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Abstract. The control of power converter devices is
one of the main research lines in interfaced renew-
able energy sources, such as solar cells and wind tur-
bines. Therefore, suitable control algorithms should be
designed in order to regulate power or current properly
and attain a good power quality for some disturbances,
such as voltage sag/swell, voltage unbalances and fluc-
tuations, long interruptions, and harmonics. Vari-
ous synchronisation techniques based control strategies
are implemented for the hybrid power system applica-
tions under unbalanced conditions in literature stud-
ies. In this paper, synchronisation algorithms based
Proportional-Resonant (PR) power/current controller
is applied to the hybrid power system (solar cell + wind
turbine + grid), and Dual Second Order Generalized
Integrator-Phase Locked Loop (DSOGI-PLL) based PR
controller in stationary reference frame provides a so-
lution to overcome these problems. The influence of
varitous cases, such as unbalance, and harmonic condi-
tions, is examined, analysed and compared to the PR
controllers based on DSOGI-PLL and SRF-PLL. The
results verify the effectiveness and correctness of the
proposed DSOGI-PLL based power control method.
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1. Introduction

The integration of Hybrid Renewable Energy Re-
sources (HRES), such as wind turbines and solar cells,
into electric networks is a powerful and efficient way
to meet the growing energy demand and minimize en-

vironmental restrictions, such as weather conditions,
wind speed and solar irradiation, and depletion of fos-
sil fuels reserves [I| and [2]. Grid connection sys-
tems provide reliable means for customers to use re-
newable energy sources, such as solar cells and wind
turbines. The HRES are generally connected to elec-
tric grids via three-phase voltage source inverters [3].
The power converter devices are widely used as inter-
faces for hybrid resources [4]. The power converter de-
vices improve efficiency and performance of the power
systems and provide reliable electric power process-
ing/flow. However, the grid disturbances lead to power
quality problems, such as voltage unbalances, voltage
sag/swell, voltage fluctuations, phase faults and har-
monic pollution, in grid-connected systems. Therefore,
an appropriate control method with synchronization
technique is required to overcome these problems.

The synchronization techniques play an important
role in voltage sag/swell detection and various con-
troller based applications under unbalanced conditions
[5]. In literature studies, various Phase-Locked Loop
(PLL) techniques based control methods have been
projected and implemented in power converters inter-
facing the HRES under grid faults. In [6], Moving Av-
erage Filter (MAF) is integrated to enhance the detec-
tion of fundamental active power currents and the dy-
namic performance of power/current control loop. In
[7], modified control method utilizes Enhanced Phase-
Locked-Loop (EPLL) technique to regulate DC link
voltage under unbalanced grid conditions. Multivari-
able Filters (MFV) based PLLs are used to determine
the reference current for the active power filter in order
to improve the power quality and compensate reactive
power required by nonlinear load, and it is also used
as highly selective harmonic filtering [8] and [9]. In
[10], [T11] and [12], Second-Order Generalized Integrator
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Fig. 1: SRF-PLL or DSOGI-PLL based power controller in hybrid power system application.

(SOGI) with frequency adaptation based Proportional
Resonant (PR) controller is proposed to eliminate har-
monic components in single-phase grid-connected in-
verter. In [13], the dual SOGI-PLL (DSOGI-PLL) is
used for application of shunt active filter. Synchronisa-
tion algorithms based power controller in hybrid power
system applications is shown in Fig.

Generally, the classical PLL (SRF-PLL) based PR
controller ensures high performance to mitigate har-
monic components in hybrid power systems and has
fast dynamic response under balanced conditions. It
can also achieve an infinite gain at low frequencies and
compensate harmonics at selected frequencies [14], [15]
and [16]. However, it is not enough to reduce ripple in
power, current and voltage signals under grid distur-
bances. It is also sensitive to frequency variations. PR
controller based on various synchronisation techniques
can be used in many applications [I7].

In this paper, proposed PR power/current controller
based on DSOGI-PLL technique provides a solution for
power quality problems caused by grid disturbances,
such as voltage sag/swell and voltage unbalances. In
particular, although the conventional PLL based PR
controller ensures good performance under balanced
condition, it has poor performance under unbalanced
and distorted grid conditions. In order to solve these
problems, integration of DSOGI-PLL into PR power
controller is proposed. Various cases of DSOGI-PLL
based PR controller are analysed and examined. To
observe effectiveness and availability of DSOGI-PLL
based PR controller, it is compared with SRF-PLL
based controller.

The remaining of the paper is structured as fol-
lows. Following the introduction, hybrid power sys-

| The synchronization techniques for power controllers
are analysed in detail in Sec. In Sec.[4.] proposed
power controller method is discussed under grid distur-
bances. Testing of the influence of various case studies
on the mentioned controllers is presented, analysed and

compared in Sec. Section summarizes the

conclusion derived from this study.

2. Hybrid Power System
Sources
2.1. Solar Cell

The electric behaviour of a solar cell can be modelled
and analysed by a nonlinear current source [I8]. The
current source which is driven by sunlight is connected
with a real diode in parallel (Fig. [2). The forward
current could flow through the diode from p-side to n-
side with little loss. However, if the current flows in
reverse direction, only little reverse saturation current
could get through [19].
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tem sources are investigated and analysed in Sec. Fig. 2: Equivalent circuit for a solar cell.
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Rsh is the shunt resistance which accounts for leak-
age current [20], and Ry is the internal resistance of the
cell. Where I,/ is the photon current, I, is the reverse
saturation current, Vic is open circuit voltage, k is the
Boltzmann’s constant, ¢ is the charge of an electron,
and T is the operating temperature of a cell. All the
equations for modelling a solar cell are analysed based
on the equivalent circuit. The relationship between so-
lar cell current I,c and voltage is given by following
equation Eq. [21] and [22].

Lo = Ly (1 + Co(T — 237.15))

a(Vsc+1-Rs)
— Io' (6 nkT — 1) —

In order to increase the efficiency of a solar cell un-
der various weather conditions, Maximum Power Point
Tracking (MPPT) is applied to the control of solar cell
connected boost converter. The solar cell output power

is given by Eq. ;

Psc:n"/sc'lsc'

(Vsc +1- Rs)

o (1)

(2)

A solar cell based on the single diode model is mod-
elled and simulated by using PSCAD/EMTDC soft-
ware. The simulations for P-V and I-V characteristics
of a solar cell are depicted in Fig. [3| (at 1000 W-m—2
and 25 °C). MPPT algorithm is used to get the maxi-
mum output power for any given solar irradiation and
temperature.

m|sc(kA)
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Fig. 3: P-V and I-V characteristics of solar cell.

2.2. Wind Turbine

The kinetic energy of the wind is extracted by wind
turbines that transfer the momentum of air passing
through the wind turbine rotor blades. The mechanical
power is captured by a wind turbine. The mechanical
model of a permanent magnet synchronous generator
is used in wind power system. The kinetic energy F is

the function of the flowing air mass m and velocity V,,
[23] and [24];

1
E= 5VV%/. (3)

The maximum measured power from a wind turbine
is limited by Betz’s law. Higher wind speed provides
more energy. v, and v, are input and output tur-
bine blades speeds, respectively. The wind power cap-
tured by a wind turbine is proportional to the rotor
swept area Ag, the air mass density pgq;-, and the wind
speed V,, [25]. Available turbine input and output pow-
ers Pyt in and Pyt out are given by the Eq. and
Eq. (5)), respectively [26];

1
Pwtiin = 7Aspair’02a (4)

2

dE 1

Pwtiout = E = §Aspairvg

1 Vg + Vp
— o (S5 ) 2 - ob)

(5)

To estimate the output power of wind turbine, the
power is limited by a power coefficient C},. In order
to simplify the model, the optimal value is used for
the power coeflicient C,, such as C, = Cp,p. The
maximum power of WT based on power coefficient is
given as follows [27];

1
7Cp70p()‘7 B) A - Pair * Vu?;)

: (6)

Pwtiout =

The wind turbine rotor power coefficient C), is gener-
ally a nonlinear function of tip speed ratio A and blade
pitch angle 8 [23]. The power coefficient C), is given by
Eq. as follows;

11
(A, B) = 0.5176 < AG

7

- O.4B—5> :

e X £0.0068), (7)

1 1 0.035

N AN10083 1+ (8)

The power coefficient represents the efficiency of
wind turbine components. The maximum rotor power
efficiency is not greater than a theoretical maximum
value of 0.593, called Betz limit [23]. The maximum
wind power P, .+ obtained from wind energy can be
described by Eq. @ This simply means that the maxi-
mum power may be achieved by power coefficient which
varies wind speed, turbine blade angle and other pa-
rameters [28].
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Fig. 4: The basic structure of SRF-PLL.

3. The Synchronization
Techniques for Hybrid
Power System

3.1. The Classical PLL

The basic structure of Synchronous Reference Frame
Phase Locked Loop (SRF-PLL) consists of the Phase
Detector (PD) block, Low Pass (LP) filter, and a Volt-
age Controlled Oscillator (VCO) as shown in Fig.
The classical PLL (SRF-PLL) based PR controller has
good performance under balanced conditions. How-
ever, its structures are not designed to overcome such
fluctuations and ripple in power and current controller
as under asymmetry, unbalance, fault or contamination
with higher harmonics [29]. Three phase signals V,, V},
and V. are converted to the stationary V,, and Vg with
Clarke transformation and then signals are processed
by PLL to track phase/amplitude/frequency [30] and
[31].

3.2. DSOGI Based PLL

The Second-Order Generalized Integrator (SOGI)
based PLL is generally used for tracking frequency
and phase measurements of alternating current sig-
nals in single-phase power converter devices [32]. The
SOGI algorithm is also a very effective way to pro-
vide orthogonal signals V,, and V3. Modified PLL
methods based on the SOGI have been analyzed and
provide good results to separate positive and negative
sequences for reference current generation [33]. The
DSOGI-PLL algorithm based on Dual Second-Order
Generalized Integrator (DSOGI) provides high perfor-
mance for phase detection under extreme, unbalanced
and distorted grid operating conditions [34]. However,
compared with dual EPLL under unbalanced condi-
tions and harmonics injected into a grid, it has longer
settling time, more harmonic errors, and ripple errors
[35]. Under grid disturbances, the orthogonal signals
Vo and V3 are obtained by Clarke transformation to be

Semcccccccccccccscccccscsssssas®

used in PR controller. The application of SOGI-PLL
in single-phase and three-phase systems is depicted in

Fig.
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Fig. 5: The block diagram of SOGI based PLL, a) using in
single-phase applications b) using in three-phase appli-
cations.

The closed-loop transfer functions of DSOGI-PLL
are given as follows,

ksogiwsz

G(s) = Vals)/Vp(s) = ——- (9)

The orthogonal signals are calculated by following
equations;

Vaa(s) = SVals), (10)

Esoqiw?s
Via(9)/Vils) = =252,

As =3+ (ksogi + kge)ws? + w?s + kqe,

Gi(s) = (11)

(12)

where w is fundamental of an input signal, and DSOGI-
PLL creates two orthogonal signals as outputs, V,, and
Vga. The output V,, is in phase with the fundamental
component of the input signal V,,. The gains G(s) and
G(s) affect the bandwidth of SOGI. The variations of
DSOGI parameter kso4; and DC offset parameter kg
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can affect error signal and the dynamic response of the
system.

In case of grid disturbances, DSOGI based PLL pro-
duces orthogonal signals to eliminate the impact of grid
disturbances. With two SOGI, generated quadrature
output signal Vg, is in phase with Vg, and V,, lags Vg
with phase of 180°. Figure[f]shows that the orthogonal
signals V,, V3 obtained by Clarke transformation are
in phase with Viynew, Vanew obtained by DSOGI-PLL.

© Vqa B Vg

0.200
0.100
0.000

(KV)

-0.100
-0.200
0.200 " Vg
_0.100
>
<0.000

-0.100

-0.200

o Vanew A VB L VBnew

0.40
020
é 0.00

-0.20

-0.40
2.160

2.200 2.220 2.240

time(s)

2.180

Fig. 6: The generated orthogonal signals under grid distur-
bances.

4. Proposed Power Controller
Method

The stationary reference frame based Proportional-
Resonant (PR) controllers [36] are normally used in
power and/or current control applications such as grid
interactive power converter devices because of their su-
perior features. The classical PI controller has high
gain values in DC systems and provides good perfor-
mance in DC signal applications. However, the PI con-
troller has low gain in AC signal applications and pro-
vides poor performance. Therefore, the PI controller
cannot track the sinusoidal waveform without steady-
state error. The main advantage of the PR controller
is the transfer of the high gain feature of the PI con-
troller from DC signals to AC signals [37]. The PR con-
troller has a high infinite gain at the resonant frequency
and has no gain at other frequency values. With this
feature, PR controllers can be used in active power
filter applications and DG power systems. They can
track the harmonic reference signals, remove selected

harmonic components and overcome stability problems
[38], but they are sensitive to frequency variations and
more complex than some other controllers, such as
hysteresis and dead-beat controllers [39]. The classi-
cal PLL based PR power/current controller method
has poor performance under unbalanced voltages and
phase faults. For unbalanced conditions and the syn-
chronization of a grid-tied inverter, the DSOGI-PLL
based PR controller is presented in this paper (Fig.[7).
The digital implementation of DSOGI-PLL based PR
controller is suitable for a Digital Signal Processing
(DSP) and Field Programmable Gate Array (FPGA)
microprocessors.

Pref Qref
v

Voo abe/ vV V* reference
abc af SRF-PLL or *“ current
v~ /@B |45 DSOGI-PLL I*ag | generation
|ar3_f; v |pref
+
O &
v v
--------------- PR PR

Fig. 7: PLLs based PR controller.

When PI controller in the synchronous reference
frame is converted to the stationary reference frame,
PR current controller is obtained. The equivalence
between PI and PR controllers is proved by following
equations [40].

Vig = F‘;ﬂ _ [PI(t)] - Alu
=787 pito) L] 09

Clarke transformations correspond to Park transfor-
mations; reference frame controller is expressed as fol-
lows;

e =[] = [0 b 3] 0o

w, is the grid fundamental angular frequency, and k;
is a constant which is carefully chosen to change the
controller’s magnitude response vertically in Eq.
[36].

kiwes

. (15
82 4 2wes + w2 (15)

AVQB/AIQQ = PR(s) = kp +

The parameters of PR controller k,, k; and w, in-
dicate proportional and integral gains, and resonant

(© 2018 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 85



POWER ENGINEERING AND ELECTRICAL ENGINEERING

VOLUME: 16 | NUMBER: 1 | 2018 | MARCH

frequency term, respectively. A non-ideal PR current
controller has lower gain and wider bandwidth than
ideal PR controller at resonant frequency [41].

As expressed in Eq. , PI controller is equivalent
to PR controller in terms of current error cancellation
and harmonic components removal. Furthermore, the
simplicity of PR controller in the stationary reference
frame can be implemented with DSP or FPGA due to
its low mathematical computations [42]. Figure [7| de-
picts the block diagram of PR power/current controller
based on SRF-PLL or DSOGI-PLL. In the current con-
troller, the DSOGI-PLL based two PR controllers are
used in the stationary frame to avoid complex coor-
dinate transformation. The references of the current
controller Inyef, Igres are provided according to the in-
stantaneous active reactive controller. By applying the
Clarke transformations, the active and reactive power

can be expressed as in Eq. , Eq. and Eq. .

U:; 'P'r‘ef +U:fk;7 'Qref

forer = =227 is
I ’UZ;'Pref_U:;'Qref ( )
Bref = 2 )
va + v
3 * * * *
3 * * * *

5. Testing the Influence of
Various Cases for Proposed
Power Controller

The increasing use of sensitive and critical equipment
in electrical grids requires to be served by high volt-
age/power quality. The hybrid power systems include
more and more unbalanced and nonlinear equipment
that negatively affect power quality. Taking into ac-
count all these factors associated with power quality
problems, DSOGI-PLL based PR controller provides a
solution that can enhance the voltage/power quality at
both grid and customer sides [5]. The performance of
the proposed power controller based on DSOGI-PLL is
validated, confirmed and compared with SRF-PLL by
simulation studies using the PSCAD/EMTDC analysis
program in various case studies as follows;

e Case 1 - Testing the influence of single-phase fault

e Case 2 - Testing the influence of phase to phase
fault

e Case 3 - Testing the influence of the impact of
voltage harmonics

e Case 4 - Testing the influence of unbalanced volt-
age condition

Case 1 - Testing the influence of single-phase
faults:

The performances of the DSOGI-PLL based PR con-
troller under unbalance caused by a single phase (A)
to ground fault are depicted in Fig.[8] At 0.4 s during
0.2 s, the phase A to ground fault occurs and phase
A voltage decreases to 40 % of its nominal value. The
fluctuations and ripple error on orthogonal (d-q) sig-
nals and power are compared and graphically shown in
Fig.[8] The ripple errors have the double-frequency rip-
ple (2 w) during unbalance with the SRF-PLL based
PR controller. The simulation results show that the
proposed DSOGI-PLL based PR controller minimizes
voltage and current ripple errors on (d-q) signals al-
most to zero level when compared with the SRF-PLL
based PR controller.

|

O V,

I

AV

i

il

0.550 0.650

time(s)

0.450

Fig. 8: SRF-PLL and DSOGI-PLL based PR controllers under
single-phase fault.

Case 2 - Testing the influence of phase to
phase fault:

The performances of the PLLs based PR controller
in the case of unbalance caused by phase to phase fault
are depicted in this case. At 0.4 s, phase A and phase B
voltages decrease to 49 % of their nominal values. The
results for orthogonal signals of PLLs (SRF-PLL and
DSOGI-PLL) based PR power controllers are given in
Fig.[0] The DSOGI-PLL is compared with SRF-PLL
in order to analyse the performances. The first named
provides good performance to eliminate ripple errors
(double frequencies signals) on power control and or-
thogonal voltage signals. The current and voltage am-
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plitudes measured in case of SRF-PLL based PR con-
troller are highly sensitive to unbalance conditions.
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Fig. 9: PLLs based PR controllers under phase to phase fault.

Case 3 - Testing the influence of the harmonic
condition:

Although SRF-PLL based PR controller effectively
performs to mitigate harmonics in the system, it is
not enough to eliminate control signal errors caused by
harmonics. Therefore, the DSOGI-PLL based PR con-
troller is proposed to overcome these problems. The ef-
fect of voltage harmonics on the performances of SRF-
PLL and DSOGI-PLL based PR controllers are anal-
ysed and compared graphically in Fig. [I0] It can be
clearly observed that the DSOGI-PLL based PR con-
troller ensures higher performance in the elimination of
harmonic ripple errors (6 w frequency ripple) in signals.

As shown in Fig. [I1] the three-phase inverter out-
put currents I, I, and I. are also tested under voltage
harmonics. The simulation results show that the pro-
posed power controller accomplishes to mitigate har-
monic components to 0.35 % THD. It also reduces rip-
ple errors and fluctuations in amplitudes of power and
orthogonal signals.

Case 4 - Testing the influence of unbalanced
voltage condition:

Benchmarking performances of orthogonal signals
and active power related with controllers are compared

oV,
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Fig. 10: The performance of orthogonal signals and power un-
der voltage harmonics.

in Fig. At 0.4 s during 0.2 s, phase B voltage in-
creases by 17.8 %, phase A decreases by 49 % and C
decreases by 12 %, voltages are given according to the
nominal grid voltage. The impact of unbalanced grid
voltage is observed in power and orthogonal voltage sig-
nals. As can be seen from Fig. the proposed power
controller based on DSOGI-PLL eliminates the double-
frequency ripple (2 w) in the amplitudes of orthogonal
signals and active power. It ensures high accuracy and
fast dynamic response.

6. Conclusion

This paper presents and compares two PR
power/current controllers based on different syn-
chronisation algorithms for mitigating the influences
of grid disturbances on control of three-phase inverter
connecting a hybrid power system. Hybrid power
system sources consisting of solar cell and wind turbine
are modelled, analysed, and connected by power elec-
tronic devices to the DC bus separately. The proposed
power controller based on DSOGI-PLL ensures better
solution and overcomes power quality problems such
as voltage sag/swell, voltage unbalance and harmonics.
The control of three-phase inverter is examined and
analysed under various case studies, such as grid
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11: Benchmarking performances of SRF-PLL and DSOGI-
PLL based PR controller for inverter output current.
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Fig. 12: PLLs based PR controller for unbalanced voltage.

faults, harmonic distortions, and unbalanced voltage
conditions.  The results show that the proposed
DSOGI-PLL and PR based power controller removes
double frequency (2 w) ripples and six times frequency
(6 w) ripples under unbalanced and distorted grid

voltages in amplitudes of orthogonal voltage d-q
signals and active power. Compared with classic PLL
based PR controllers, the case results reveal that the
DSOGI-PLL based PR controller ensures robustness,
accuracy, and fast dynamic response.

This paper is a comprehensive survey with the aim of
enhancing the knowledge of the researcher who wants
to research in this field.
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