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The integration of renewable energy sources (RES) based distributed generation (DG) systems into electric grid
has many challenges such as synchronization, control, power management (PM) and power quality problems.
This paper proposes a references current generator (RCG) based PM strategy to control three phase inverter and
manage power flow among the DG energy sources, electric grid and load demand under balanced and unbalanced
grid conditions. The amplitudes of active and reactive power oscillations are also eliminated and controlled
through only one flexible control parameter (FCP) under grid faults and harmonic distortions. Compared with
previous similar studies, one of the important contributions is capable to inject maximum active power and
minimum reactive power into electric grid and load at inverter power capacity under grid faults Another
contribution is to extract the positive and negative sequence (PNS) voltage and current components with the
improved fast and robust dual adaptive filters based phase locked loop (DAF-PLL). Fractional order proportional
integral (FOPI) is selected as an attractive solution for AC current regulation to exhibit fast transient response and
to achieve zero steady-state errors as compared with conventional current regulation controllers in synchronous

or stationary frames.

1. Introduction

The conventional power systems have many problems such as using
fossil fuels which result in very high costs; greenhouse gas emissions
and pollution are exhaustible and limited in supply and have long
transmission lines, large amount of technical and nontechnical losses
(Amin & Wollenberg, 2005; Wu, Hu, Teng, et al., 2017). The modern
power generation technologies have encouraged changes in the power
system structure (Cau, Cocco, Petrollese, et al., 2014; Divshali & Choi,
2016). In order to overcome these limitations and problems, renewable
energy sources (RES) based distributed generation (DG) power systems
can cope with environmental issues, energy crises and remove the
drawback of a single RES by taking the best possible use of each
individual energy source. The main drawbacks of RES, such as wind
turbines (WT) and photovoltaic cell (PV) have discontinuity for energy
generation (Cau et al., 2014; Kamali, Rahim, & Mokhlis, 2014). To avoid
overloading power converter, current controller limit power that fuel
cell (FC) unit can supply power to grid. However, power limitation result
in slow dynamic response the FC unit (Das, Padmanaban, Venkitusamy,
et al., 2017). The various controllers such as model predictive controller
and sliding mode controller can be used to deal with the slower dy-
namics of the FC. In particular, the purpose of control algorithms based
power management (PM) strategy in DG power systems guarantees
continuity of energy, optimum use of power capability of inverter and
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maximum utilization of renewable sources in all conditions. Key issues
for grid connected DG power systems consist of control and PM strategy
(Olatomiwa, Mekhilef, Ismail, et al., 2016). The control algorithm based
PM strategy is also significantly important to supply maximum active
power and minimum reactive power delivery capability under balanced
and unbalanced conditions according to power demand.

Advanced control algorithms based PM strategy has been reported
to achieve a balance active power in recent studies. Bayrak, Bayrak,
Ozdemir, et al. (2016) focuses on low cost power management for hybrid
power plant. Predictive control based PM is designed to coordinate
power flow between various energy sources (Brka, Kothapalli, & Al-
Abdeli, 2015). An energy management optimization is proposed to
overcome power quality problems for power units and batteries (Li,
Wang, Chen, et al., 2017; Panda & Patnaik, 2017). Coordinated control
strategy is designed for PM of solid oxide fuel cell (FC) based microgrid.
Power balance principle is used in coordinated control strategy of
grid connected inverter systems (Sun, Wu, Xue, et al., 2018). Other
control method is that positive and negative sequence (PNS) control
based on the sliding mode control and Lyapunov function theory are
designed for hybrid AC/DC WT/PV/FC microgrid (Baghaee, Mirsalim,
Gharehpetian, et al., 2017). Dash, Samanta, and Ganesan (2016) and
Yumurtaci (2013) have proposed two PM strategy to control standalone
and grid connected hybrid system. The impact of weather conditions
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on WT and PV systems are analyzed and investigated. However, the
impact of grid faults on control of inverter interfaced DG system and
injected active-reactive power are not considered in these studies. The
grid faults have been shown to be one of the greatest challenges for
conventional inverter control to provide maximum power capability
at inverter capacity. In order to ensure balanced current, constant
active power and reduce active and reactive power oscillations, some
researchers have investigated positive and negative sequence (PNS)
based reference current generators (RCG) (Kabiri, Holmes, & McGrath,
2016; Wang, Duarte, & Hendrix, 2010). Active and reactive powers
and their oscillations are independently controlled with two flexible
control parameters (FCP) in stationary reference frame (STRF) by Wang,
Duarte, and Hendrix (2011). Karimi-Ghartemani, Khajehoddin, Piya,
et al. (2016) and Piya, Ebrahimi, Karimi-Ghartemani, et al. (2018)
have been proposed a universal controller that achieve robust against
uncertainties and change of the grid parameters. Embedded synchro-
nization into controller provides agile and smooth responses without
stability issues. Other interesting power control method is reported that
a new vector transformation based instantaneous p-q power control is
enhanced by Montanari and Gole (2017). However, the controllable
of active-reactive power oscillations is difficult because of using two
adjustable control parameters. Sosa, Castilla, Miret, et al. (2016) pro-
poses maximum power capability of inverter and avoid only active
power oscillation with using two FCP. Maximum power deliver allowed
by inverter and active power oscillations are discussed under various
scenarios by Lopez, De Vicuna, Miret, et al. (2018). The PM strategy
and power flow between DG energy sources, grid and load demand are
not taken into consideration in these studies. The PNS components are
also obtained from slow (longer than two cycles) conventional sequence
extractors to obtain the RCG.

The PNS components are significantly essential module to obtain
the RCG under unbalanced conditions. Various researchers have been
investigated PNS extractors to generate reference current in the liter-
ature. Dual second-order generalized integrator (DSOGI) (Sun, Chen,
Wang, et al., 2016; Zhang, Rocabert, Candela, et al., 2017), delay
signal cancelation based PLL (DSC-PLL) (Jin, Li, Li, et al., 2017; Meral,
2012), double synchronous reference (DSRF) or decoupled double syn-
chronous reference (DDSRF) (Ali, Christofides, Hadjidemetriou, et al.,
2017; Reyes, Rodriguez, Vazquez, et al., 2012; Rodriguez, Pou, Bergas
and et al., 2007), moving average filter (MAF) (Mirhosseini, Pou, &
Karanayil) and multivariable filter (MVF) (Meral & Celik, 2018a; Wang
et al., 2010) are presented for separation of PNS components in STRF
or synchronous reference frame (SRF) under unbalanced conditions.
Recently, another approaches have been emerged, multi complex co-
efficient filter (MCCF)-PLL (Guo, Wu, & Chen, 2011) and third order
sinusoidal integrator (TOSSI) (Chilipi, Al Sayari, Al Hosani, et al.,
2016, 2018). Two PNS extractors separate fast and more robust PNS
components. However, the impact of voltage harmonics, including many
sub-modules, dynamic response and computational burden still seem
problems for signal processing in abovementioned PNS extractors.

This paper proposes a current control method based improved PM
strategy to manage active power flow among DG units (PV, FC and
WT), electric grid and various loads under balanced and unbalanced
conditions. In particular, the PM strategy is not discussed under grid
faults and discontinuity of energy sources in previous similar studies.
Various PM scenarios have been performed to manage active power
flow among DG units. This paper provides some advantages in fourfold:
(1) in order to generate reference current, the PNS voltage—current
components are separated by improved DAF-PLL, which provides fast
dynamic response and is less affected by harmonic distortions and
grid faults. Its performance is examined and compared with existing
PNS extractors, (2) the proposed control algorithm based PM strategy
increase the inverter power capability by injecting the maximum active
current and minimum reactive current under grid faults, (3) the current
tracking errors are minimized by fractional order proportional integral
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Fig. 1. Equivalent circuit for a PV cell.

(FOPI), which exhibits fast dynamic response in compared with con-
ventional current regulation controllers in SRF or STRF and (4) active—
reactive power oscillations are regulated and controlled by only one
FCP. Performance comparison of proposed solution is comprehensively
tested and reviewed with some previous studies.

The outline of the paper is structured as follows. Following intro-
duction, Section 2 briefly describes the DG energy sources based on
mathematical computation. The performance comparisons of improved
DAF-PLL based sequence extractor is presented and analyzed with
existing PNS extractors in Section 3. Section 4 formulates problem
statement for proposed solution. In Section 5, proposed RCG based
control strategy is introduced for maximum power deliver and PM
strategy. The implementation of proposed system is verified, compared
and tested under various cases in Section 6. Section 7 summarized
the conclusion derived from this study. All nomenclatures are given in
Table 1.

2. Distributed generation (DG) energy sources

The DG power system consists of combination of PV cell, FC and
WT at common DC bus. All local current/power controllers for PV cell,
FC and WT are designed to control the power flow among the DG
system, load demand and grid power. Fig. 2 shows the configuration
of DG power system with control algorithm based proposed PM strat-
egy. Proposed solutions (improved PNS extractor and existing PLLs,
conventional control strategy, proposed RCG based control algorithm
and various PM scenarios) are tested in grid connected DG based three
phase inverter as shown in Fig. 2.

2.1. PV cell power generation

The measured power from single PV cell is relatively small. To
generate more power, the various topologies of PV modules in series
and parallel connection are required. The equivalent circuit of single
PV cell is given in Fig. 1 (AbdelHady, 2017).

The PV has modeled and analyzed based on simple equivalent circuit.
The characteristics of PV current and voltage are derived from Eq. (1)
that depends on temperature and radiation. The PV power from boost
converter output is calculated in (2) (AbdelHady, 2017; Bai, Abedi, &
Lee, 2016).

I, = I, (14 Cy(T —273.15))

< WputIRs) 1) Vb1 R)) @
—[D e nkT - — s

Rsp
va = ’lboost_coanvapU (2)

where R; is the series resistance, I, is the photon current, R, is shunt
resistance, V,, is open circuit voltage, 7' is temperature, k is Boltzmann’s
constant, I, is reverse saturation current, ¢ is the charge of an electron

and 77, cono 18 efficiency of boost converter.
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Table 1
List of nomenclatures.
Nomenclatures
DG Distributed Generation MVF Multivariable Filter
RES Renewable Energy Sources SRF Synchronous Reference Frame
WT Wind Turbines MCCF  Multi Complex Coefficient Filter
PV Photovoltaic Cell TOSSI  Third Order Sinusoidal Integrator
FC Fuel Cell DAF Dual Adaptive Filter
PM Power Management FOPI Fractional Order Proportional Integral
PNS Positive And Negative Sequence FFT Fast Fourier Transform
FCP Flexible Control Parameter DFT Discrete Fourier Transform
DSC Delay Signal Cancelation STRF Stationary Reference Frame
DSRF Double Synchronous Reference RCG Reference Current Generator
DDSRF  Decoupled Double Synchronous Reference DSOGI  Dual Second-Order Generalized Integrator
MAF Moving Average Filter THD Total Harmonic Distortion
PR Proportional Resonant DB Dead-beat
MW Megawatt AP Remaining Power or Excess Power

2.2. Wind power generation

The wind kinetic energy is extracted by wind turbines with transfer-
ring the momentum of the air passing via the wind turbine rotor blades.
The mechanical model of the permanent magnet synchronous generator
(PMSG) is used in wind power system. The kinetic energy E is function
of the flowing air mass m and velocity V,, can be expressed as follows
Smaoui and Krichen (2016);

E = lmVuz) 3)

2

The measured maximum power from wind turbine is limited by
Betz law. With more high wind speed, it is obtained more energy.
v, and v,, input and output speed from turbine blades, respectively.
The wind power captured by a wind turbine is proportional to the
rotor swept area A, the air mass density p,, and the wind speed
V,, (Zaibia, Champenoisa, Roboamc, et al., 2018). Available input and
output turbine power P, and P, ,, are given with (4) and (5),

wt_in

respectively (Rashid, 2014).

1 3

Pwtjn = EAspairUa (4)
dE 1 3 1 Vg + Up 2 2

wt_out = ? = EAspairVw = 5A5p< . B ) (Ua - l)b) (5)

To estimate the output power of wind turbine, the power is limited
by a coefficient of power C,. In order to simplify model, the optimal
value is used for coefficient of power, such as C, = C,,, (Zaibia et al.,
2018). The maximum WT power based on power coefficient is also given
as follows;

1
Pwt,out = Ecp,op (/1’ ﬁ) Aspair Vu3) (6)

Wind turbine rotor power coefficient C, is generally a nonlinear
function of tip speed ratio A and blade pitch angle p;

116

21
C, (4, $) =0.5176 <,1_ —0.4p - 5) e % +0.00684
i

1_ 1 003
A A+0088 1+p3

The maximum rotor power efficiency is not greater than Betz limit
value (0.593).

@)

®

2.3. Fuel cell power generation

Hydrogen based FC stacks generates electricity by way of the re-
action between hydrogen and oxygen. The electrochemical model of
the FC stack is presented based on mathematical calculation. Nernst
equation is used to calculate FC output voltage V. with (9) (Chen, Yang,
Deng, et al., 2017).

rT [, PmFo)

. 2 v)

Vie=N|Ey+ o | In——2 || = Fopmic I 1 ©
fe 2F PHZO ohmict fc
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where E, is standard reversible cell potential, r,,,,. is internal resis-
tance, I, is FC stack current, N is number of cells, R is universal gas
constant, 7' is temperature, F is Faraday’s constant, PO2 is pressure of
oxygen, Py, is pressure of hydrogen and Py, is pressure of water.
The ohmic losses are neglected. The FC current and pressure of gases
(hydrogen and oxygen) affect FC voltage. The reference current I,,,
and fuel cell stack current I /¢ is given as follows Chen et al. (2017).
After reference current I,, ’ (10) is derived from FC stack voltage and
reference power P, FC stack current is obtained by (11).

Pref
I, =— 10
ref V. (10)
Iref
I;. = 11
e T+z,5 a1
The power supplied from FC stack is given as follows;
Pfc:NVfcIfc (12)

3. Extraction of positive-negative sequences for reference current
3.1. FFT based PNS extractor

The fast Fourier transform (FFT) based harmonic detection technique
is used to obtain the components of the grid voltage. The FFT consists
of small discrete Fourier transform (DFT) pieces which has a rapid
response due to less complex calculations and superior selectively
filtering properties (Liu, Hu, Chen, et al., 2018; Saribulut, Teke, &
Tiimay, 2013). However, the DFT is influenced by frequency variations
and induce one cycle delay compared with proposed DAF-PLL. The
PNS voltage and harmonic components are separated in Fig. 3a and
b, respectively. The mathematical calculation of the DFT is written in
following.

N-1

VIiK=) vmuw" (13)
=0

where harmonic frequency index k = 1,2,..., N — 1 and N is number of

sampling points. The voltage samples are categorized as even samples

(2n) and odd samples (2n + 1). The magnitude of voltage for k = 1 is

calculated as follows.

N N_y
2 2

VIik= Y venwh +wk Y ven+nwk (14)
n=0 2 n=0 2

3.2. Proposed PNS extractor

Non-linear Adaptive Filters (AF) ensures fast tracking amplitude
and phase angle of the input signal in grid connected systems. This
filter provides many advantages, such as including generality, less
complexity and computational burden and near optimum performance,
even under non-stationary and asymmetry conditions (Meral, Cuma,
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Fig. 2. The proposed configuration of DG power system.

Teke, et al., 2014). To overcome the drawbacks of the classical PLL
and other advanced PLLs in literature, a new improved PLL method
based on adaptive filter ensures fast dynamic response and removes
ripple errors under adverse grid conditions in this paper. Non-linear
Adaptive Filters based PLL is proposed in single phase system (Karimi-
Ghartemani & Iravani, 2002). However, implementation of PLL in three
phase system and obtaining orthogonal signals are not discussed. The
advantage of proposed PLL over single phase adaptive filter based PLL is
that it offers a separation for PNS components and an implementation in
single and three phase system. The obtained PNS signals from improved

75

dual adaptive filter based PLL (DAF-PLL) have been used to generate
reference current signals. The improved single phase AF-PLL extracts
component of the input signal V, as the output signal V,, its amplitude
Apl and phase 0. The phase error is calculated deviation of the input
signal from the output signal (Karimi-Ghartemani & Iravani, 2002). The
proposed PLL can be applied to the single and three phase applications
(see Fig. 4).

Where w and 0 is estimated frequency and angle of proposed DAF-
PLL. The output V, is in phase with input signal V,,. The orthogonal V,
voltage lags V, by 90°. The following Egs. (15)—(17) in discrete time are
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FFT based PNS extractor (a)
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Oé F=500[Hz] [— . Ph Vo
Ph+ G Cos ﬂvﬂ -0 Cos [— Ve
dcA |dcB dcC
FFT based harmonic detection (b)

> Veven[O] =Veven (0)+W0*Vodd(0)

:Veven[1 ]=Veven(1 )+W1 *vodd(1 )

>V[N/2-1]

> V[N/2]=Veven(o)_WO*vodd(o)

V(0)—> Veven(0)
V(2—> Nj2Point —vewrll)
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. H
[
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Voaa(1
VE)—> Ni2Point 1L/,
. DFT H
° °
4 °
[ ]
V(N-1)—> Vodd(N/2-1)

> V[N/2+1]=Veyen(1)—W1*Voua(1)

> V[N-1]

Fig. 3. The using FFT for, (a) separation of PNS components (b) harmonic detection.

used for the nonlinear AF based PLL.
Apl (1 + 1) = Apl (1) + ke (1) sin (B(I)— %) (15)
91+ 1)=6(1)+ k,kye(n)sin (9 (1) + w () 16)

The output signals of proposed PLL are termed as V,, and V,, which
are given as follows,

Va ()= Apl @ysin (00— £ )
Vo () = —Apl (t) cos (9 " — ’21)

The obtained PNS voltage components in STRF are separated and
also given based on SRF in following.

17)

VE=V,-qV; vt sin (wt +6,)
Vﬂ+ =qVo+Vp _ —v cos (wt + Hp) 18)
V=V, +aVy v~ sin (wt + 0,,)

V==V, +V, v~ cos (wt +6,)

where positive phase angle 6, represents as ¢ and negative phase
angle 0, represents as —0. The obtained PNS voltage components from
proposed DAF-PLL in STRF are converted to SRF in following (19) and

(20).
V{;f]
v

Va‘]
vy

v cos (0 (1))

= [— sin (8 (1))

+
d
+

B

sin (0 (z))]

cos (0 (1)) a9

<

(20)

cos (6 (1))
sin (6 (1))

—sin (6 (1))
cos (6 (1))
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where V,,, and V,,_ are the PNS voltage components. The relationship
between PNS voltage (d-q) signals are written in following.
vy = Uk + juy
v, = U+ jus
R a0
vt =0+ jo;
vt =0, +j vy
The orthogonal d-q signals derived from improved DAF-PLL can be
significantly effective way to generate reference current for removing
power oscillations (ripple errors) on control signals in STRF or SRF.
The gain parameters k,, k, and k, are selected as optimal value for
dynamic response of proposed PLL. The following items are indicated
for tuning parameters.

+ Increasing the value of k; increases dynamic response. However,
it leads to oscillations on signals.

* With decreasing k;, k, and k,, the magnitude of voltage/current
peak is insensitive and highly robust to the undesirable variations
and noise in the input signal (Karimi-Ghartemani & Iravani, 2002).

Performance comparisons of proposed PNS extractor are carried out
under phase-to-phase fault and voltage swell as shown in Fig. 5. At 0.2
s and during eight cycles (80 ms), phase A has rated voltage and the
voltages of phase B and phase C are decreased by 35% and at 0.34 s
and during (50 ms), three phases are increased at 65% of their nominal
values. The results verify that the proposed DAPLL exhibits superior
performance to achieve fast tracking phase, shorter settling time of
voltages tuning and reduce voltages ripple errors on PNS signals by
means of comparisons of FFT.



D. Celik, M.E. Meral

Control Engineering Practice 82 (2019) 72-85

The proposed adaptive filter based PLL (AF-PLL) (a) Extraction of PNS in SRF (c)
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Fig. 4. The implementation of proposed PNS extractor; (a) in single-phase system, (b) in a three-phase system and (c) using for extraction of PNS signals.
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Fig. 5. The impact of phase to phase fault and voltage swell on PNS extractors.

3.3. Performance comparison of PNS extractors

To highlight the features of the proposed DAPLL, brief transient
performance comparison with some PNS extractors are given in Table 2.
As given in Table 2, among the 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 DAF-PLL. The MCCF-PLL has the transient
response comparable with the TOSSI-PLL and DDSRF. The results show
that the proposed DAF-PLL exhibit the fastest transient response, lower
settling time and better removing ripple errors on PNS components
compared with existing PNS extractors.
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4. Problem statement

This section presents the problem statement, which comprises of
the RCG based conventional control strategy, problem formulation for
active and reactive power oscillations and the proposed flexible RCG
based controller for maximum power delivery and PM strategy. Firstly,
conventional control strategy, are developed and analyzed and then, the
active-reactive power and their oscillations are regulated and formu-
lated and proposed solution is presented. To highlight performances of
proposed solution, various control strategies are selected and compared.

4.1. Conventional RCG based controller

The negative sequences in conventional RCG are not taken into
consideration. Hence, this lead to oscillations on control signals. Active
and reactive power can be derived from principle of instantaneous
power (Kabiri et al., 2016; Yang, Blaabjerg, Wang, et al., 2016).

P=v,i;+v,i,

. . (22)
0= Vgig — Vgl

As given in (23) and (24), both the active and reactive power oscil-
lations are uncontrolled and the negative sequence current references
cause the oscillations on control signals:

-1
+
Idref - +U:{— +U;; [Pref] (23)
+
Iqref +U; —U; Qref
+ul +uf
+ 2 2 2 2
Idref _ (U;) +_Euﬂ+) (UI> +(+bl7) Pref] (24)
+ = y
. -;uq _ +u7 Qref

4.2. Problem formulation

The proposed PNS extractor based RCG provides constant power
at rated inverter capacity. The injected active and reactive powers
and their oscillations are regulated with some control objectives. The
power oscillations are controlled by one FCP, which is employed for
designation of active and reactive power oscillations. The formulation
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Performance comparison of transient response of PNS extractors.

PNS extractors

Response time

Sources

DSC-PLL >60 ms
MVF-PLL 60 ms
DSOGI-PLL >40 ms
MCCF-PLL 40 ms
TOSSI-PLL 40 ms
DDSRF 40 ms
FFT 20 ms
DAF-PLL 14 ms

Meral (2012)

Meral and Celik (2018a)

Ali et al. (2017)

Guo et al. (2011)

Chilipi et al. (2016)

Rodriguez and Pou et al. (2007)

active-reactive power components and their oscillations can be written
as follows (Kabiri et al., 2016; Zheng, Laijun, Yan, et al., 2018);

+ + - -
P +Ud +Uq +Ud +Uq
ot - -
0 +v} vy o, o [
- - + + || 7+
P, _ +u; +Uq +v, +vq Iq 25)
P, v, -ug —Uq+ +v:1r I
o - + +|1,
_ - q
Qc +Uq vy +Uq Uy
vy -y +vdJr +ut

P and Q are active and reactive powers that injected power to grid,
respectively. P,, P,, O, and Q. are amplitudes of active and reactive
power oscillations caused by unbalance voltage and termed as double
frequency oscillations. P, and Q; are related with sin (2wr) term and P,
and Q, are related with cos (2wr) term. The proposed DAF-PLL based
reference current signals can be derived as follows (Zheng et al., 2018);

- -1

RO SR U o P
Iz-;ref +U; _U; +U; Ya Qo
LS B R TP SO A STl B D ) 26)
Liver S M S P,
Ler ‘o, -up o HUy o —uf QQQS
- v +uk +Uq+_ ¢

The only active power oscillations can be controlled with deleting
last two rows of (25).
-1

+ + + - -

Liep | |TPa *% *U * (P,

+ + ot - -

[qref _ +u; v, tu, vy, Or @7
I - + + 0

dref +u; +Uq +u, +Uq

larer I | +or =07 —ot +0* 0

are. Uq Yy q d

Active and reactive power references P,,, and Q,,, are commanded
to set constant power values for a desired level of inverter capacity. P,,,
is selected as 1 per unit (p.u) and Q,,, is selected as 0, in order to inject
maximum active power and minimum reactive power grid under grid
faults.

1o +vi /A +v}/B
I;rref _ +U2'/A —U;/B Pref] (28)
I | |-vi/Aa +u7/B|(Cres
1q—ref —u;/A -v,/B
A and B are represented in following.
2 2
A= (v;)2+(v;) —(v;)z—(vq_> 29)

2 2 2 32
B= (vd) +(vq) +(vd) +(vq)
For injected active power with zero oscillations, reactive power os-

cillations will be occurred. The amplitudes of reactive power oscillations
are given as follows;

(30)

d
Qs =2 B R R B _ R Pref
Qc _Udud'H’;Uq Uy Vg =y Vg Qref
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Similarly, for only reactive power oscillations, the middle two rows
of (25) are removed.

] [+or +ub vy 4o, P,

Iy, _|Fr o+ g Qe 31)
Lier R U 0

el L7 v +U:1r +u;r 0

_I;,ef_ _+v;/A +vy/B

I;ref _ +uy/A -vy/B [Pref] (32)
I | |Hoa/A —vg/B|(Cres

[ rer ] | tv /A +v /B

Amplitudes of active power oscillations are obtained with (25) and
(32) as follows;

— ot o vt — ot —uoto
I R vy Uy =0, Vg I
s =2 B A ref (33)
= + o —p—ut ot oot
P Uy Vg~V Vg Ldl7d+Uqu [Qref]
¢ B A

The power oscillations are shared between active and reactive
powers. The combined with amplitudes of active and reactive power
oscillations can be written in following (Kabiri et al., 2016);

Vg b Hog Yy Vg ve iy
() +0p (1) +)?
Ps u;ui—v;uq* U;v:['z+vq’uq+
P _ () + (o3) ) [p,c/] 34
QS v;u;—u;v;’ o u:['+uq’u;r Q,.Ef
0. () (o) 4
gttty % Y%
() @) (o) +e)?

The combined with active and reactive power oscillations are con-
trolled by one FCP k. when k is close to 1, active power oscillations
increase. Similarly, when k is close to —1, reactive power oscillations
increase.

I;ref +oi /A +ob /B

+ ’ + !
15 _ +oF /A -vy/B [P,ef] 35)
| |kvg/a +kog /B Orer

- — ! — /
Iqref —kv, /A" —kv;/B

where A’ and B’ are represented in following.

1 — ()2 ) -\2 -\

A = (u]) +(Uq) —k|(v7) +(Uq)
(36)

w =)+ () k|00 ()]

+

where I, =1 +1 wef

. dref dref
parameter k is [—1,1].

and I, =17 + 1oer The interval control

5. The proposed flexible RCG based controller for maximum power
delivery and PM strategy

The RCG is considerably crucial that determine the performances
of the grid connected three phase inverter during grid faults. The
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maximum active and minimum reactive powers are achieved by the
RCG. However, to keep maximum power at level of inverter capacity,
the inverter current requires increasing. The current references for
active and reactive powers are calculated by PNS voltage components
in STRF and given in (37) and (38).

I _2 7Pr€f + 4+ kvo
ap) — 3 [(v,}')2+(u;)_+k(u;)2+(u;)2] [Ua + Ua]
2 Pres + - (87)
Iﬁ(}’) =3 [(U:)2+(U;)2+;(U;)2+(%)z] [Uﬂ + kvﬂ]
Iy =2 Ores ke
“@ 3 [(u;)2+(U;)n+k(v;)2+(v;)2] [Uﬂ " Uﬁ:|
(38)
Iyg = el [~ - keg]

2
3 [(vof)z-*-(v;)h+k(1:;)2+(vg)2]

P..; and Q,,, are active and reactive power references and can be
adjustable with inverter capacity. The active and reactive power current
references based on PNS voltage components can be reformulated with
only one FCP as given in (39) and (40) (Guo, Liu, & Lu, 2017).

2 Pre ; o
Iy = gm [y+ sin (9,,) + kv~ sin (0,,)] o)
—2_ Py -
Igp) = 3 [||u+||2+k||u—||2] [ U™ cos (Hp) + kv~ cos (0,,)]
2 Ore _
I = gm [—y+ cos (0p) + kv~ cos (9n)] w0
Iy = % Ores [—u+ sin (6’p) — kv~ sin (0,,)]

[llo* 1Pk~ 2]

where ||.|| is magnitude of vector. The total references current can be

given as follows;
[I‘Wf] = [Ia(p) +Ia(q)]
Lyrey Ty + Lpig)
_ | Mysin(8,-6,)+ M;sin (6, - 5,) 1
—M, cos (0, — 6,) + M, cos (0, — 5,)

where the PNS active-reactive power current components is detailed in
(42).

Loy = Loy + Lagrm)
T = Taq + L

Toy = Tppy + Lppm) “2)
Loy = Loty + g
where M|, M,, §; and 6, is given in (43) as follows;
vt Py, 2 vF 0y, 2
M, = \/[||u+||2+k||fu-||2] + [||u+||sz||iv-||2]
_1 @rer [l IP+tom 1]
e e ]
’ (43)

M. = kv Py 12 k0. 1%
2= 2 -2 + +112 )
[t 17 +kllo=l [t 1= +kllo= 1l

e o

6, =tan” ——————
KPye [0 1P+kllo= |

After processed reference current signals and injected current signals
by fractional order proportional integral (FOPI) current regulation
controller, the reference voltage signals V,,,, and Vj,,, are obtained.
The FOPI controller is applied to (44). Compared with conventional
PI and proportional resonant (PR) (Meral & Celik, 2018b) controllers,
the FOPI controller is preferred that can achieve zero steady-state error
in STRF under unbalanced conditions. The current tracking errors are
minimized and exhibit fast dynamic response. In particular, the PR
current regulation is sensitive to frequency variation. The obtained ref-
erence voltages based on STRF for firing signals of three phase inverter
are given as follows with (44). The proposed solution is illustrated in

79

Control Engineering Practice 82 (2019) 72-85

Table 3
Parameters for proposed test system.

Parameters Values

DC bus voltage 800 V

Grid line-line voltage (rms) 380V

Grid frequency 50 Hz

LC filter L 0.5 mH

C 50 pF

Load power 0.2-0.7 MW

k, =k, 30

k; 0.31

A 0.5

Switching frequency 2500 Hz
Fig. 6.

=I 1] .[FOPI = [I L] |k, +%
Varef_[aref_ a]'[ ]_[aref_ a]' p+S_}. (44)

Virer = pres = 15 -[FOPIT = [Ipey = 1] - [kp + f_A]

where k, and k; are gain of FOPI parameters and 4 is fractional order of
integrator.

6. Implementation of current controller based proposed PM strat-
egy

The performance of current controller based proposed PM strategy
are tested, analyzed and compared with conventional controller under
balanced and unbalanced conditions in this section. The schematic
diagram of proposed test system is given in Fig. 7. The proposed solution
is developed and simulated by PSCAD/EMTDC software. The parameters
for operation of proposed test system are summarized in Table 3.

The remaining power (4P) from DG the system is calculated by the
difference among the DG units Ppg Pyt Pt P electric grid P, and the
load power demand P;. The excess power AP is transmitted to the
electric grid. The flowchart of the proposed PM strategy is shown in
Fig. 7b.

To confirm availability and effectiveness of current controller based
proposed PM strategy, they are tested under various cases such as
starts up DG energy sources, variation of reference power, variation of
load power, grid faults conditions and harmonic distortions in the DG
system. The rated inverter capacity based the PM strategy depend on
the magnitude of load power P; and DG power production. The several
PM strategies based (45) are written in following:

AP = P[Pp17+PfL‘+PM'I] - P (45)

+ If AP < 0 then the DG power production is not sufficient and grid
power P, should be operated.

« If AP = 0 then the DG power production is sufficient and grid
power P, is not required to start-up.

« If AP > 0 then the DG power production is sufficient and excess
power P, ., . is transmitted to grid. The excess power is calculated
withP, . = AP.

The power balance between DG units at the DC bus (inverter input) and

inverter output power P can be written as follows;

Miny [”pvbmrm,w Ly poae T17 Choost conp P Seae

(46)
+ nrecPwtdC] -P- Ploxxex =0

where Py, ;. P 4. and P,, ;. energy source powers are supplied by the
PV, the FC and WT, respectively and power loses P, is consumed
by three phase inverter. The 7;,, = 0.93 is efficiencies of three phase
Inverter, 7, poost cony = 0-96 is efficiencies of boost power in PV cell,
M re boost_conv = 0-93 is efficiencies of boost power in FC cell and #,,, = 90
is efficiencies of uncontrolled rectifier.
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Fig. 6. Proposed reference current based controller.
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Fig. 7. The proposed entire test system consists of; (a) control of grid connected DG based 3p-inverter and (b) flowchart of the PM strategy.

6.1. Case 1: injection of low and high active power scenarios under balanced
grid conditions

The DG energy sources start up at DC bus under different times.
The PV cell, WT and FC energy sources have 0.117 MW, 0.11 MW

and 0.29 MW power at DC bus, respectively as shown in Fig. 8a. PV
cell, WT and FC energy sources have 0.108 MW, 0.1 MW and 0.27
MW power at inverter output, respectively. Fig. 8a depicts the power
balanced between inverter total output power, electric grid and load
power under start-up energy sources. When inverter output power is
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Fig. 8. The result for; (a) start-up energy sources, grid and load power at different times, (b) DG sources power and inverter total output power at DC bus, (c) variation of active power

reference and (d) variation of load power demand.

increased, electric grid power is decreased, proportionally and vice
versa. Injected total active power P from inverter output reaches total
power of Py, Py and P,, energy sources (0.47 MW) (see Fig. 8b).

The active power reference (inverter rated power) is reduced from
0.47 MW to 0.37 MW at 2 s. If DG sources supply less power such as;
PV cell and WT depending on weather conditions or request reduction
of power demand (in the even that energy sources are unable), this
scenario can be occurred, as shown in Fig. 8c. The proposed control
strategy applies active power curtailment to deal with surpass the
maximum rated current and disconnection.

The variation of load demand between 0.3 MW and 0.75 MW is given
in Fig. 8d as graphically. If load power demand P; exceeds the available
power generation from DG power system P Prut Pyt Puy)? the grid will
start up under variation loads. When DG power production exceeds load
demand, excess active power is transmitted to the electric grid.

0>

6.2. Case 2: the impact of phase to phase fault on controllers

The phase to phase grid fault is occurred at 0.3 s in Fig. 9. When
the phase B and C voltage values are decreased at 65% of their nominal,
electric grid and load powers are decreased, proportionally. In this case,
it is possible observed that conventional control strategy supplies lower
power than rated inverter capacity. As depicted in Fig. 9a, the inverter
maximum rated power cannot be reached under grid faults. Therefore,
the electric grid supplies more active power to load demand. The
injected current has remarkably high total harmonic distortion (THD)
values under when grid faults are occurred. Moreover, conventional
control strategy is not deal with power oscillations. The results in Fig. 9b
are reported that proposed controller delivers maximum active power
without any oscillations under grid faults. The injected current has lower
THD value about 1% by means of comparison of conventional control
strategy. In proposed control strategy, the electric grid supplies less
power to load demand by means of comparison of conventional control
strategy
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6.3. Case 3: the impact of phase to phase fault and harmonic distortions on
controllers

As shown Fig. 10, the impact of both the phase to phase grid fault
and 5th and 7th voltage harmonics are applied to three phase signals at
0.3 s. When phase B and C voltage values are decreased at 65% of their
nominal, electric grid and load powers are decreased, proportionally. It
is possible observed that injected active power by conventional control
strategy is lower than desired maximum power delivery. Therefore, the
electric grid supplies more power to load demand. The injected current
has remarkably high total harmonic distortion (THD) values and double
frequency oscillations of active-reactive power are occurred during
grid faults in conventional control strategy. The results in Fig. 10b are
reported that injected active power is maintained at constant power
without any oscillations when utilizing proposed RCG based control
algorithm. The less excess active power is transmitted to electric grid
since the conventional control strategy cannot provide power generation
at inverter rated power. The rated current injection becomes more
balanced and amplitudes of power oscillations are considerably reduced
by means of comparison of conventional control strategy.

6.4. Case 4: the impact of flexible control parameter (FCP) on proposed
controller

The results are obtained in Fig. 11a by sweeping the flexible control
parameter (FCP) k. It is clearly seen that active and reactive powers
are controlled with only one FCP, k. When control parameter k is close
to 1, the amplitudes of active power oscillations increase and reactive
power oscillations decrease. However, active power oscillations cause
the second order voltage ripple in DC link voltage. This DC link voltage
ripple results in undesired third-order harmonic in the grid side, at same
time. With control parameter is equal to —1, there is no oscillation on
active power. It is expected that oscillations seem on reactive power. The
injected current is unbalanced with k = 1 and —1 and injected current is
balanced with k = 0. When The proposed RCG based controller achieves
constant active power with controllable oscillations at rated inverter
capacity under grid faults. One of the important features of proposed
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Fig. 9. The results for; (a) conventional and (b) proposed controllers under phase to phase grid faults.

flexible control strategy is that active and reactive power oscillations are
regulated and controlled by only one FCP, k by means of comparison of
previous studies such as Guo et al. (2017) and Sosa et al. (2016).

As shown in Fig. 11b, another approach has been carried out
that maximum active power and minimum reactive power delivery
capabilities are injected into grid. Phase to phase grid fault occurs from
0.3 s to 0.4 s (five cycles) with phase B and phase C are decreased
by %35. It can be seen that positive sequence active current, [/ ;r is
maximum and positive sequence reactive current, / q* is minimum. The
negative-sequence c of active and reactive currents, I~ and I~ are used
to eliminate active and reactive power oscillations.

6.5. Performance comparison of proposed solution

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 regulation control, number of control parameters and PNS
extractors of control strategies are exhibited in 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 by Guo et al.
(2017), Kabiri et al. (2016), Lopez et al. (2018), Reyes et al. (2012),
Rodriguez, Timbus, Teodorescu and et al. (2007), Sosa et al. (2016)
and Wang et al. (2010). Active and reactive power are regulated, but
control of active and reactive oscillations are not discussed by Jin et al.
(2017) and Rodriguez and Timbus et al. (2007). Another approach is
mitigation of active-reactive power oscillations. Some previous studies
(Jin et al., 2017; Reyes et al.,, 2012; Rodriguez and Timbus et al.,
2007) have not dealt with both P and Q oscillations. However, only
active power oscillations are eliminated by Lopez et al. (2018) and Sosa
et al. (2016). Another problem is the design of current regulators for
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power quality improvement under unbalanced grid conditions. Various
current regulators are presented to improve the transient and steady-
state performance and reduce complexity control structures such as
DSRF-PI (Jin et al., 2017; Kabiri et al., 2016) and DDSRF-PI (Reyes et al.,
2012) current regulators in synchronous are complex, consist of four
PI controllers and need multiple reference frame transformations. To
regulate PNS quantities, only two STRF based PR controllers are used by
Guo et al. (2017) and Wang et al. (2010). However, it is influenced by
frequency variations. Dead-beat (DB) controller exhibits fast transient
response, but it is sensitive to model parameters. Other approach is
number of FCP. Decreasing number of control parameters provide better
controllability of oscillations.

As shown in Table 4, the main contributions of proposed solution
consist of: (1) active and reactive power regulation and minimizing both
active and reactive power oscillation with only one FCP, (2) comparing
with PI, PR, DB, DSRF-PI and DDSRF-PI current regulation, an advanced
controller, FOPI is presented to regulate PNS components, (3) power
flow among DG units is also discussed and (4) fast and robust improved
DAF-PLL is proposed to separate PNS components and performance
comparison of proposed DAF-PLL is also given in Table 2.

6.6. Numerical results for PM strategy

The proposed control strategy based various PM strategy is applied
to the grid connected DG based three phase inverter. The proposed
system is tested under start-up of DG sources, variation of active power
reference, load and phase to phase fault conditions. The proposed
controller provides constant power delivery at rated inverter capacity
under grid faults. The proposed control algorithm based various PM
scenarios in terms of injection low and high active power and suitability
of energy sources are tested under balanced and unbalanced conditions.
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Table 4
Performance comparison of proposed control strategy.
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Control strategy Regulation of P, Q

Control of P, Q oscillations

Current regulation ~ Number of FCP  PM strategy ~ PNS extractor

Rodriguez and Timbus et al. (2007) P No
Wang et al. (2010) P,Q Yes
Guo et al. (2017) P,Q Yes
Reyes et al. (2012) No No
Kabiri et al. (2016) P,Q Yes
Jin et al. (2017) P,Q No
Sosa et al. (2016) P,Q Only P
Lopez et al. (2018) P,Q Only P
Proposed control strategy P,Q Yes

DB No No DSOGI-PLL
PR 1 No MVEF-PLL
PR 2 No MCCF-PLL
DDSRF-PI No No DSRF-PLL
DSRF-PI 1 No DSOGI-PLL
DSRF-PI No No DSC-PLL
PR 2 No DSOGI-PLL
PR 2 No DSOGI-PLL
FOPI 1 Yes DAF-PLL

According to various cases, injected active power to grid, electric grid,
load demand power and excess active power from power generation are
given as numerical results in Table 5.

7. Conclusion and future work

This paper proposes a current controller based PM strategy for three
phase inverter interfaced DG system to provide power balance among
DG units, electric grid and load demand under balanced and unbalanced
conditions. The PNS voltage and current components are extracted with
proposed DAF-PLL, which ensures remarkably fast dynamic response
to generate RCG. The proposed controller provides constant power
at rated inverter capacity and enhances transfer capability of active
and reactive power to electric grid with zero oscillations by means
of comparison of conventional control strategy. The injected current
has THD value about 1% compared with conventional control strategy.
As shown in Table 2, proposed DAF-PLL exhibit the fastest transient
response (less one cycle-14 ms) and better minimizing ripple errors
on PNS components compared with existing PNS extractors (greater
than one cycle-20 ms) in literature. Theoretical analyses of active and
reactive power oscillations are comprehensive discussed with FCP.

All local current/power controllers for PV cell, FC and WT are de-
signed to control the power flow among the DG components, separately.
The proposed controller based various PM scenarios are developed to
manage and distribute the power among the DG system units after taking
into account the three energy source (PV, FC and WT) powers. Little
attention has been paid to manage power flow and supply maximum
power with injecting the maximum-rated current under grid faults in
previous studies. The main contribution of this paper may be outlined
in following:

The proposed PM strategy fulfills active and reactive power regu-
lation and maximize power deliver at rated inverter capacity.
Compared with previous similar studies, maximum active power
and minimum reactive power are injected into grid under grid
faults.

Both active and reactive power oscillations are minimized by only
one FCP compared with previous similar studies.

Fast and robust improved DAF-PLL is proposed to separate PNS
components and to obtain the RCG.

The FOPI current regulator is preferred to achieve zero steady
state error and fast transient response instead of conventional
controllers.

Performance comparison of proposed control strategy and pro-
posed PNS extractor are comprehensively tested and overviewed
with previous studies.

The results of cases show that proposed control strategy exhibits supe-
rior performances for maximum power delivery capability and transmit
excess active power to electric grid and load. Theoretical and simulation
results have been verified the effectiveness, availability and robustness
of the proposed solution. In continuation of this study, a proper exper-
imental validation is challenging. However, real time hardware in loop
can be performed. The following subjects can be suggested for future
studies:
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Fig. 10. The results for; (a) conventional control strategy and (b) proposed control
strategy under phase to phase grid faults and harmonic distortions.

More robust and less affected by harmonics, PNS extractor can be
improved according to the proposed sequences extractors.

Proposed PM strategy will be integrated into droop controller in
parallel inverter.

The selection of FCP is an open research topic for flexible control
strategy and voltage support control.

Stability, robustness and eigenvalues of proposed control strategy
will be analyzed.

Overcurrent phenomenon can be discussed for grid connected
inverter systems under grid faults.
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Fig. 11. The results for; (a) impact of FCP on active and reactive power oscillations and (b) maximum active current and minimum reactive current.

Table 5
Various PM scenarios for power flow balance.

Cases Power flow balance
Start-up DG sources Ppg P, Py excess
t=1s Py 0.592 MW 0.7 MW -0.592 MW
t=3s Py + Py 0.492 MW 0.7 MW -0.492 MW
t=5s P, +P, +P 0.222 MW 0.7 MW —0.222 MW
Variation of active power reference Ppg P, P, Peycess
t=1s 0.47 MW 0.07 MW 0.4 MW —-0.07 MW
t=2s 0.37 MW 0.1 MW 0.4 MW -0.1 MW
t=4s 0.47 MW 0.07 MW 0.4 MW -0.07 MW
Variation of load power P P, Ppg Pycess
t=2s 0.3 MW -0.17 MW 0.47 MW 0.17 MW
t=3s 0.45 MW 0.0 MW 0.47 MW 0.02 MW
t=6s 0.6 MW 0.17 MW 0.47 MW -0.17 MW
t=9s 0.75 MW 0.28 MW 0.47 MW -0.28 MW
Phase to phase fault P P, Ppg Pycess
Conventional controller 0.377 MW —-0.065 MW 0.442 MW 0. 065 MW
Proposed controller 0.377 MW -0.078 MW 0.455 MW 0.078 MW
Phase to phase fault-harmonic distortions P P, Pog Pycess
Conventional controller 0.377 MW 0.005 MW 0.372 MW —0.005 MW
Proposed controller 0.377 MW —-0.078 MW 0.455 MW 0.078 MW

+ Minimization of power oscillations will be analyzed under R/X References

grid impedance characteristic.
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