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A B S T R A C T

Distributed Generation (DG) systems are typically interfaced with distribution lines by modern power converter
devices, which their controllers and dynamic behaviours are significantly influenced by unbalanced grid faults.
The active and reactive power control with positive-negative sequences (PNS) is one of fundamental of power
converter control under grid fault conditions. This paper proposes a reference current generator (RCG) based
flexible power control strategy to enable regulation of active and reactive power with minimizing active and
reactive power oscillations. Current limitation control is embedded into the RCG in order to keep maximum
current injection in safety limitation for overcurrent protection under grid faults and harmonic distortions. The
proposed control strategy has been also accomplished maximum active power and minimum reactive power
transfer capability to electric grid. The analytical expression of active and reactive power oscillations depending
on flexible control parameters are comprehensively investigated as theoretically and examined with simulations.
Fractional order proportional integral (FOPI) controller is preferred to minimise steady state error of AC current
regulation and provide faster processing time instead of conventional PI and proportional resonant (PR) con-
trollers. An important contribution for similar previous studies is that PNS voltage and current components are
separated by dual average filter based phase locked loop (DAPLL) which is firstly proposed in this paper. The
performance of proposed controller is compared with multiple complex-coefficients filter (MCCF-PLL) based
controller. Theoretical analysis and simulation results verify the correctness and effectiveness of the proposed
solution.

1. Introduction

Distributed generation (DG) power systems technologies and alter-
native energy sources appear to be a viable option for addressing the
increased demand for electricity which are directly connected to the
consumers’ load or dispatched to electric grid with power electronic
devices at the low, medium and high voltage [1–4]. In order to main-
tain a stable power system in the interconnection DG power systems
and transmission system operators, the impact of grid disturbances on
the control of DG power systems need to be investigated [5,6]. The
conventional control methods are mainly suitable for grid connected
inverters (GCIs) under balanced conditions. However, electric grid
voltage is affected by many factors such as overloads, grid faults and
start-up of motors [7]. Therefore, the dynamic behaviour and control of
the GCI can considerably influenced by unbalanced grid conditions. The
GCI can exhibit undesirable performance such as overcurrent, power
oscillations and DC bus voltage oscillations during grid faults [8].

Some recent studies have been analysed the flexible control

algorithms for the impact of grid faults on control of the GCI. While
some researchers focused on excessive current stresses, the other re-
searchers studied on maximum power delivery at rated inverter power
capacity in [9–18]. Hence, the various reference current generators
(RCGs) or reference power generators are presented to control the GCI
for overcurrent prevention or maximum power delivery capability
under grid fault conditions. In [9,11], the RCG based control algorithms
have been developed for regulation of active and reactive powers. The
analytic relationship between control parameters of positive–negative
sequences (PNS) with power oscillations is well discussed and analysed.
The overcurrent is achieved within safe current operation range.
However, maximum injected current exceeds rated current in [10,11]
because to avoid overcurrent phenomenon under grid faults, maximum
injected current should be limited to rated current. The impact of
harmonic distortions is not also considered. In [12], an advanced
control algorithm is reported that peak current limitation is achieved by
limited active power in wind turbine. Other interesting power control
method is reported that a new vector transformation based
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instantaneous p-q power control is enhanced in [13]. The system dy-
namics are considerably limited due to more computational burden and
using more control modules in these methods. Moreover, conventional
controllers such as proportional integral (PI) and proportional resonant
(PR) controller are used for AC current regulation [9,14–17]. In parti-
cular, the impacts of harmonic distortions and voltage unbalanced
factor are not taken into consideration in these control algorithms. The
paper [18] offers sliding mode and Lyapunov function based control
strategy. Active and reactive power oscillations are regulated and im-
pacts of negative sequences are reported. However, current limitations
are not surpassed and flexible control is not taken into consideration.

The sequences extractors are considerably essential control module
to obtain the RCG. In addition, they are required to achieve accurate
and fast dynamic behavior of GCI under grid faults and harmonic dis-
tortions. Some researchers have been reported various PLL based PNS
extractors to generate reference current in the literature. Dual second-
order generalized integrator (DSOGI) [15,19], time delay based PLL
[20], third order sinusoidal integrator (TOSSI) [21] and multivariable
based PLL (MVF) [14] are presented for detection of PNS components in
stationary reference frame (STRF) and double synchronous reference
frame (DSRF) [22], decoupled double synchronous reference frame
(DDSRF) [23], differentiator method [24] are also presented for se-
paration of PNS in synchronous reference frame (SRF) under un-
balanced conditions. These methods are easily affected by voltage
harmonic and some part of them has more the computational burden
for signal processing. The speed of detection PNS components is slower.
Moreover, using multiple filters increase the complexity of the control
algorithm. The paper [25] only extracts positive sequences to generate
reference current. The impacts of negative sequences on control signals
and power oscillating components were not taken into account. In [26],
multi complex coefficient filters (MCCF) based PNS extractor is pre-
sented to obtain fast and accurate PNS components. However, the im-
pact of voltage harmonics, including many sub-modules and computa-
tional burden still seem problems. Among the above mentioned
methods, DSC-PLL and MVF-PLL has the lowest dynamic response. On
the other hand, the DSOGI provides much simpler structure for PNS
extractor, but relatively slower response than proposed PLL. The MCCF-
PLL has the transient response comparable with the TOSSI-PLL and
DDSRF.

In this paper, the RCG based flexible control strategy has been
carried out regulation of active and reactive powers with minimizing
active and reactive power oscillations in GCI interfaced DG system
under grid faults and harmonic distortions. The maximum current
limitation control is inserted to the RCG for overcurrent protection. The
impact of flexible control parameters on amplitudes of active and re-
active power oscillations are examined and compared with MCCFF-PLL
based RCG control strategy. Performance comparison of proposed
control strategy is also comprehensively tested and reviewed with some
previous studies. Fractional Order PI (FOPI) controller is used to
achieve fast and accurate AC current regulation at steady state error
instead of PI and PR controllers. Another key novelty is that PNS vol-
tage-current components for the RCG are measured by proposed fast
and robust dual average filter based PLL (DAPLL). The oscillations
caused by grid faults and voltage harmonics on PNS orthogonal (d-q)
signals are removed by proposed DAPLL. This paper provides some
advantages in fourfold: (1) the PNS voltage-current components are
separated by improved DAPLL, which provides fast response time, good
robustness under grid faults and is not affected by low and high order
harmonic components, (2) maximum active power and minimum re-
active power are injected into utility grid without exceeding allowable
phase current, (3) the proposed RCG based control algorithm is capable
to deal with overcurrent limitation and (4) the analytical expression of
active and reactive power oscillations based on flexible control para-
meters are comprehensively investigated as theoretically and verified
with numerical and simulations results. Various cases are presented to
support the validity and effectiveness of the proposed control strategy.

This paper is organized as six sections. Following the introduction
section, the active and reactive power oscillation are formulated and
analysed. In Section 3, the proposed flexible phenomenon based over-
current limitation control and constant power control are introduced. In
Section 4, proposed system is presented with PNS extractors and AC
current regulation controller. Simulation results in Section 5 corrobo-
rate the claimed features of proposed solution. Performance comparison
of proposed control strategy is discussed in Section 6. Section 7 con-
cludes the paper and summarizes its main contribution.

2. The problem formulation with instantaneous power theory

Instantaneous active and reactive powers p q, are given in Eq. (1)
[14];

= = + +

= = − + − + −⊥

p v i v i v i v i

q v i v v i v v i v v i

.

. ( ) ( ) ( )
a a b b c c

b c a c a b a b c
1
3 (1)

where “⊥” denotes a vector derived from matrix transformation. v and
⊥v are orthogonal each other. Zero sequence components may be dis-
regarded because θ of three wire structure. Three phase unbalanced
grid voltage signals based on PNS components are written in matrix
form.
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where positive phase angle +θ is equal to θ, which is measured from
proposed PLL and negative phase angle −θ equal to −θ.
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Considering three phase unbalanced grid voltage and currents, the
active and reactive powers are written based on PNS components.
Letters p, q are related to active and reactive power controls, which
consist of active and reactive power oscillations, respectively.
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Reformulated Eq. (4) in terms of ±id and ±iq .
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where = ++ −v v v , = +⊥ ⊥
+

⊥
−v v v , = ++ + +v v vd q and = +− − −v v vd q , simi-

larly, for PNS current signals = ++ + +i i id q and = +− − −i i id q . p w2 and q w2
represent active and reactive power oscillations. From Eqs. (5) and (6)
can be divided into two parts: one part is average power without os-
cillations, another part is active and reactive power oscillations. The
detailed of power oscillations are given subsection in following.

2.1. Analysis of active-reactive power oscillations

Average active power P is obtained by Eqs. (4) and (5) under ba-
lanced conditions.

= ++ + − −P v i v i (7)

The active power oscillations are adjustable with flexible control
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parameter μp. Active power oscillations based on PNS signals are de-
rived from Eq. (5) under unbalanced grid conditions in following.

= +

= +

= +

+ − − +

+ − − +

p p p

p v i μ v i

p v i μ v i

w w p w q

w p d p d

w q q p q

2 2 , 2 ,

2 ,

2 , (8)

The restriction parameter μp is a scalar coefficient that used as a
weighting factor for elimination of active power oscillations. The re-
lationship active power control parameter μp and PNS voltage compo-
nents are written as follows;
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Positive and negative orthogonal d-currents can be derived from Eq.
(9) as
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‖. ‖ is vector norm or magnitude of vector. By substituting Eq. (10) into
active power P in Eq. (5), Eq. (11) is obtained in following.
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Total active power current reference is given as follows:

=
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where = ++ −i i idref d d . Average reactive power Q is derived from Eqs. (4)
and (6) and given as follows;

= +⊥
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⊥
+ −Q v i v i (13)

Reactive power oscillations based on PNS signals are derived from
Eq. (6) under unbalanced conditions. Double frequency power oscilla-
tions q w q2 , and q w p2 , caused by unbalanced voltages are related with
flexible control parameters μq as;
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Similar steps as described in active power oscillations, the re-
lationship reactive power control parameter μq and PNS voltage com-
ponents can be given as follows;
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As abovementioned in active power control, similar steps are ap-
plied to reactive power control. Total reactive power reference current
is given as follows:
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where = ++ −i i iqref q q . In SRF, total active and reactive power reference
current = +i i iref dref qref is given as follows:
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The total reference current in STRF form can be written in fol-
lowing.
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2.2. Power quality characteristic

Generally, voltage balancing is proposed objectives. Actually, less
amount of voltage unbalancing, is more desirable. Voltage unbalance
factor [28] nv is ratio of negative and positive sequence of voltage
amplitudes as;
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Current unbalance factor as well as voltage unbalance factor based
on PNS components can be written using IEEE true definition. One of
main objectives is less unbalance factor [29]. Current unbalance factor
is given as follows;
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where ±vd ,
±vq , ±id and ±iq are PNS voltage and current components. The

average active power P is equal to the reference power Past and it is
possible for average reactive power =Q Qast at same time. The ampli-
tudes of active and reactive power oscillations depend on flexible
control parameters μ μ,p q, which vary interval of [−1, 1]. By sub-
stituting Eq. (18) into Eq. (5) and (6), the following equations can be
obtained.
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are phase angle be-

tween PNS components for active and reactive power oscillations, re-
spectively. The phase angle between sequences is also given as

= −+ −θ θ θPNS . w is angle of fundamental frequency. Amplitudes of ac-
tive and reactive power oscillations with Eqs. (23) and (24) are ob-
tained from Eqs. (21) and (22);
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For reactive power reference =∗Q 0, active and reactive power are
controlled by only μp parameter. After substituting reactive power

=∗Q 0 in Eqs. (23) and (24), simplified Eq. (25) are written in fol-
lowing.
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The ratio of active and reactive power oscillations [30] based on
control parameters and voltage unbalance factor are rewritten as fol-
lows;
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3. Flexible control phenomenon

In this section, the main objective of the proposed controller con-
tributes that a flexible control algorithm is capable to safely inject
current at rated inverter capacity. The obtained active and reactive
current references from PNS components are analysed with flexible
control parameters. The RCG based control strategy and overcurrent
limitation controller have been performed for maximum power delivery
capability, minimizing active and reactive power oscillations and
overcurrent protection.

3.1. The flexible constant active-reactive power control

The RCG is considerably crucial control module that determines the
performances of the GCI during grid faults. The constant active and
reactive powers are achieved by the RCG. In order to keep constant
(maximum) power at level of inverter power capacity, the inverter
current requires increasing. However, when active power production is
high and exceeds rated (nominal) current, overcurrent issue occurs.
Hence, active power curtailment should be occurred to avoid DC bus
overvoltage and inverter tripping [11]. Three phase unbalanced grid
voltages are converted to STRF with Clark transformations. The re-
lationship between PNS components in SRF and STRF are given in
following.
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The inverter output current is determined in following equations.
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where Iα p( ), and Iβ p( ) represent active power current and Iα q( ) and Iβ q( )
represent reactive power currents. ∗P and ∗Q are active and reactive
power references and can be adjustable with inverter power capacity.
The current references for active and reactive power can be calculated
by PNS voltage components in STRF and obtained by substituting Eq.
(28) into (27). Flexible control parameters are inserted in Eqs. (29) and
(30). Inverter output current is obtained under unbalanced grid vol-
tages in following.
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After PNS voltages in STRF are converted into SRF, the active and

reactive power current references based on PNS voltage components
can be reformulated with flexible control parameters in Eqs. (31) and
(32) [9].
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where = ++ + +v v v( ) ( )α β
2 2 and = +− − −v v v( ) ( )α β

2 2 . The total references
current can be given as follows;
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where the PNS active-reactive power current components is detailed by
Eq. (34).
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where M1, M2, δ1 and δ2 is given in Eq. (35) as follows;
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3.2. Overcurrent limitation control

In the previous section, with increasing injected current under un-
balanced grid faults, active and reactive powers are kept at reference
power rating. And also, active-reactive power references are calculated
by current references and grid voltage as mentioned below. However, to
deal with excess current, active power curtailment should be occurred
during grid faults. With inserting active and reactive power current
references into Eqs. (29) and (30), the reference current components,
Eqs. (36) and (37) are obtained [9]. The RCG components can be
flexible adjusted by active and reactive power current references ∗ ∗I I,p q
and control parameters μ μ,p q.
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where = = +∗ ∗ + ∗ + +P I v I v v( ) ( )p p α β
2 2 and = = +∗ ∗ + ∗ + +Q I v I v v( ) ( )q q α β

2 2 .
Total reference currents are obtained by Eqs. (36) and (37) and given
with Eqs. (38) and (39) in STRF as follows;
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It should be reported that if injected active-reactive power keep at
desired value, overcurrent issue will occur. In order to ensure over-
current issue in safety limit, injected power should be decreased. The
measured maximum injected current value from inverter output can be
obtained by Eq. (40) as follows;
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As seen from Fig. 1a with numerical values, when = −μ 1p and
=n 0.36v , =p| | 0w2 and =q| | 0.82w2 . Similarly, when = +μ 1p and
=n 0.36v , =p| | 0.67w2 and =q| | 0w2 . The active and reactive power os-

cillations are not influenced by μq due to reference reactive power ∗Q is
selected as 0. From = −μ 1p to =μ 1p , amplitude of active power os-
cillation is increased and similarly, amplitude of reactive power oscil-
lation is decreased (see Fig. 2).

As shown in Fig. 1c and d and Eq. (40), the amplitudes of Imax

changes as function of positive sequence +v , negative sequence −v and
flexible control parameters μp and μq. Simulation result shows that the

minimum current is 0.66 p. u value, with =μ 0p and =μ 0q . Maximum
injected current is 1 p. u value with =μ 1p . Therefore, the selection of
μp and μq values involves with the trade-off between p w2 , q w2 and Imax.
Variation of flexible control parameters μ μ,p q and negative sequence
voltage affect the maximum injected current. When reactive power
current reference ∗Iq is selected as 0, maximum current is only depend
on active power current reference ∗Ip (Fig. 1c). However, as depicted in
Fig. 1d, when reactive power current reference is greater than zero
( ∗Iq =0.2), variation of maximum injected current, Imax depends on both
references.

Flexible control parameters affect the power oscillations. μp and μq
is an integer in the interval of [-1, 1]. As shown in Table 1, μp is used to
select the required control targets. In proposed system, only one flexible
control parameter μp is used. When =μ 0p , the injected current is ba-
lanced. Similarly, when = ±μ 1p are used to eliminate active and re-
active power oscillations. Therefore, it is adjustable to customize the
control objectives for different demands. The amplitude of the active
and reactive power oscillations are summarized under variation of
control parameter in Table 1.

4. The proposed system

The fast and robust PNS components are considerably essential to
obtain RCG. In this paper, the measured PNS components from pro-
posed DAPLL is embedded in RCG control module to deal with over-
current phenomenon, provide maximum power delivery and mini-
mizing active and reactive power oscillations in GCI interfaced DG
system. The proposed controller ensures better solution than MCCF
based overcurrent limitation controller in terms of oscillations caused
by voltage harmonics and grid faults. In particular, proposed DAPLL
based PNS extractor with its simple implementation consists of two-

Fig. 1. Controllable parameters for; |p |2w (a) as function of μp and nv , (b) |q |2w as function of and nv , (c) maximum injected current as function of μp and μq with =∗I 0q

and (d) maximum injected current with >∗I 0q .
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average filter to minimize harmonic components instead of using
multiple sub-modules in MCCF-PLL.

4.1. The MCCF based PNS extractor

The general structure of the multiple complex-coefficients filter-
based (MCCF-PLL) consists of several complex-coefficient filters (CCFs)
which work collaboratively [26,31]. The MCCF-PLL separate funda-
mental PNS and harmonic components and also provide fast dynamic
response without using several Park transformations. Although it en-
sures some advantages than many advanced PNS extractor in literature,
computational burden of MCCF-PLL still seems big problem and it is
relatively affected unbalanced condition caused by voltage harmonics
and grid faults. It is reported in [26] that the oscillations on PNS
components are not completely solved. The MCCF structure is illu-
strated in Fig. 3. +Vαβ1,

−Vαβ1,…, +Vαβn,
−Vαβn are represented the PNS and

harmonic components. As sub module of MCCF, the transfer functions
of CCF are given as follows;

=

=

+ − +

− + +

CCF s

CCF s

( )

( )

n
w

s jw w

n
w

s jw w

c
c

c
c

0

0 (41)

where wc is cut off frequency and w0 is fundamental frequency that
feedback to the MCCF. The MCCF model is developed by its mathe-
matical model in PSCAD/EMTDC software. It can be seen that MCCF
separate PNS voltage components with Eq. (42).
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Fig. 2. The MCCF-PNS extractor; (a) MCCF structure; (b) sub-module of MCCF and (c) estimation phase angle and separation of PNS voltage-current components.

Table 1
Controllable of active-reactive oscillations based on μp parameter.

μp p| |ω2 q| |ω2 Control target

1 ∗ + −
+ + −
P v v

v μp v
2 ‖ ‖‖ ‖

‖ ‖2 ‖ ‖2
0 Q remains constant

0 ∗ + −
+ + −
P v v

v μp v
‖ ‖‖ ‖

‖ ‖2 ‖ ‖2
∗ + −

+ + −
P v v

v μp v
‖ ‖‖ ‖

‖ ‖2 ‖ ‖2
balanced

−1 0 ∗ + −
+ + −
P v v

v μp v
2 ‖ ‖‖ ‖

‖ ‖2 ‖ ‖2
P remains constant
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4.2. The proposed PNS extractor

The Average filter based PLL (APLL) comprises of two average filters
which are integrated into the simple structure of adaptive notch filter
algorithm in [32]. Average Filter based PLL takes samples from the
input signal in each period and computes the average of every sampling
time. The phoneme is that the averaging of a sinusoidal signal gives a
zero value. After Average filter processing, the distorted part of input
signal is eliminated while DC part of the input signal is easily extracted
[33]. Hence, the most significant feature of APLL has shorter synchro-
nisation time and is less affected by voltage harmonics compared with
advanced PLL in literature. It precisely extracts the amplitude, phase
and PNS components and high order harmonics. In this paper, dual
APLL (DAPLL) is proposed to extract fast and robust PNS voltage and
current components under grid faults and harmonic distortions. Hence,
PNS components are required to generate reference current. The mea-
sured PNS components from proposed DAPLL is embedded in RCG
control module to deal with overcurrent phenomenon, to provide
maximum power delivery and to minimize active and reactive power
oscillations in GCI interfaced DG system. The proposed DAPLL removes
both a double w2 frequency oscillations (ripples) (caused by grid faults)
and harmonic distortions (frequency ripples w6 which is caused by low
and high order harmonics). In this study, it is the first time that using
only two APLL is integrated into three phase systems to produce PNS
components. As shown Fig. 3, proposed DAPLL is applicable to both
single phase signals and three phase signals.V (t)a or +V (t)Apl h represent
grid phase voltage and consist of fundamental V (t)a or V t( )Apl , harmonic
voltage V t( )h and phase of input signal ∅h can be written as follows
[32];

∑= + = + ∅ + + ∅+
=

∞

V t V V V wt V hwt( ) sin( ) sin( )h h m
n

h ha a a
2 (43)

where h represent harmonic order. The fundamental voltages V t( )a

consist of positive sequences V t( )pa and negative sequences V (t)na of
voltages. The relationship between PNS voltages and input signal are
given as follows [32];

= +V t V t V t( ) ( ) ( )pa a an (44)

Its feed-back signal F t( ) is obtained from PNS of input signal.

= + ++F t V t V t V t( ) ( ) ( ) ( )h p na a a (45)

Amplitude of PNS voltages are calculated from APLL;
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For each harmonic at same time with its input phase signal is ∅m;
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The PNS voltages with its amplitudes are written as follows;

= = ∅+ +V t V C t V wt( ) | |. ( ) | |. cos( ). sin( )p Apl Apl ma (49)

= = + ∅− −V t V S t V wt( ) | |. ( ) | |. cos( )n Apl Apl ma (50)

4.3. Proposed control structure

To generate firing signals of the GCI, the reference voltage signals
Vαref and Vβref are obtained by proposed reference current signals in Eqs.
(38) and (39) by processed FOPI controller. The FOPI controller is ap-
plied in Eqs. (51) and (52). Compared with conventional PI and PR
controllers, the FOPI controller is preferred that can achieve zero
steady-state error in STRF and ensures faster processing time. The re-
ference voltages for firing signals of three phase inverter in STRF are
obtained by Eqs. (51) and (52). The proposed entire test system is il-
lustrated in Fig. 4.
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Fig. 3. The proposed PNS extractor; (a) single phase APLL, (b) improved DAPLL for PNS components and (c) estimation phase angle and separation of PNS voltage-
current components.
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where λ is positive real number for fractional order of integrator and kp
and ki are proportional gain and integration gain, respectively. I I/αref max
and I I/βref max represent current injection in stationary frame. While Eq.
(51) does not dealt with overcurrent, current limitation is surpassed by
Eq. (52) in the proposed system.

5. Verification of proposed control structure

In this section, DG power system rated at 0.47MW is built using
PSCAD/EMTDC software. The DG energy sources are solar cell, wind
turbine and fuel cell, which their rated powers are 0.117MW, 0.11MW
and 0.29MW, respectively. The performances comparison of proposed
overcurrent limitation phenomenon is tested with MCCF-PLL based
overcurrent limitation controller and previous similar studies. The main
parameters for proposed test system are summarized in Table 2.

The proposed controller consists of four main parts:

• PNS extractor

• Current reference generator

• Current limitation control

• FOPI controller for AC current regulation

The 5th and 7th voltage harmonics and phase to phase grid fault are
applied to the electric grid. At 0.3 s, phase B and C voltages are de-
creased at 65% of their nominal values. As depicted in Fig. 5, PNS
voltage signals in stationary are extracted by proposed DAPLL and
MCCF-PLL under heavily distorted grid conditions. It is clearly seen in
Fig. 5 that proposed improved DAPLL minimized almost harmonic

contents on PNS voltage components in STRF at zero level by means of
comparison of MCCF-PLL. While two filters are required for proposed
DAPLL, multiple-modules are required for MCCF-PLL to deal with
harmonic distortions.

The phase to phase fault conditions are applied to the three phase
signals at 0.3 s during 0.2 s (ten cycles). The phase B and C voltages are
decreased at 65% of their nominal values. The extracted PNS voltage
components from MCCF-PLL and the proposed DAPLL are shown in
Fig. 6. It is possible that although the MCCF-PLL achieves to extract fast
PNS components in SRF, the amplitudes of PNS voltage signals have
still oscillations. To highlight features of proposed PNS extractor, a
cutaway-view is taken in Fig. 6. The proposed DAPLL with its simple

Fig. 4. Proposed entire system; (a) GCI interfaced DG system, (b) MCCF-PLL/PR based RCG controller and (c) proposed DAPLL/FOPI based controller.

Table 2
Parameters for proposed test system.

Parameters Values

Inverter input voltage 800 V
Grid line-line voltage (rms) 380 V
Grid frequency 50 Hz
LC filter L 0.5mH

C 50uF
kp 100

ki 10
λ 0.5
Switching frequency 2500 Hz
Simulation parameters Duration of run 1 s

Solution time 0.025ms
Channel plot step 0.05ms
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Fig. 5. MCCF-PLL and proposed DAPLL extract; (a) positive sequences and (b) negative sequences in STRF.

Fig. 6. MCCF-PLL and proposed DAPLL extract; (a) positive sequences and (b) negative sequences in SRF.
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structure exhibits high performance and extracted fast and robust PNS
components under distorted and unbalanced grid conditions. The dy-
namic response of proposed DAPLL is closer to the MCCF-PLL.

The PNS voltage and current components in STRF are separated by
MCCF-PLL and improved DAPLL to generate reference current under
grid faults and harmonic distortion in Fig. 7. After unbalanced and
distorted grid voltages are occurred, the proposed DAPLL based current
limitation controller provides less oscillations on voltage unbalanced
factor nv and maximum injected current Imax, injected current (I I/αref max
and I I/βref max) in stationary frame than MCCF-PLL. It can be observed
that the impact of voltage unbalance factor on MCCF-PLL include more
oscillations on signals. The maximum injected current is tracking the
reference current without any oscillations in middle of Fig. 7b. The
injected current is in safety range for overcurrent prevention. The
proposed controller achieves lower total harmonic distortion (THD),
which is measured from injected current (I I/αref max and I I/βref max).

The phase to phase grid fault and 5th and 7th voltage harmonics are
applied to the three phase signals at 0.4 s in Fig. 8. The MCCF-PLL based
controller is considerably influenced by the voltage unbalance factor nv
and voltage harmonics. The positive and negative active and reactive
power components +p , −p , +q , −q and amplitudes of active and reactive
power oscillations for MCCF-PLL and DAPLL based control strategies

−p| _ |w MCCF PLL2 , −q| _ |w MCCF PLL2 , p| _ |w DAPLL2 and q| _ |w DAPLL2 are flexibly
adjusted with control parameter, μp. As shown in Fig. 8a, the MCCF-PLL
based RCG controller does not overcome the oscillations on signals. In
particular, despite the use of multiple-modules for rejection of har-
monic distortion, it cannot deal with harmonics. As depicted in Fig. 8b,
the proposed PNS extractor (DAPLL) based RCG controller ensures
better solution to eliminate oscillations.

The MCCF-PLL/PR and the proposed DAPLL/FOPI control strategies
are examined for overcurrent prevention under grid faults and har-
monic distortion. Impact of harmonic distortions on control signals

Fig. 7. The performances of RCG based on; (a) MCCF-PLL/PR controller and (b) proposed DAPLL/FOPI controller.
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have not been taken into account in the previous similar control stra-
tegies. Many of them focus on grid faults. As shown Fig. 9, active and
reactive powers are regulated with minimizing active and reactive
power oscillations. Active power curtailment has been occurred to keep
injected currents in safety limited range for both two controllers.
However, the MCCF-PLL based RCG controller has high oscillations on
signals and has high THD value for injected current. 5th and 7th har-
monic orders for current phases A, B and C are plotted in Fig. 9a. The
results clearly show that the proposed control strategy provides quite
effective and robustness solution to minimize oscillations and low THD
values for injected current. Fig. 9b depicts that current phases Ia, Ib and
Ic have less than 0.5% THD values for the proposed control strategy.
Harmonics of injected current Ia, Ib and Ic are extracted from 1st to 31st
orders. As shown in Table 3, some numerical results are reported that
proposed control strategy achieves lower THD values and individual
harmonic contents compared with MCCF-PLL/PR controller.

At 0.4 s, single phase to ground fault is applied to three phase sig-
nals. The phase A to ground fault is occurred and its voltage is de-
creased at 50% of its nominal voltage. The performance of the RCG
based on MCCF-PLL/PR and DAPLL/FOPI controller without current
limitation are evaluated and plotted in Fig. 10a and 10b. The control
parameter μp is changed from -1 to 1, linearly. The amplitudes of active
and reactive power oscillations are flexibly adjusted with control
parameters. When μp is −1, no active power oscillation, but reactive
power oscillations are high. As μp is close to −1, active power oscilla-
tions increase and reactive power oscillations decrease and vice versa.
Injected current is unbalanced with = ±μ 1p . When μp is 0, oscillations
occur on active and reactive powers and injected current is balanced. It
can be observed from Fig. 10a and 10b that while injected currents for
two controllers exceed the maximum constraint without current lim-
itation ( >I Imax rated), the constant active power provides at inverter
rated power. Hence, overcurrent phenomenon has been occurred. The

Fig. 8. The power oscillation analyses for RCG based on; (a) MCCF-PLL/PR controller and (b) proposed DAPLL/FOPI controller.
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results clearly prove that the rated active power can be maintained
almost at its references. The DAPLL/FOPI controller ensures better so-
lution to deal with oscillations by means of comparison of MCCF-PLL/
PR controller. However, to avoid overcurrent phenomenon, active
power curtailment must be occurred. As shown in Fig. 10c and d, it is
clearly depicted that injected current is reduced in safety range lim-
itation by RCG based MCCF-PLL/PR and proposed controllers. With the

proposed control strategy, it is observed that maximum injected current
does not exceed the nominal current ( <I Imax rated) when compared to
previous studies such as [27] and [34]. The proposed controller mini-
mizes the oscillations on amplitudes of active-reactive power and or-
thogonal currents. The inverter rated power is smaller than its refer-
ences during unbalanced grid faults.

As shown Fig. 11, proposed control strategy is capable of maximum

Fig. 9. The results for RCG based on; (a) MCCF-PLL/PR controller and (b) proposed DAPLL/FOPI controller.

Table 3
Performance comparison of control strategies under harmonic distortions.

Methods phase A phase B phase C THD (h=31)

5th 7th 5th 7th 5th 7th phase A phase B phase C

MCCF-PLL/PR controller 2.56% 1% 2.41% 1.86% 2.49% 2.33% 2.8% 3.1% 3.41%
Proposed control strategy 0.181% 0.101% 0.309% 0.109% 0.180% 0.066% 0.325% 0.35% 0.206%
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limited current with various rated current (below 1p.u) under grid
faults. To observe the performances of proposed control strategy, var-
ious active power production scenarios are carried out. Firstly, Fig. 11a
shows system considering high active power production p= 0.47MW.
During grid faults, maximum injected current does not exceed allow-
able phase currents =I I I I I( , , )max a b c rated. Active power curtailment oc-
curs from 0.47MW to 0.232MW. Secondly, medium active power
production p= 0.340MW is considered under same grid faults. As
shown in Fig. 11b, <+I i I( )max rated, =+i 0.75 p.u and active power
curtailment occurs from 0.340MW to 0.172MW. Thirdly, low active
power production p= 0.22MW is considered in Fig. 11c.

<+I i I( )max rated, =+i 0.5 p.u and active power curtailment is performed

from 0.224MW to 0.114MW. Active power oscillations are eliminated
as expected in three scenarios.

6. Discussion on performance comparison of proposed control
strategy

To highlight the features of the proposed control strategy, several
control strategies have been reported in the literature. Performance
comparisons in terms of the regulation of active and reactive power,
controllability of active and reactive power oscillations, current lim-
itation phenomenon, AC current regulation control, number of control
parameters and PNS extractors of control strategies are exhibited in

Fig. 10. The results for RCG based on; (a) MCCF-PLL/PR controller without current limitation, (b) proposed DAPLL/FOPI controller without current limitation, (c)
MCCF-PLL/PR controller with current limitation and (d) proposed DAPLL/FOPI controller with current limitation.
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Table 4. Some studies on regulation of active power P or reactive power
Q, or both of P and Q, by generating the PNS current references have
been reported in [5,6,9,14,20,27,34,35]. Active and reactive power are
regulated, but control of active and reactive oscillations are not dis-
cussed in [5,20]. Another approach is mitigation of active-reactive

power oscillations. While some previous studies [5,20,23] have not
dealt with both p w2 and q w2 oscillations, only active power oscillations
are eliminated in [34,35]. Active and reactive power oscillations are
discussed in [6,14], but current limitation control is not taken into
considerations. The paper [27] and [35] examine current limitation

Fig. 11. The results for; (a) high injected current, (b) medium injected current, (c) low injected current.
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phenomenon, but maximum methods. Because, a maximum injected
current greater than rated current cause current magnitude control less
restrictive. Moreover, the analytical expression of active and reactive
power oscillations based on flexible control parameters are not ex-
amined as theoretically in [27]. To injected problem is the DSRF-PI
[6,20] and DDSRF-PI [23] current regulators in synchronous are com-
plex, consist of four PI controllers and need multiple reference frame
transformations. To regulate PNS quantities, only two STRF based PR
controllers are used in [9,14]. However, it is influenced by frequency
variations and system parameters. While dead-beat (DB) controller [5]
exhibits fast transient response, it is sensitive to model parameters.
Other approach is number of flexible control parameters (FCP). De-
creasing number of control parameters provide better controllability of
oscillations. In these methods, impact of grid faults is only considered,
performances of control strategy is not tested under harmonic distor-
tions. As above mentioned in Introduction Section, PNS extractors are
important part of control strategies. Proposed PNS extractor exhibits
superior performance to previous methods.

As shown in Table 4, the main contributions of proposed control
strategy comprises of: (1) active and reactive power regulation and
minimizing active and reactive power oscillations with only one control
parameters μp (it can be seen in Figs. 7–10), (2) maximum active power
and minimum reactive power capability, (3) current limitation control
for overcurrent protection, (4) compared with PI, PR, DB, DSRF-PI and
DDSRF-PI current regulations, an advanced controller, FOPI is pre-
sented to regulate AC current, (5) compared with previous studies as
above mentioned in Sections 1 and 4, fast and robust improved DAPLL
based PNS extractor is presented.

7. Conclusion

A reference current generator (RCG) based proposed flexible power
control strategy is presented to enable regulation of active and reactive
power and minimizing active and reactive power oscillations under grid
faults and harmonic distortions. The maximum current limitation con-
trol is inserted to the RCG to deal with overcurrent phenomenon. By
introducing flexible RCG based the proposed controller enhances
maximum active power and minimum reactive power transfer cap-
ability to electric grid and load without oscillations. With or without
overcurrent limitation control, different injected current ratings have
been also performed according to the various active power production
scenarios.

The RCG is obtained from proposed DAPLL based PNS extractor
which provides considerably fast dynamic response and is not almost
influenced with voltage harmonics compared with previous similar
studies. The performances of the proposed DAPLL based flexible control
strategy are tested and compared with MCCF-PLL based control
strategy. In particular, the proposed control strategy ensures lower THD
value for injected current and better solution than MCCF-PLL based
overcurrent limitation controller. Compared previous similar studies,
impact of harmonic distortions on proposed control strategy is tested

and discussed. Instead of using PR in MCCF-PLL based controller, the
FOPI controller achieves faster processing time, better and more accu-
rate current regulation at steady state error in proposed solution.
Theoretical analyses of active and reactive power oscillations are
comprehensively deduced and discussed with flexible active-reactive
power control and overcurrent limitation. Performance comparison of
proposed control strategy are also comprehensively tested and over-
viewed with previous studies. The effectiveness and robustness of the
proposed solution has been verified by the simulation results and the-
oretical analysis.
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