) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

cos(θ)

cos
(

θ −
2π
3

)

cos
(

θ −
4π
3

)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (33)  

sin(θ) =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

sin(θ)

sin
(

θ −
2π
3

)

sin
(

θ −
4π
3

)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (34) 

Thus, one can represent the stator flux linkage as in (35). 

Φ = Lsi + Mf if cos(θ), (35)  

where: 

Ls = L + M. (36) 

In turn, the flux linkage in the field winding can be written as in (37). 

ϕf = Lf if + Mf 〈i, cos(θ)〉, (37)  

where 〈, 〉 denotes the inner product between the variables. Thus, it is 
observed that the second term of the sum in (37) is constant if the phase 
currents are sinusoidal and balanced. 

Now, considering the equivalent circuit in Fig. 11(b), the phase 
voltages v = [ va vb vc ]

Tare obtained from (35), resulting in (38). 

v = − Rsi −
dΦ
dt

= − Rsi − Ls
di
dt

+ e, (38)  

where e = [ ea eb ec ]
T is the electromotive force (emf) due to the rotor 

as calculated from (39). 

e = Mf if θ̇sin(θ) − Mf
dif

dt
cos(θ), (39)  

where θ̇ is the first-order derivative of the rotor electrical angle with 
respect to time. 

Assuming that the excitation current is constant, one can obtain (40). 

e→abc = Mf if θ̇sin(θ) (40) 

The mechanical model of the synchronous generator is related to the 
swing equation as in (41). 

Jθ̈ = Tm − Te − Dpθ̇, (41)  

where J is the moment of inertia of all the moving parts associated with 
the rotor, ̈θ is the first-order derivative of the angular speed with respect 
to time, Tm is the mechanical torque, Te is the electromagnetic torque, 
and Dp is the damping factor. It is worth mentioning that one can 
calculate Te from (42) as demonstrated in [35]. 

Te = Mf if 〈i, sin(θ)〉. (42) 

Assuming that if is constant, manipulating (39) and (42) gives (43). 

Teθ̇ = 〈i, e〉. (43) 

The operating principle demonstrated so far is now applied to the 
synchronverter represented in Fig. 12. It consists of a conventional 
three-phase dc-ac converter employing insulated gate bipolar transistors 
(IGBTs). An output low-pass filter is connected to the system phases to 
mitigate the harmonic content due to the high-frequency operation of 
the semiconductors. The filter impedance is composed of the resistance 
Rs and inductance Ls, corresponding to the impedance of the armature 
windings of the emulated synchronous generator. The voltages gener-
ated by the converter are eabc, whereas vabc are the voltages across the 
filter capacitors defined in (38). 

The control system is implemented based on the mathematical model 
of the synchronous generator. Fig. 13 shows the proposed architecture 
associated with the GSC, which comprises the frequency and voltage 
droop control and dc-link voltage regulation. The interaction between 
the power and control stages occurs through signals eabc and iabc, as well 
as the voltages synthesized by the synchronverter corresponding to vabc 
and the grid voltages vga, vgb, vgc. Thus, the state variables of the syn-
chronverter are the actual currents iabc, and parameters θv and θ̇v, cor-
responding to the virtual angles and virtual angular speed equivalent to 
angle θ in the synchronous generator, respectively. The term “virtual” 

Fig. 11. (a) Ideal representation of a three-phase synchronous generator considering one pole pair (p = 1) and (b) its respective equivalent circuit.  
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refers to the fact that the angle is defined by the control system instead of 
the machine. The control inputs are Tm and Mfif, whereas an additional 
loop is responsible for generating the Mfif signals and controlling the 
reactive power Qset. In turn, one can obtain Tm by dividing the reference 
active power Pset by the rated angular speed θ̇n. Thus, one can maintain 
the system stability while ensuring the desired values of the active and 
reactive powers. 

One of the main characteristics of synchronous generators is the 
capacity to vary the supplied active power according to the grid fre-
quency, which is referred to as frequency droop. When the required 
active power increases, the speed regulator increases the mechanical 
power to compensate for the drop in the machine speed as a conse-
quence of the increase of Te in (41). This mechanism is incorporated into 
the synchronverter by comparing the virtual angular speed θ̇v with the 
rated angular speed θ̇n, the difference between them being the input of 
the damping block Dp. As a result, the damping factor behaves as a 
frequency droop coefficient defined as the ratio between the required 
torque variation ΔT for varying the active power and the angular speed 
variation Δθ̇v, resulting in (44). 

Dp =
ΔT
Δθ̇v

. (44) 

The active torque reference is obtained from the ratio between Pset 
and the rated mechanical angular speed. Since the synchronverter does 
not contain moving parts, the latter parameter becomes equal to θ̇n. 
Thus, the active power control loop behaves as a cascade structure, in 
which the inner and outer loops are associated with the frequency 
(speed) and active power (torque) in Fig. 13, respectively. The time 
constant of the frequency loop τf is also directly related to J in (45). 

J = Dpτf . (45) 

Since there is no delay involved in the frequency loop, the time 
constant τf can be much less than that of a real synchronous generator, 
thus ensuring fast reference tracking. Therefore, for a given value of the 
frequency droop coefficient Dp, J must be small. However, this issue is 
not a contradiction considering the typically high inertia of an actual 
synchronous machine, because J now becomes a mathematical control 
variable independent of the inertia. Thus, one can obtain short-term 
energy storage in the synchronverter using storage devices like batteries. 

Fig. 12. Power stage of a synchronverter.  

Fig. 13. Schematic of the DFIG control system with the synchronverter associated with the GSC.  
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A third loop can be associated with the DFIG to regulate the dc-link 
voltage Vdc. Similarly to vector control, it remains constant at a given 
reference value Vdc(ref) using a proportional-integral (PI) controller, 
which is responsible for generating Pset. The main difference is that the 
conventional vector control generates a reference current instead. For 
this purpose, the quantities should be properly adjusted, considering 
that switch S1 in Fig. 13 will be turned off when a frequency dip occurs. 
Under this condition, the synchronverter starts operating in frequency 
support mode, no longer regulating the dc-link voltage. Besides, switch 
SB must be turned on at the same time to connect the battery bank in 
parallel with the dc link. 

The reactive power is controlled similarly to the active power in 
terms of the voltage droop control. One can define the voltage droop 
coefficient Dq in (46) as the ratio between the reactive power variation 
ΔQ and the voltage variation across the synchronverter terminals given 
by ΔV. 

Dq =
ΔQ
ΔV

. (46) 

The reactive power control loop is represented in the bottom part of 
Fig. 13. The difference between the maximum rated voltage vn and the 
grid voltage vabc is multiplied by Dq and added to the difference between 
the reference and actual values of the reactive power given by Qset and Q, 
respectively. The resulting signal is applied to an integrator whose gain 
is 1/K, generating the control signal Mfif. Thus, the reactive power 
regulation mechanism also consists of a cascade structure, in which the 
inner and outer loops are responsible for controlling the voltage and 
reactive power, respectively. One can also calculate constant K from 
(47). 

K = θ̇nDqτv, (47)  

where τv is the time constant of the voltage control loop. It is worth 
mentioning that one can disable the voltage control loop by turning off 
switch S2 in Fig. 13. Thus, the synchronverter will control only the 
reactive power while trying to maintain the reference value, which is 
often set to Qset = 0. 

One important aspect related to the control approach described so far 
is the proper tuning of PI controllers while taking into account design 
constraints for achieving a stable system. Distinct solutions can be 
adopted for adjusting the required parameters, whereas this work has 
used conventional tuning techniques for this purpose. 

When synthesizing the voltages e→abc defined in (40) using PWM, the 
synchronverter behaves as a conventional synchronous machine capable 
of injecting active power into the grid while considering the grid fre-
quency as a control variable. Similarly, it can control the reactive power 
by controlling the grid voltage amplitude. The active and reactive power 
flowing through the synchronverter in Fig. 13 can be calculated from 
(48) and (49), respectively [36]. 

P =
|E|

⃒
⃒Vg

⃒
⃒

Xs
sin(δ), (48)  

Q =

⃒
⃒Vg

⃒
⃒

Xs

[
|E|cos(δ) −

⃒
⃒Vg

⃒
⃒
]
, (49)  

where E is the RMS value of the voltage synthesized by the syn-
chronverter obtained from e→abc, whose frequency and phase angle are θ̇v 
and θv, respectively; Vg is the RMS value of the grid voltage, whose 
frequency and phase angle are θ̇g and θg, respectively; Xs is the inductive 
reactance, considering that the resistance Rs is negligible; and δ = θv − θg 

is the load angle. 
If δ > 0 in (48), the synchronverter will supply active power to the 

grid, but absorb it instead if δ < 0. Similarly, controlling the value of E in 
(49) allows injecting or absorbing reactive power. Thus, the active 
power control for frequency support relies on angle θv as demonstrated 

in this work. 
The authors in [37] and [38] propose a small-signal model for 

investigating the stability and dynamic interactions between the syn-
chronverter control system and a power network. By modifying (41), 
which corresponds to the active power control loop in Fig. 13, as well as 
considering that the term associated with Dpθ̇ is analogous to the speed 
regulator without a time delay, one can obtain (50), which provides the 
frequency droop control. 

Jθ̈v = Tm − Te − Dp(θ̇v − θ̇n). (50) 

In turn, the reactive power control loop in Fig. 13 relies on the 
relationship between the active power and the grid voltage, also being 
responsible for providing the voltage droop control. Thus, one can 
represent (46) and (47) in terms of a general equation as in (51). 

Mf if =
1
K
[
(Qset − Q) − Dq(vn − vabc)

]
. (51) 

One can represent the linearized dynamics of the synchronverter 
from a state-space notation considering the vectors given in (52), (53) 
and (54). 

Δx =

⎡

⎣
ΔMf if
Δθ̇v
Δθv

⎤

⎦, (52)  

Δu =

⎡

⎢
⎢
⎢
⎢
⎣

ΔPset
ΔP

ΔQset
ΔQ

ΔVabc

⎤

⎥
⎥
⎥
⎥
⎦
, (53)  

Δy =

[
ΔEp
Δθv

]

, (54)  

where E is the amplitude of e→abc as calculated from Mf if θ̇in (40). 
The control system can then be represented in the form of state-space 

equations in (55). 
{

Δẋ = AΔx + BΔu
Δy = CΔx + DΔu , (55)  

where A, B, C, D are the state-space matrices. 
Considering Fig. 13 and adding small-signal perturbations to (50) 

and (51), it is possible to obtain (56) and (57), respectively. 

Δθ̈v =
ΔTm

J
−

Δθ̇v

J
Dp −

ΔP
Jθ̇v

. (56)  

ΔMf if =
ΔQset

K
−

ΔQ
K

−
ΔVabcDq

K
. (57) 

Adding a small-signal perturbation to θv yields (58). 

Δθ̇v = Δθ̈v. (58) 

One can also linearize Ep around the operating point defined by Mf if0 

and θ̇v0 according to (59). 

ΔEp = Mf if 0Δθ̇v + Mf if Δθ̇v0. (59) 

The state-space matrices are defined in (60) – (63). 

A =

⎡

⎢
⎢
⎢
⎣

0 0 0

0 −
Dp

J
0

0 1 0

⎤

⎥
⎥
⎥
⎦
, (60)  
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B =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

0 0
1
K

−
1
K

−
Dq

K
1

Jθ̇v0
−

1
Jθ̇v0

0 0 0

0 0 0 0 0

⎤

⎥
⎥
⎥
⎥
⎥
⎦

, (61)  

C =

[
θ̇v0 Mf if 0 0
0 0 1

]

, (62)  

D = [0]2×5, (63) 

The behavior of the state-space model of the synchronverter was 
thoroughly assessed in [38] in MATLAB/Simulink environment. The 
results did demonstrate that it can represent the dynamic behavior of the 
system accurately by adjusting the frequency droop coefficient Dp, the 
voltage droop coefficient Dq, the virtual inertia J, and the integrator gain 
K. Given the above, it is possible to obtain the parameters of the 
synchronverter-based control system of the GSC in Table 5. 

4. Results and discussion 

To assess the performance of pitch angle control and SAC and 
compare them with the introduced approach, this section presents some 
case studies on the 14-bus IEEE modified test system. As previously 
mentioned, it comprises a 165 MW WF composed of 33 5 MW DFIGs 
connected to bus #1. This WF is supposed to replace two synchronous 
generators that were formerly connected to the same bus, thus keeping 
the total system power constant at 412.5 MW. The active power output 
of the WF is reduced by the controller using the de-loading approach, 
with the increase of the pitch angle to 2◦ when the system frequency is at 
the rated value of 60 Hz. Thus, it causes the active power of the WF to be 
137 MW, corresponding to a reduction of 16.8% in the maximum value. 
In this case, the exceeding power is supplied by the synchronous gen-
erators to maintain the total power constant. When using the syn-
chronverter, the energy required to provide frequency control is 
supplied by the battery bank, whereas it is not necessary to reduce the 
power output of the WF. In other words, the pitch angle remains at 
0◦ and the WF operates at 165 MW. 

It is assumed that the dynamic behavior of the system frequency 
complies with the frequency requirements of the Brazilian national 
interconnected system defined in [39]. In a steady-state condition, WFs 
should remain connected to the grid when subjected to frequencies be-
tween 58.5 Hz and 62.5 Hz. Between 58.5 Hz and 56.0 Hz, they must 
operate during a minimum time interval of 20 s. Between 62.5 Hz and 
63.0 Hz, they must operate during a minimum time interval of 10 s. The 
disconnection can be instantaneous outside the aforementioned ranges. 

The 165-MW WF can supply up to 39.7% of the total system load for 
the rated condition, representing three times the penetration percentage 
of all wind and photovoltaic plants of the Brazilian national inter-
connected system, which is currently equivalent to 12.28% [39]. The 

WF operates with a constant wind speed Vw = 11 m/s. A load rated at 60 
MW/12 MVar is connected to bus #5 at t = 70 s after the starting 
transient of the 14-bus IEEE modified test system finishes and the system 
frequency is at 60.0 Hz. Simulation results of the DFIG without any 
frequency controller are denoted by “original”, whereas the ones ob-
tained with a frequency control approach are denoted by “pitch con-
trol”, “SAC”, or “synchronverter” in the plots. The SAC is enabled when 
the frequency deviation is ±0.15 Hz or higher. The power output of the 
SAC is analyzed considering Δδ = 0.3 rad. In turn, the battery bank is 
connected to the dc link when the frequency drops below 59.5 Hz to 
allow active power injection from the synchronverter. 

Fig. 14 shows that the frequency drops owing to the sudden load 
change, becoming as low as 55.61 Hz at t = 74.52 s when no frequency 
control approach is used. Under these conditions, the WF does not 
provide frequency support, leading to the system disconnection due to 
underfrequency. Considering a power system composed of synchronous 
machines only and without the WF, the frequency oscillation would be 
lower, with a minimum of 57.12 Hz at t = 73.76 s. In other words, 
considering a scenario in which no WFs remain connected to the system, 
but only synchronous generators, such a load step would not cause the 
violation of the minimum threshold of 56 Hz and system shutdown. 
Furthermore, the time interval during which the frequency is below 
58.5 Hz in the presence of WF would be longer and equal to 18.43 s, 

Table 5 
Parameters of the synchronverter-based GSC control.  

Grid Value 

Rated grid line voltage (Vg, Vn) 0.69 kV 
Rated frequency (f) 60 Hz 
Synchronverter Value 
Filter inductance (Ls) 1.7 mH 
Filter resistance (Rs) 0.01 Ω 
Filter capacitance (C) 300 µF 
Dc-link capacitance (Cdc) 100 mF 
Frequency droop coefficient (Dp) 50 kW/Hz 
Voltage droop coefficient (Dq) 5 kvar/V 
Time constant of the frequency loop (τf) 2 ms 
Time constant of the voltage loop (τv) 50 ms 
Dc-link voltage (Vdc) 2.5 kV 
Proportional and integral constants of the PI controller (kp, Ti) 0.82, 0.1 s  

Fig. 14. Frequency variation with (red) and without (blue) the WF and no 
frequency control. 

Fig. 15. Frequency variation without frequency control (blue) and using pitch 
control (red), SAC (green), and the synchronverter (black). 
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instead of 13.1 s when only synchronous generators exist. 
After incorporating the pitch control and SAC into the system, it is 

observed that the SAC results in a lower frequency deviation according 
to Fig. 15. The frequency oscillates up to 56.52 Hz during a time interval 
of 6.34 s, corresponding to a drop of 5.8% in the rated value. In turn, the 
frequency becomes as low as 56.44 Hz and returns to 58.5 Hz in 6.74 s 
when the pitch control is used, representing a reduction of 5.93%. Thus, 
the minimum frequency is 2.2% higher and the required time interval to 
achieve 58.5 Hz is 5.9% shorter when using SAC. When the syn-
chronverter is used, the system performance during the frequency sup-
port is significantly enhanced. Fig. 15 shows that the frequency drops to 
58.11 Hz and returns to 58.5 Hz in 9.04 s, corresponding to a drop of 
3.15%. 

Fig. 16 presents the DFIG response in the four scenarios, where the 
SAC provides a lower reference power output than the pitch control, but 
with a slightly improved performance. The greater power variation in 
pitch control is because the strategy adopts binary values for angle β, 
that is, 2◦ or 0◦. The synchronverter is capable of providing an additional 
power of 20 MW without the need for reducing the power output of the 
WF owing to the battery bank. The fast dynamic response of the 

Fig. 16. WF power output without frequency control (blue) and using pitch control (red), SAC (green), and the synchronverter (black).  

Fig. 17. Active power of the synchronous generators connected to buses #2 and #5.  

Fig. 18. Rotor speed of the DFIG.  
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proposed solution also contributes to the lower frequency deviation, 
especially when compared with SAC and pitch angle control. Fig. 17 
shows the power variation of the synchronous generators in response to 
changes in the WF power generation. 

It is also verified that the DFIG rotor speed varies according to its 
active power output. Fig. 18 evidences that the rotor decelerates to 
release kinetic energy when an additional amount of active power is 
supplied by the WF at t = 70 s. When the system frequency is close to the 
rated value, the rotor accelerates again to store more kinetic energy. The 
rotor speed does not vary in the synchronverter control, which does not 
rely on de-loading. Fig. 19 also shows that the virtual angle of the SAC 
changes to 0.3 rad at t = 70 s. The virtual angle of the synchronverter 
represented by θv varies according to (41). 

Despite the frequency variation decreasing when the pitch control 
and SAC are used in Figs. 14 and 15, respectively, it is reasonable to state 
that the values assumed by this parameter are still higher when 
compared with the case in which the WF does not exist in the test sys-
tem. This issue confirms the loss of system inertia with the penetration of 
inverter-based generation units such as WFs with frequency support 
based on de-loading. In turn, it is not necessary to reduce the power 
output when using the synchronverter, whereas the frequency dip is 
smaller when there are only synchronous generators. Considering that 
such rotating machines are essential for maintaining the system stabil-
ity, WFs based on synchronverters can emulate this behavior and supply 
active power with a faster dynamic response. 

Table 6 summarizes the results obtained so far while comparing the 
proposed technique with the WECS without frequency support, as well 
as employing pitch control and SAC when a load step of 60 MW/12 Mvar 
occurs at t = 70 s. It is worth mentioning that the minimum frequency is 
also referred to as the nadir frequency, which should be as high as 
possible during the dip. It is observed that the synchronverter-based 
control achieves the highest value of the nadir frequency while 
requiring the shortest time interval among the assessed approaches. It is 
still capable of maximizing the power supply during the frequency dip 
owing to the battery bank. 

5. Conclusion 

This work has presented a dynamic model of the 14-bus IEEE test 
system by including synchronous generators, whose parameters were 
obtained from a real power plant. The adoption of test systems using 
parameters of real synchronous generators provides the results with 
more reliability, also allowing a better understanding of distinct phe-
nomena that occur in power systems, which include voltage transients 
and frequency variation. This is because the response of generators to 
short-circuit events or load changes does not only depend on the inertia 
of the system, but also the machine characteristics in terms of the 
moment of inertia, adjustment and characteristics of the exciter, control, 
and robustness of the system, as well as the operating point. 

The short-circuit levels of specific bars were calculated and the re-
sults could be validated when the system was submitted to a frequency 
oscillation event during a sudden load increase. After validation, the 
model was used to verify the behavior of a power system comprising a 
165 MW DFIG-based WF, corresponding to 39.7% of the overall gener-
ation. The impact of the WF on the frequency variation was assessed 
when a load of 60 MW/12 Mvar was added to bus #5. 

A novel synchronverter-based frequency support solution was 
introduced, in which the GSC emulates the behavior of a synchronous 
generator and supplies active power based on the swing equation. A 
battery bank connected in parallel with the dc link is responsible for 
providing the required amount of energy. This solution was thoroughly 
compared with two classical de-loading strategies: pitch angle control 
and SAC. When the WF is incorporated into the system without any 
frequency control support, the frequency dropped to 55.61 Hz with an 
additional loading of 60 MW/12 Mvar, returning to the minimum 
threshold of 58.5 Hz in 19.9 s. Of course, this would trigger the pro-
tection system in practice. Thus, it becomes evident that the higher 
penetration of renewable energy sources without frequency support may 
lead to loss of inertia. 

After the incorporation of the primary frequency control techniques, 

Fig. 19. Behavior of the pitch angle (red) and virtual angles of SAC (green) and synchronverter (black).  

Table 6 
Comparison among the frequency control strategies.  

Parameter Original Pitch 
control 

SAC Synchronverter- 
based control 

Nadir frequency (Hz) 55.61 56.44 56.52 58.11 
Time interval required to 

achieve the nadir 
frequency (s) 

74.52 72.85 73.03 72.5 

RoCoF (Hz/s) 1.88 1.82 1.8 1.18 
Time interval during 

which the frequency is 
below 58.5 Hz (s) 

18.43 6.74 6.34 9.04 

Maximum power in 
steady-state condition 
(MW) 

165 133 133 165 

Maximum power supplied 
during the frequency 
dip (MW) 

165 160 156 185 

Time interval required to 
achieve the maximum 
power (s) 

ࣧ 10.25 7.85 1.96  
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it is observed that the frequency deviation is lower, resulting in a shorter 
recovery time. Thus, the synchronverter outperformed SAC, which in 
turn performed slightly better than pitch angle control. This is due to the 
higher power output provided by the synchronverter when compared 
with the scenario in which the WF is not included. Overall, it is 
reasonable to state the IEEE 14-bus modified test system can be used for 
the assessment of other frequency control techniques than the ones 
investigated in this work. This aspect is of major interest not only to 
compare the existing approaches but also to contribute to the develop-
ment of new strategies. 
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