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ABSTRACT The increase of renewable energy sources and non-linear loads on the utility grid introduces
challenges in maintaining the nominal conditions of the utility grid. A viable approach to addressing
some of these challenges is to utilize renewable energy conversion systems that accomplish supplementary
functions in addition to supplying active power. This paper presents the implementation of ancillary services
to mitigate non-linear and unbalanced loads using a single Doubly Fed Induction Generation (DFIG)
power plant. For this, the Conservative Power Theory (CPT) is used to provide three types of services
simultaneously: active filtering, reactive power compensation, and unbalanced phase compensation. A
back-to-back converter is used to control the power flow in the DFIG and employ ancillary services. Two
control strategies are compared: in the dq reference frame and the αβ reference frame. Simulations in
MatLab/Simulink are used to evaluate the response of the CPT and the control strategies. The ancillary
services performance is analyzed using the indicator based on standards and CPT factor. The results
show that the indicators comply with the standards depending on the active power supply. Moreover, αβ
reference frame exhibits better performance than dq reference frame.

KEYWORDS Ancillary services, conservative power theory, doubly fed induction generator, wind energy
conversion system.

I. INTRODUCTION
Ancillary services can be incorporated into converters from
renewable energy sources, such as wind and solar, which
are connected to the utility grid [1]–[4]. For Wind Energy
Conversion System (WECS) using the DFIG, it is possible
to include reactive power control, fault/voltage ride through,
power quality improvement, frequency control, and power
oscillation damping, thus improving the power quality in the
power grid [3].

The active filtering can be added in DFIG converters
control to mitigate harmonics through the Point of Common
Coupling (PCC) current [5]–[7]. In [5], the researches com-
pare control strategies in the synchronous reference frame
applied to the Rotor Side Converter (RSC), the Grid Side
Converter (GSC), and a combination of both converters to
mitigate current harmonics in the PCC current. The authors
from [6] add active filtering to the RSC, which extracts
maximum wind energy through an MPPT. Meanwhile, in [7]
and [8], the GSC is used to provide ancillary services in the
dq and αβ reference frames. In [9], active filtering is added
to the GSC, which utilizes direct power control. The ancil-

lary active filtering service needs to identify the harmonic
spectrum that will be mitigated. The authors from [6], [10]
and [9] employ a harmonic identifier based on instantaneous
power theory. The harmonic identification method in the
synchronous reference frame is employed in [5] and [11].
In [8], the author analyzes control strategies employing
different harmonic identifiers to mitigate harmonics in a non-
linear electrical load. In [12], active filtering mitigates the 5th

and 7th order harmonics by employing a highly selective filter
to identify these harmonics. The authors from [7] and [13]
employs conservative power theory to identify harmonics in
the non-linear electrical load.

The DFIG reactive power can be controlled through con-
verters such as RSC and GSC [3]. In [6], active power com-
pensation is accomplished in the RSC. Such paper proposes a
management of the functions of active power compensation
and harmonic current mitigation in the PCC. In [14], the
RSC injects current into the utility grid to maintain the
unity power factor, while the GSC compensates for the
reactive power of the non-linear load. In [15], the GSC

Eletrônica de Potência, Rio de Janeiro, v. 29, e202453, 2024. 1

https://orcid.org/0000-0002-8453-344X
https://orcid.org/0000-0003-0710-7815
http://doi.org/10.18618/REP.e202453
https://orcid.org/0009-0000-9754-9355
https://orcid.org/0000-0001-6421-273X
https://orcid.org/0000-0002-2213-6086
https://orcid.org/0000-0001-6249-1923
https://orcid.org/0000-0001-8520-0236
https://orcid.org/0000-0001-9413-1279
https://creativecommons.org/licenses/by/4.0/


Hinostroza et al.: Ancillary Services to Mitigate Non-linear and Unbalanced Load Based on CPT Using a DFIG Power Plant

regulates electrical powers using a fuzzy logic controller and
a hysteresis current controller.

The research papers [11], [16], [14] and [17] demonstrate
wind systems with DFIG connected to non-linear and un-
balanced loads. In [14], the GSC presents a hysteresis-based
control that compensates for harmonics and reactive power
of the unbalanced non-linear load. However, no indicator is
used to analyze the unbalanced phase. In [16], the author
employs the GSC to compensate for unbalanced phase cur-
rent, characterizing the unbalanced non-linear electrical load
through conservative power theory. The strategy proposed
in [5] was analyzed in [17] for non-linear and unbalanced
electrical loads, improving harmonic distortion and unbal-
anced phase indicators. In [11] and [17], the research utilizes
the phase unbalance indicator calculated as the maximum
variation of a phase current concerning the average of the
three phases, but limit for this indicator is not considered.

In this context, the DFIG power plants incorporate an
ancillary service in the back-to-back converter control to
mitigate an undesirable condition of the utility grid. Thus, the
present paper is focused on three types of ancillary services
to mitigate the non-linear and unbalanced loads using a
single DFIG power plant. For this, the Conservative Power
Theory (CPT) is used to provide three types of services
simultaneously: active filtering, reactive power compensa-
tion, and unbalanced phase compensation. The indicators
used to evaluate the ancillary services, considering PRODIST
and IEEE standards, are discussed. The simulation results
provided these standard indicators as well as CPT indicators.
Additionally, two control strategies in the dq reference frame
and αβ reference frame used in back-to-back converter are
compared. This paper is an extension of the proposed system
presented in the conference paper [7]. The main contributions
of this paper in relation to [7] are as follows:

• The proposed system mitigates the non-linear and un-
balanced loads.

• Comparison of two control strategies for providing
three types of ancillary services simultaneously.

• Discussion about the standard indicators and CPT in-
dicators to evaluate the ancillary services.

The rest of the paper is outlined as follows. Section 2
describes the DFIG and non-linear and unbalanced load
connected in PCC. Section 3 approaches the RSC and GSC
control. Section 4 details the CPT and the application for
ancillary services. Section 5 discusses the standard and CPT
indicators. Section 6 shows and discusses the results. Finally,
section 7 presents the conclusions.

II. DFIG POWER PLANT
A. DFIG
The DFIG is one of the most frequently employed solutions
in WECS. This generator is composed of stator windings and
rotor windings. The stator windings of the DFIG are directly
connected to the utility grid, while the rotor windings are

connected to the back-to-back converter, as shown in Fig. 1.
The back-to-back converter is composed of two three-phase
VSI converters: the RSC, which is connected to the rotor
windings, and the GSC, which is connected to the utility grid.
In this configuration, the current waveform supplying the
rotor windings is freely controlled [18]. The mathematical
model of DFIG is expressed in the synchronous reference
frame for the control design, as shown in (1) to (5).

vdqs =
dψdqs

dt
+ jωeψdqs + rsidqs (1)

v′dqr =
dψ′

dqr

dt
+ j (ωe − ωr)ψ

′
dqr + r′ri

′
dqr (2)

ψdqs = Lsidqs + Lmi
′
dqr (3)

ψ′
dqr = Lri

′
dqr + Lmidqs (4)

ωr =
p

2
ωm (5)

where dq indexes refer to the complex variable by dq
reference frame components. s and r indexes refer to the
stator and rotor variables, respectively. The variables v, i,
r, and L are voltage, current, resistance, and inductance,
respectively. Lm is mutual inductance. ψ is magnetic flux.
ωm and ωr are the mechanical angular speed and electrical
angular frequency of the rotor, respectively. ωe is the elec-
trical angular frequency of the stator. The number of poles
is p.

The electromagnetic power represents the combined active
power of the stator (Ps) and rotor (Pr), excluding power
losses. The rotor active power is a fraction of the stator active
power according to slip ratio sl, as expressed in (6). Thus,
the rotor speed varies active power through the rotor.

Pr ≈ −slPs (6)

Wind systems operate within a wind speed range. In this
operational range, the turbine speed is regulated according
to wind speed to maximize output power. In DFIG systems,
the slip rate typically ranges from −0.3 to 0.3, ensuring
maximum output power for the operational range. For this
reason, the rated power of the back-to-back converter is
normally only 30% of the DFIG’s rated power [18]. In
WECS simulation, the slip rate reaches its range limits for
the back-to-back converter to operate near its power rating.

B. Non-linear and unbalanced load
The composition of the electrical load used in this work
is shown in Table 1. These loads contribute to the current
profile with harmonic content, reactive power consumption,
and unbalanced phase current.

III. DFIG CONTROL
A. RSC Control
The RSC control uses the stator flux-oriented concept, al-
lowing the rotor current to regulate the active and reactive
power through the DFIG stator. Assuming stator resistance is
close to zero, the dq reference currents are given as functions
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FIGURE 1. Schematic of WECS with DFIG generator and, non-linear and unbalanced load.

TABLE 1. Active and reactive of electrical loads.

Electrical load Active
power

Reactive
power

Controlled three-phase rectifiers 70 kW 60kVAR

Three-phase diode rectifiers 1MW 84kVAR

Single-phase loads 90 kW -
Two-phase loads 178 kW -
Three-phase induction motors 127 kW 72kVAR

Three-phase induction load - 10 kVAR
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FIGURE 2. Control scheme of RSC.

of the active and reactive powers [19]. The magnetic flux
estimator provides a slip angle θsl used to calculate abc to
dq transform, and vice-versa, of rotor magnitude [20].

The control scheme in frequency domain is shown in
Fig. 2, where σ represents the total dispersion coefficient;
τr, the rotor time constant; ωsl, the slip speed, and ims, the
magnetizing current of DFIG.

B. GSC Control
The GSC control strategies are focused on regulating the
DC link. In this regard, the GSC employs two control loops:
an inner current loop and an outer DC bus voltage loop.
The inner current loop is employed to regulate, indirectly,
the active and reactive power supplied to the utility grid.
Meanwhile, the outer DC bus voltage loop provides the
active power reference to the inner loop.

The inner current control loop uses two control strategies,
which are the Proportional Integral (PI) controller in the dq
reference frame, and the Proportional multi-Resonant (PR)
controller in αβ reference frame [13]. The PI controller,
as shown in Fig. 3a, requires utility grid synchronization
for work, whereas it is unnecessary for the PR controller,
Fig. 3b. Therefore, the synchronization between GSC and
the utility grid is achieved applying a Phase-Locked Loop
(PLL). The PLL generates angle ρ, looking for the magnitude
of the quadrature axis voltage to be zero [21].

The reference currents for GSC control are based on
the active and reactive power equations at each reference
frame. The dynamic of the GSC current on the AC side
is represented in transfer function Gf from PCC voltage to
GSC current. The Gf does not depend on the frame adopted.
Therefore, the transfer function, expressed in (7), can be used
in both GSC control schemes.

Gf (s) =
1

Ls+R
(7)

where L and R are inductance and resistance of the GSC
filter.

The DC link voltage control, shown in Fig. 4, provides
active power reference to the inner current control loop.
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The dynamic of DC link voltage is represented in transfer
function GDC from DC link voltage squared (V 2

CC) to
reference power (Pref ) by (8) [20]. The active power through
the rotor affects the operation point of the DC link transfer
function.

GDC (s) =
V 2
CC

Pref
= −

(
2

C

)
τs+ 1

s
(8)

τ =
2LPref0

3V 2
s

(9)

where τ is a time constant of the DC link and Pref0 is active
power at the operating point [20].

The ancillary services are provided by GSC that adds
current references from the CPT application to the reference
currents of GSC control.

IV. CONSERVATIVE POWER THEORY
The CPT proposes an approach in the time domain based on
abc coordinates under non-sinusoidal periodic operating con-
ditions. The necessary concepts for CPT are instantaneous
active power p and instantaneous reactive energy wr, shown

in (10) and (11), respectively.

p (t) = v (t) · i (t) =
3∑

µ=1

vµ (t) iµ (t) (10)

wr (t) = v̂ (t) · i (t) =
3∑

µ=1

v̂µ (t) iµ (t) (11)

where v and i are voltage and current vectors at a three-
phase port. µ index refers to each port phase. The unbiased
integrals of phase voltages v̂ are given by the difference
between the time integral and its mean value.

The corresponding average values are active power and
reactive energy, which are given in (12) and (13), respec-
tively.

P = ⟨v, i⟩ = 1

T

3∑
µ=1

∫ T

0

vµ (t) iµ (t) =

3∑
µ=1

Pµ (12)

Wr = ⟨v̂, i⟩ = 1

T

3∑
µ=1

∫ T

0

v̂µ (t) iµ (t) =

3∑
µ=1

Wrµ (13)

The CPT accomplishes an orthogonal decomposition of
load phase currents as five components that are: balanced
active currents i ba, balanced reactive currents i br, unbalanced
active currents i ua , unbalanced reactive currents i ur , and
residual currents i v, as shown in (14) to (18) [22].

i ba =
⟨v, i⟩
∥v∥2

v =
P

V 2
v = Gbv (14)

i br =
⟨v̂, i⟩
∥v̂∥2

v̂ =
Wr

V 2
v̂ = Bbv̂ (15)

iuaµ =

(
Pµ

V 2
µ

−Gb

)
vµ =

(
Gµ −Gb

)
vµ (16)

iurµ =

(
Wrµ

V̂ 2
µ

−Bb

)
v̂µ =

(
Bµ −Bb

)
v̂µ (17)

i v = i− i ba − i br − i ua − i ur (18)

where Bµ and Bb are phase and balanced equivalent re-
activity, respectively. Gµ and Gb are phase and balanced
equivalent conductance, respectively.

A. Power Terms
The three-phase current is represented as the sum of the
components of the CPT, shown in (19).

i = i ba + i br + i ua + i ur + i v (19)

The components are orthogonal. Thus, the Euclidean norm
is shown in (20).

I2 = Iba
2 + Ibr

2 + Iua
2 + Iur

2 + Iv
2 (20)

The apparent power (A) is represented in (21) based on
(20).

A2 = P 2 +Q2 + U2
a + U2

r +D2 (21)

P = V Iba (22)
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Q = V Ibr (23)

U =
√
U2
a + U2

r =
√

(V Iua )
2 + (V Iur )

2 (24)

D = V Iv (25)

where P is the active power, Q is the reactive power, U is
the unbalanced power, and D is a the void power [22].

B. CPT application for ancillary services
The orthogonal decomposition current in (26) is employed
as a reference signal to GSC control for providing ancillary
services [23]. Current components employed in the reference
signal are: the unbalanced active currents, the balanced and
unbalanced reactive currents, and the residual current.

i saref = i ua + i br + i ur + i v (26)

The reference signals are transformed into dq and αβ
reference frames depending on the reference frame at the
control scheme.

V. POWER QUALITY INDICATORS
The performances of ancillary services are analyzed by
employing power quality indicators. Each indicator is related
to one of the three ancillary services in this research. The
indicators presented in this work include standard and CPT
power quality indicators. Standard power quality indica-
tors are based on standards such as IEEE standards and
PRODIST. Meanwhile, the CPT factors are considered to
CPT power quality indicators.

A. Standard power quality indicators
The active filtering service is analyzed using Total Harmonic
Distortion (THD) and Total Rated-Current Distortion (TRD).
Both indicators are related to harmonic distortion. The THD,
defined in IEEE 519 standard, is calculated employing the
harmonics components until the 50th-order of the fundamen-
tal frequency, shown in (27) [24]. Meanwhile, the TRD,
defined in IEEE 1547 and IEEE 1459 standard, considers the
inter-harmonics in the calculation of total distortion, shown
in (28) [25], [26].

THD =

√∑50
n=2 I

2
n

I1
100% (27)

TRD =

√
I2 − I21
I1

100% (28)

where I1 is the fundamental magnitude of harmonic spec-
trum. In is the n-th harmonic component of the current in
the PCC.

The reactive power compensation and the unbalanced
phase compensation services are analyzed employing the
power factor (PF), in (29), and the current unbalanced phase
factor (Kc), in (30), respectively. These indicators are based
on the Brazilian standard PRODIST [27].

FP =
P√

P 2 +Q2
(29)

Kc =
I−
I+

100% (30)

where P and Q are the active and reactive power through
the PCC, respectively. I+ and I− are the magnitude root-
mean-square current of positive and negative sequences from
symmetrical components.

The limits for these indicators consider the IEEE 519
standard and PRODIST, shown in Table 2. The harmonic
distortion and power factor are limited in these standards.
However, these standards do not define the limits of Kc.
Therefore, the limit of voltage unbalanced phase factor from
PRODIST is considered to be Kc limits. These limits are
considered during PCC nominal conditions.

TABLE 2. Limits of standard power quality indicators

Indicator Min Max
THD - 5%

PF 0.92 1

Kc - 3%

B. CPT power quality indicators
The CPT formulation provides indicators that characterize
the electric system, as shown in (31) to (34).

λ =
P

A
=

P√
P 2 +Q2 + U2 +D2

(31)

λQ =
Q√

P 2 +Q2
(32)

λU =
U√

P 2 +Q2 + U2
(33)

λD =
D

A
(34)

where λ is the global conformity factor, λQ is the reactivity
factor, λU is the asymmetry factor, and λD is the distortion
factor.

Each indicator is related to three ancillary services. The
global conformity factor is related to the active power of
the electric system. The reactivity factor is associated with
energy storage elements and the phase difference between
current and voltage. The asymmetry factor arises when the
system exhibits unbalanced loads. Finally, the distortion
factor is related to the distortions of currents concerning the
waveform of the produced voltage, for example, by non-
linear loads.

VI. RESULTS
The dynamic of a WECS is simulated using Mat-
lab/Simulink. The simulation type is discrete with sample
time for discretization of 5 µs. The simulation parameters
are detailed in the APPENDIX. The rotor angular speed
varies the active power through the back-to-back converter.
Therefore, the value of the electric angular speed of the rotor

Eletrônica de Potência, Rio de Janeiro, v. 29, e202453, 2024. 5

https://creativecommons.org/licenses/by/4.0/


Hinostroza et al.: Ancillary Services to Mitigate Non-linear and Unbalanced Load Based on CPT Using a DFIG Power Plant

TABLE 3. Analyzed cases of wind system

Case
Time
interval

Ancillary
service

Stator active
power

Rotor Angular
speed

Case 1 0.8 s to 1 s No 0 kW 120 rad/s

Case 2 1.2 s to 1.4 s Yes 0 kW 120 rad/s

Case 3 1.8 s to 2 s Yes 700 kW 88 rad/s

Case 4 2.4 s to 2.6 s Yes 700 kW 163 rad/s
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FIGURE 5. Active power in DFIG (a) GSC with PI controller (b) GSC with
PR controller.

is ±30% of the angular speed of the utility grid. The stan-
dard indicators are calculated from the PCC current over a
measurement window of 12 cycles, which lasts 0.2ms. Since
the DFIG speed dynamic is slower than the measurement
window, the speed is assumed to remain constant throughout
the measurement period.

The WECS simulation operates in four cases, detailed in
Table 3. Two GSC control strategies, PI (dq reference frame)
and PR (αβ reference frame), are analyzed in each case.
In case 1, WECS does not provide any ancillary services,
whereas, in case 2, it does. In both cases 1 and 2, the
system operates without active power supply to compare the
performance of ancillary services in both control strategies.
In cases 3 and 4, the system operates by supplying active
power to the load in addition to ancillary services. Although
the active power supply depends on the angular speed of the
rotor, the reference for active power supplied by the stator
is set at 700 kW. In case 3, the mechanic angular speed of
the rotor is 88 rad/s, whereas, in case 4, the reference is
163 rad/s.

Fig. 5 shows the active power in the stator, Ps, and in
GSC, PGSC , as well as the total active power of DFIG,
PDFIG, for GSC with PI controller (a) and PR controller (b).
The stator active power follows the reference signal Psref

for both two control strategies, even though the active power
through GSC exhibits varying values. The active power at
output GSC varies depending on the rotor angular speed,
as shown in cases 3 and 4. The system can supply active
power and follow the reference, while providing the ancillary
services.
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FIGURE 6. Harmonic spectrum and waveform of PCC current for GSC
with PI controller (a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4.

Fig. 6 and Fig. 7 depict the harmonic spectrum and
waveform of PCC current in each case using both control
strategies. The harmonic spectrum contains harmonic order
up to 50th of a single current phase. The non-linear load
current predominantly exhibits 5th, 7th, 11th, and 13th order
harmonics, shown in case 1 for both control strategies.

A. GSC with PI controller
In case 1, the ancillary services are inactive, resulting in
unbalanced and distorted phases in the PCC currents, as
shown in Fig. 6a. In this harmonic spectrum, the 5th order
harmonic, at 12.37%, has the highest relative magnitude.
The ancillary services reduce the harmonics in cases 2 to 4,
with the 5th order harmonic reaching the maximum relative
magnitude of 2.95% in case 4. Similarly, the 7th, 11th,
and 13th harmonics exhibit a decrease from case 1 to case
2 to 4. The PCC currents show approximately sinusoidal
balanced waveforms in cases 2 to 4. The magnitudes relative
to the fundamental increases when the system supplies active
power. Therefore, the harmonics show a relative magnitude
increasing in cases 3 and 4.

The standard power quality indicators of PCC current
are presented in Table 4. In case 1, the THD and TRD
exceed 14%, surpassing the 5% limit. The ancillary services
operating in cases 2 to 4 reduce the harmonic distortion
indicators. Case 2 exhibits the lowest values for THD and
TRD among the cases. However, in cases 3 and 4, the supply
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TABLE 4. Standard Indicators of PCC current in GSC with PI controller.

Indicators Case 1 Case 2 Case 3 Case 4

THD 14.07% 2.01% 3.09% 5.1%

TRD 14.14% 2.37% 3.73% 6.17%

PF 0.9893 1 1 1

Kc 6.64% 0.63% 0.89% 1.43%

TABLE 5. Standard Indicators of PCC current in GSC with PR controller.

Indicators Case 1 Case 2 Case 3 Case 4

THD 14.06% 0.9% 1.45% 2.31%

TRD 14.13% 1.54% 2.54% 4.19%

PF 0.9895 1 0.9999 0.9999

Kc 6.62% 0.42% 0.57% 0.99%

of active power reduces the fundamental magnitude of the
PCC current, thereby increasing both THD and TRD.

The power factor is 0.9893 in case 1, without supplying
the ancillary services. This value approaches the unitary
power factor in cases 2 to 4. In case 2, the power factor
remains within the limits defined by PRODIST. Note that the
unitary power factor is maintained when the GSC supplies
various levels of active power in cases 3 to 4.

The current unbalanced phase factor exceeds the 3% limit
in case 1, whereas it remains within the limit in cases 2. The
ancillary services decrease the Kc value. However, supplying
active power at PCC increases the Kc from 0.63% in case
2 to 1.43% in case 4.

B. GSC with PR controller
In case 1, the PCC current is predominantly composed of
non-linear and unbalanced load currents, as shown in Fig. 7a.
The harmonic spectrum in cases 2 to 4 demonstrates a
significant reduction in the 5th, 7th, 11th, and 13th order
harmonics. The 5th harmonic exhibits the highest magnitude
among the harmonics in case 1, decreasing from 12.35%
to a maximum of 0.61% in case 4. In Fig. 7d, the 3rd

order harmonic, at 1.51%, represents the highest relative
magnitude in case 4.

For this control strategy, the standard indicators of PCC
current are exhibited in Table 5. In case 1, the THD and TRD
exceed the 5% limit. Meanwhile, the harmonic distortion
indicators in cases 2 remain within the limit. In case 2, the
THD and TRD present the lowest values.

The PCC current has a PF of 0.9895 in case 1. In case 2,
the PF approaches the unitary power factor. In cases 3 and
4, the power factor is nearly equal to 1, so it is considered
a unitary power factor.

In case 1, the current unbalanced phase factor is 6.62%,
exceeding the 3% limit. In cases 2 to 4, the Kc is below
1%. The Kc of 0.99% in case 4 is higher than 0.42% in
case 2 due to the active power injected at the PCC.
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FIGURE 7. Harmonic spectrum and waveform of PCC current for GSC
with PR controller (a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4.

C. Comparison between two control strategies
The distortion and unbalanced phase current in case 1 is
compensated by ancillary services in cases 2 to 4. The
harmonic spectrum exhibits a reduction in 5th, 7th, 11th,
and 13th harmonic orders when ancillary services are active.
The GSC with PR controller reduces the magnitude of
these harmonics more effectively compared to GSC with PI
controller. Supplying active power by the system decreases
the fundamental component of the PCC current harmonic
spectrum. Thus, the distortion harmonic in case 2 presents a
lower value than in cases 3 and 4.

The THD is lower than TRD due to the non-consideration
of inter-harmonics in calculation. The limits of standard
power quality indicators are checked in cases 1 and 2 when
the PCC presented nominal current condition. The THD and
TRD decrease to values below than 5% limit from case 1 to
case 2. The reactive power compensation and active filtering
are related to the PF value. The GSC with PR controller
presents better indicator values than GSC with PI controller.

The CPT indicators for GSC with PI and PR controllers
are exhibited in Table 6 and Table 7, respectively. The
standards do not employ the CPT indicators for characterise
the electrical system, so the limits of CPT indicators are
not defined. The distortion factor, λD, of the CPT indicators
exhibits a correlation with harmonic distortion. In case 1,
the λD is lower than the standards harmonic distortions.
However, in the others cases, when the ancillary services
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TABLE 6. CPT Indicators of PCC current for GSC with PI controller.

Indicators Case 1 Case 2 Case 3 Case 4

λD 0.1298 0.0291 0.0406 0.0614

λ 0.9785 0.9992 0.9984 0.996

λQ 0.146 0.0005 0.0012 0.0008

λU 0.0708 0.0259 0.0382 0.065

TABLE 7. CPT Indicators of PCC current for GSC with PR controller.

Indicators Case 1 Case 2 Case 3 Case 4

λD 0.1296 0.0233 0.031 0.0447

λ 0.9786 0.9994 0.9987 0.9969

λQ 0.1451 0.0018 0.012 0.0103

λU 0.0707 0.0255 0.0376 0.0638

are active, it is higher. In these cases, its value is closer to
TRD than THD.

The global conformity factor, λ, and PF are correlated
due the similarity of their calculation. The λ is lower than
PF since its calculation considers the unbalanced and void
power. Therefore, the λ value is not unitary. The λ in the
GSC with both two controllers does not exhibit a significant
difference. The reactivity factor, λQ, is related to the reactive
power in the PCC, so its value is close to zero when the
ancillary services are active.

In case 4, the asymmetry factor, λU , is around 0.06, which
is close to the value of 0.07 in case 1. Therefore, the λU does
not correspond to the Kc for all cases.

VII. CONCLUSION
This paper presented a DFIG power plant incorporates three
types of ancillary services simultaneously. The CPT was
used to provide three type of services: active filtering, reac-
tive power compensation, and unbalanced phase compensa-
tion. Furthermore, two control strategies in the dq reference
frame and αβ reference frame used in back-to-back converter
were compared. The CPT orthogonal decomposition current
was employed as a reference signal to GSC control for pro-
viding three services. The GSC provided ancillary services
in addition to injecting and absorbing active power.

The non-linear load current predominantly exhibits the
5th, 7th, 11th, and 13th harmonic order, which are compen-
sated by ancillary services using the GSC with PI and PR
controller. The GSC with the PR controller exhibits lower
harmonic distortion and Kc than that with the PI controller.
Furthermore, it presented a unitary power factor when the
ancillary services are active. The limits of standard power
quality indicators were checked in cases when the PCC
presented nominal current condition. The standard power
quality indicators remain within their limits for the GSC with
PR and PI controller.

The standard power quality indicators, as well as λD
and λ, characterized the PCC current. The λD and the
λ were correlated with the harmonic distortion and power
factor, respectively. Nevertheless, the λU was not exhibit a

correlation with Kc. This work focused on simulating the
ancillary services on a 1.5MW power plant. The next step
will involve experimentally validating the control strategies
and ancillary services on a smaller-scale power system,
which is under development for future studies.

APPENDIX
Utility grid parameters: 575V, 60Hz, rg = 0.01mΩ, Lg =
2.85 µH.

DFIG parameters: 1.5MW, 575V, 60Hz, rs = 1.4mΩ,
r′r = 0.99mΩ, Ls = 89.98 µH, Lr = 82.08 µH, Lm =
1.526mH, p = 6.

DC link capacitor: Ce = 10mF.
GSC inductive filter: R = 8.8mΩ, L = 125 µH.
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Tárcio André dos Santos Barros received the B.S. degree in electrical
engineering from the Federal University of Vale do São Francisco (UNI-
VASF), Petrolina, Brazil, in 2010, and the M.S. and Ph.D. degrees from
the University of Campinas (UNICAMP), Campinas, Brazil, in 2012 and
2015, respectively. From 2016 to 2017, he was a Researcher with the Power
Electronics Laboratory (LEPO), University of Campinas, under the FAPESP
Postdoctoral Program. He is currently a Professor with the Electrical and
Computer Engineering Faculty, UNICAMP, and the Coordinating Member
of the Brazilian Government Program ROTA 2030-FUNDEP (biofuel,
vehicle safety, and alternative propulsion systems to combustion). He works
in the areas of electrical machines, power electronics, electrical vehicles,
and electrical drives. His research interests include machine drives, switched
reluctance machines, doubly fed induction generators, and solar energy. He
is a member of the Brazilian Society of Power Electronics (SOBRAEP).
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