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Abstract — The grid connected Distributed Power Generation Systems (DPGS) experiences more sensitive
behaviour against small variations occurs in grid parameters. The variations or unbalance in grid
parameters are mainly due to the presence of voltage sags, frequency variations, and distorting
harmonics in the grid. The adverse effect of unbalanced grid conditions may create the failure in
synchronized operation between DPGS and its connected grid.In this work to provide continuous
synchronization for DPGS during both balanced and unbalanced condition of grid, two novel grid
synchronization technigues based on Phase Locked Loop (PLL) studied are (i) Modified Double
Decoupled Synchronized Reference Frame PLL (ii) Modified Double Second Order generalize integrator
PLL.

The main aim of the presented modules is to provide sequence components of grid voltage. These
sequence components helps in determining magnitude and phase angle of unbalanced grid. The
presented PLL configurations are worked based on synchronous reference frame algorithms i.e. the
Park’s conversion method is applied to convert 3-phase ABC voltage vector to rotating d-q reference
frame components. The generated positive sequence d-component is used to determine magnitude of
utility voltage and the positive sequence g-component is used to get phase angle of grid voltage using
Phase Locked Loop (PLL) circuit. The PLL circuit also maintains the frequency and phase angle of DPGS
same as the determined new phase angle value of grid voltage.

The equivalent simulation circuit of each module is developed using MATLAB Simulink. Thesimulation of
each module is carried out by creating different unbalanced conditions of grid. From the simulation
results it can be observe that the generated positive sequence d- component provides the magnitude of
grid voltage accurately during both balanced and unbalanced conditions. Similarly the determined
positive sequence g-component is utilized by Phase Locked Loop circuit for providing phase angle plot of
grid voltage accurately. The time required for each module in determining phase angle and magnitude of
grid voltage after creating faultis within 20-25ms i.e. within two cycles of faulted voltage. The presented
techniques are also tested to observe their response in the presence of harmonic distortions. In all grid
unbalanced conditions both techniques provide satisfactory results with free of harmonics.
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photovoltaic are remarkable models. But the increased
installation of these systems in the network may Synchronization is the term describes, process of
require increased grid stability and low voltage ride maintaining identical waveform, frequency, voltage
through (LVRT). LVRT defines the constraints which and phase angle of a source with its interconnected

power system within the acceptable limit, this is 720

INTRODUCTION essential to determine the fault limits, maintains c
needed voltage profile and made the generation _5

The power generation from renewable sources is  System remains connected to the grid network i.e. O
presently reached 25 to 30% of total generated power. maintains synchronization under grid unbalances like c
Among all renewable power systems, wind and voltage dips. 2
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required to have a parallel operation between them.
Perfect synchronization offers the following outcomes
such as;

1) Two parallel connected systems have
minimum Disturbances.

2) Oncoming generator experience acceptable
shock.

3) Equipment survives long time.

4) Fast generator loading helps in supplying
energy to loads quickly. [1]

Effects of synchronization failure are given by

> Reverse flow of power i.e. from existing power

system to source. This may damage the
generator windings and also generator may
acts as motor.

> Loss of load of the source

> Loss of protected equipment’s, meters, etc.
due to the reverse power flow.

> Large disturbance experienced by parallel
systems etc.

These effects can be avoided or minimized by
maintaining continuous  synchronization between
parallel systems, by wusing some advanced
synchronizing techniques like zero crossing detector
and phase locked loop based algorithms.

This paper mainly consider distributed generation in
the discussion of synchronization issue, however it is
essential to maintain synchronization in all generation
power plant but the renewable DG(Distributed
Generation) systems are more sensitive towards the
unbalanced conditions. The Wind Turbine constructed
with Squirrel-Cage Induction Generator (WT-SCIG),
and some power converters used in solar power
generation are very sensitive when sudden voltage dip
occurs [2].

In this work, wupgraded and advanced grid
synchronization techniques are going to be studied
and analysed are the Modified Double Decoupled
Synchronous Reference-Frame PLL (MDDSRF PLL)
and the Modified Double Second Order Generalized
Integrator PLL (MDSOGI PLL).

The main work of each model is to determine the
positive sequence components of grid voltage during
grid unbalances. These positive  sequence
components have the information of phase angle and
magnitude of unbalanced grid voltage. The information
of magnitude and phase angle data of unbalanced grid

Unbalanced Conditions

voltage helps in adjusting the grid side converter
output of DPGS same as the connected grid. Hence
DPGS is said to be maintain its synchronized
operation with connecting grid during unbalanced
conditions also.

The MDDSRF and MDSOGI PLL are the modified
versions of basic SRF PLL. The operating principle of
basic SRF PLL is determining positive sequence
components of grid voltage in terms of synchronously
rotating d-q components using Park’s and Clark’s
conversions. The response of SRF PLL is satisfactory
only in balanced condition of utility. During unbalanced
conditions of grid, the result of SRF PLL contains
second order harmonics in its determined positive
sequence d-q components.

To overcome the demerits of SRF PLL, decoupling
networks are introduced in MDDSRF PLL. The
decoupling network helps for cancel out the second
order harmonics and provides the accurate positive
sequence d-q components. Similarly in MDSOGI PLL
the second-order generalized integrator type signal
generator (SOGI) is used for generating in-phase and
quadrature signals in terms of a-B reference
frame.The SOGI itself acts as a band pass filter
which helps in rejecting harmonic components in a
utility voltage. Therefore the output of SOGI is
accurate and free of harmonics and is directly used
for converting them into synchronously rotating d-q
positive sequence components.

In this paper the performance and reliability of each
algorithm in detection of amplitude and phase angle
of positive sequence component of grid voltage under
unbalanced and distorted situations aregoing to be
evaluated. The simulation of both techniques are
carried out using MATLAB Simulink and the results of
each model was analyzed by considering different
unbalanced conditions like voltage sags and
harmonic distortions.

[I. GRID SYNCHRONIZATION OF DPGS
USING MODIFIED DOUBLE DECOUPLED
SRF PLL

The MDDSRF PLL was established for upgrading the
basic SRF PLL. This synchronization arrangement
has 2-SRFs rotating withessential utility frequency, (i)
clockwise and(ii) counter-clockwise to get perfect
judgment of the +ve and -ve sequence elements of
the grid voltage during unbalanced grid faults. The
illustration of the MDDSRF PLL is presented in Fig.1
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Fig.1 MDDSRF-PLL block diagram.

When the 3-phase grid voltage is going to be distorted
or unbalanced due to fault, the essential +ve sequence
voltage will cause dc voltage on dq+1 axes of the +ve
sequence SRF and ac voltages with double the
essential utility frequency on dg 1 axes of -ve
sequence SRF. Similarly, thevector of -ve sequence
voltage seems as dc-component on —ve sequence
SRF and an ac signal with double fundamental
frequency on +ve sequence SRF. Here the magnitude
of the ac-oscillation on the+ve sequence SRF equalsto
the dc-level on -ve sequence SRF and vice-versa. The
application of decoupling network helps tocancel out
the ac voltage signals. The Low-pass filter (LPFs) in
Fig 1 is accountable for getting the pure dc element
from theoutput of decouple network.

The finally obtained dc components provide the
amplitude and phase angle of the unbalanced utility.
Here the PI controller helps in finding phase angle of
grid by utilizing decoupled positive sequence g-axis
component. The magnitude can be directly obtained
from decoupled positive sequence d-axis component
of grid unbalanced voltage.

. THE MATHEMATICAL ANALYSIS OF
MDDSRF PLL

During unbalanced utility circumstances, the voltage of
the phase a, b, ¢ can be expressed as

vy = Vo eos g t) + l;_;lmf(’b)u_f’:;i+ D") +

1cos iyt +0%) ( ]_)

Here the superscript notations like +1, -1 and 0 are
used in above equation are described the the positive,
-ve and zero sequence-components, in each case i =
phases a, b, ¢ and ¢ is change in phase angle. Using
Clarke conversion, grid voltage in terms of a8 vector is
expressed as,

Vs, Vs, ]
Vuzegyr = 1'{*3.‘3‘ = [Tu.n'.ﬁ‘;r'] 'LLSE
Ve, Vs, @
1 1 .1
1 (=3) (=7
[T =3[0 ) )
1 1 1

) ©)

The vector of voltage on the af plane is (Neglecting
zero-sequence component),

v,
i =z | _ g+t -1
Vstliagy = [Vuss] - Fsiﬂ&i’ + FSFE}

cos(—w,t + @)

R [cus{mut:] I
sin(—aw,t + 671) 4)

T sinle,t) we

Here it is shown that input voltage involves of two sub

1_:r+1. r—1 . }
uz  and ‘uz rotating with +ve angular

Gy

vectors:
frequency
frequency ™ “ respectively.

and rotating with -ve angular

The conversion of abc to af then to d-q with the help
of referring fig 2 it can be drawn by the angular
rotation of different stationary and rotating reference
frame.

Fig 2: Voltage vectors based on reference frames

of SRF
o= [0 el
e [t = O] [t + 072 -0)
¥ LsinGayt =60 T Lsin(wyt +070 - 60] g
o ST
- [cus{fﬂut +67] [ws{—mu* +07+0)

sinflw,t £ 8] ™ |sin(—w e+ 071480 ()

sin(g")
cos(g")

cos(8)
—sin(g")

[Tu[dr,"ij] = [ru[dq'ij] =

The PLL arrangement, similar to shown in Fig 1,
regulating accurately its control constraints, to

achieve ©' =“ut.By using small signal analyses,the
selection of control constraints for PLL are presented

as assumptions of sin (“ut -87) = (“ut -8"), cos (“ut

-0’) =1 and (-*“ut -6 ‘)=—2%utusing this assumed
conditions, (5 &6) can be expressed as:
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114 — 1_:r+1 [ 1 .] ¥ 1.:,_1_ CDS{_szu_t + G_L:]
Paamh T eyt — 01T Lsim(“2at 4070 (7
V — 1_:I'+1_ [Cﬂs(z mult:] i I:I:'DS{E_L:]

Wigg=ty ~ W lsin(2eo,t) us | 1) ®)

the constant values

r+1 r—1 +
correspond to the amplitude of %5 and'5 " in the dg™
and the dq'1 axes respectively, and ac oscillating

Equation 7&8 consists of

signals with 2 “u frequency with opposite rotation

direction. This generated 2“% ac signals can be
attenuated by using Low pass filter but its dynamic
response during unbalanced condition is very poor.
Hence the decoupling network is introduced to cancel
out the generated ac signals.

IV. SIMULATION OF MDDSRF PLL
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Fig 3: simulation diagram of MDDSRF PLL
Working

Initialy circuit is allowed to operate in balanced
condition i.e. by generating balanced three phase
supply upto 1sec. Then source voltage is provided to
circuit with sags in the phase voltages based on the
type of fault after 1sec. The detection of phase angle is
continous for both balanced and unbalanced
conditions. In balanced condition, error occure in
phase angle is zero, because the reference voltage
and source voltage both are having same magnitude
and phase angle. During unbalance in utility their may
be variations occure in amplitude, frequency and
phase angle; this may cause synchronization failure
between source and utility network. Hence to maintain
synchronization during grid unbalances, the control of
grid connected power converters of DGS is necessary
and this is directly depends on estimation of amplitude
and phase angle of possitive sequence voltage
componet at fundamental frequency.

Unbalanced Conditions

The MDDSRF PLL simulation describes the detection
of positive and negative sequence component of
unbalanced voltage hence the outputs of decoupling
network i.e positive sequence direct axis component is
used for amplitude detection and positive sequence
quadrature axes component is used for detection of
phase angle. Low pass filters are used for removing
harmonics in sequence components.

V. GRID SYNCHRONIZATION OF DPGS USING
MDSOGI-PLL

The MDSOGIPLL is one of the important modifications
in the SRF PLL. MDSOGI PLL works with a-
stationary reference frame to get instant symmetrical
elements (ISE) of utility network voltage. But ISE
method requires two sets of signals namely, filtered
versions of regular Vua and Vuf signals (derived
from utility voltage (Vu) with abc as phases) and
another filtered version set with derived by 90° phase
shift of regularVua and Vuf signals.These filter
versioned components of regular Vua and Vup and
its quadrature elements are generated by using two
second order generalized integrators (SOGI). The
SOGI acts as a band pass filter which helps in
rejecting harmonic components in a utility voltage.

5

The final filtered outputs of the two SOGI are e and

- . .

u8 and Taeand? 8. These components are used as
an input to the block of positive sequence calculator
(PSC) as described in fig 4.

!
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Fig. 4 MDSOGI-PLL.

After finding +ve phase-sequence in terms of af, the
remaining process of finding of phase angle and
magnitude of utility voltage is same as carried out in

MDDSRF PLL i.e. by converting Wiz and Vis to
Eﬂ&v‘r‘;. the

sequence"ﬂ':i:f:| is used to determine magnitude of
(Viz )
determine angular frequency (*») using PI controller

and phase <';mgle'i'5"u:| using integrator. The
determined value of new angular frequency of utility

Now d-component of positive

utility voltage and the g-component is used to
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voltage is taken as feedback to provide the center
frequency™™ulto two SOGI systems.

VI. MATHEMATICAL ANALYSIS OF MDSOGI
PLL

The instant symmetrical positive sequence elements of
utility signals using af3-reference frame is described in
this section. Here the utility voltage (Vuabc) signals
are converted into their +ve sequence elements and
mathematically expressed as

Vigee = e vup V] @
Viahe = [lf;f.: Vip Vi = T 1¥uzee
(8)
1IJr3 a:'lllg ﬂ-,‘r3 S 4
(T, )=|a/3 173 a*/3|a=e"GE]
e /3 af3 173 ©)

With the help of transformation given by Clark, the
above equations are expressed in terms of aff and is
given by

-

v;.;g,g-:[“;.m V;.A,g]-:[r.icﬁ]l’"uﬂi?r (10)
A [ =1y2) (-1/2)

T‘ = | ey -

(Tucs ) [ﬂ W32 -(3)e 1)

Finally the instant positive-sequence elements (ISE) of
grid voltage with a8 reference frame can be calculated
by:

+ '
Voaop = [TUﬂﬁ] * "‘?Jabn

(12)
= [TLIW.E] Uu+] [TLIW.E] -v1._w,5 (13)
) —(@]|¥ue i
={?) [(qj |, } = :
uf (14)

Therefore the instant +ve sequence a-f elements of
grid voltage are

+ ) .
Vor = Voo — DVus

(15)

VI:-E = V1..15 + qv1..1{1 (16)

Here g means phase-shift operative element operated
in time-domain which achieves the orthogonal phase
waveform (lag of 90°) of the fundamental in-phase

signal. It is important to have observation is the delay
timerepresented by the operator-q is dynamically
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adjust based on frequency of the in-phase input
voltage.

VII. SIMULATION OF MDSOGI

The MDSOGI PLL simulation is carried out using
MATLAB Simulink to analysis its results considering
different unbalanced conditions, which are affecting
synchronization of DGS with its grid.

Fig 5: simulation block diagram of MDSOGI-PLL
VIII. RESULTS AND DISCUSSIONS

T+
Input : Before fault: ¥ = 10040

upto 1lsec
Frequency of the voltage before fault = 50 Hz [3]

Table 3.1 properties of testing voltage sags [3]

Sag during 3- | Sag during | Sag during
phase fault single-phase-to Phase-to-
ground faults phase fault

1r’+: 40, — 40 13*: 733 —10 13":

67.372 — 3.7
V=_0.0 V=_26.62170 | V—_

2782 - 2.2
V'-‘:EI.»_'EI 1,":':26.6.11?[] V':':EI.LEI

\\

A. SIMULATION RESULTS OF MDDSRF PLL

1. Voltage sag due to 3-phase fault
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2. Voltage sag during single phase to ground fault
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3. Voltage sag during phase to phase fault
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4. Utility voltage with harmonic distortions
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B. SIMULATION RESULTS OF MDDSRF PLL

1. Voltage sag due to 3-phase fault
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Unbalanced Conditions

2. VOLTAGE SAG DURING SINGLE PHASE TO
GROUND FAULT
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4. UTILITY VOLTAGE WITH HARMONIC
DISTORTIONS

Input Signal & Magnitude and Phase Angle

IX. COMPARATIVE ANALYSIS OF MDDSRF
AND MDSOGI PLL RESULTS:

The main aim of the synchronization techniques
discussed in this paper is the determination of +ve
sequence d-q axes components of grid voltage during
both balanced and unbalanced conditions. The
magnitude of grid voltage can be directly observed
from +ve sequenced- component and the phase
angle plot of grid voltage (positive sequence
component) is drawn from utilizing determined +ve
sequence q axes-component. But the time required
for determination of +ve sequence d-q axes
components, quality of the responses, and
Mathematical operations carried out in each
technique are slightly different. These comparisons of
both techniques are tabulated as shown in table 1 &
2.
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Table 1 Mathematical operations carried out in
MDDSRF PLL and MDSOGI PLL

Technique / MDDSRF | MDSOGI

Operations PLL PLL
Addition 22 38
Multiplication 32 86
Trigonometric 12 4
Division 0 2

Table 2 Simulation result observations of MDDSRF
PLL and MDSOGI PLL

Structure MDDSRF PLL MDDSRF PLL
Magnitu Magnitu
de Time Time de Time Time
Tvpe of of grid | taken for | Taken of grid | taken for| taken
Fault voltage finding for voltage | finding | for
(Grid ¥e +ye Correcti +ye -3¢ | Correc
Unbalance | sequence | sequence | onof | sequence| sequence| tion of
s) compone | compone | phase | componer componer phase
nt nts angle t s angle
(in pw) (in p.w)
3-Phase
Fault 0.4 155 ms 25ms 0.4 155ms | 20ms
Single-
phase to 0.733 152 ms 20ms 0.733 153ms | 2Ims
ground
Phaseto | 467 | 154ms | 22ms | ‘067 | 153ms | 22ms
phase fault

X. CONCLUSION

The presented paper described the response of two
advanced grid synchronization PLL based algorithms
for DPGS namely MDDSRF PLL and MDSOGI PLL.
Here the detailed analysis of these algorithms are
discussed with their mathematical analysis and the
response of each were carried out using MATLAB
Simulink considering different unbalanced sags and
distorted utility conditions.

From the output observations of each PLL algorithm it
can be conclude that both algorithms are excellently
performed in the estimation of positive sequence
components of grid reference voltage based on
rotating SRF and a- reference frame. The simplified
structure and application of PLL and reference frame
techniques provides satisfactory with accurate
detection of utility voltage magnitude and its phase-
angle within 20-25ms in all conditions.

The rejection capacity of both algorithms against
harmonics are tested, the presence of LPF helps in
filtering harmonics in MDDSRF PLL and signal
generator SOGI itself act as a filter in MDSOGI PLL.
Hence both techniques provide good results in
elimination process of harmonics.

TheMDDSRF PLL has less execution time and fast
closed loop operation as compare to MDSOGI PLL.
But the presence of dual SOGI enhance the quality of
results with MDSOGI PLL as compares to the results
of MDDSRF PLL.

The application of these algorithms may increase the
computational cost but provides the better detection of
synchronization parameters to DPGS mainly in PV and
wind plants.

REFERENCES

Daniel L. Ransom, “Get in step with synchronization,”
IEEE Trans.Ind. Appl., vol. 50, no. 6,pp. 4210-
4215 Nov/Dec 2014

A. Luna, P. Rodriguez, R. Teodorescu, and F.
Blaabjerg, “Low voltage ride through
strategies for SCIG wind turbines in
distributed power generation systems,” in
Proc. IEEE PESC, Jun. 15-19, 2008, no. 1,
pp. 2333-2339.

A. Luna, J. Rocabert, J.I. Candela, J.R. Hermoso, R.
Teodoresco, “Grid voltage synchronization for
distributed generation under grid fault
conditions,” IEEETrans.Ind. Appl., vol. 51, no.
4, pp. 3414-3425 July/Aug 2015.

P. Rodriguez et al., “Double synchronous reference
frame PLL for power converters control,” in
Proc. IEEE PESC, 2005, pp. 1415-1421.

P. Rodriguez et al., “New positive sequence voltage
detector for grid synchronization of power
converters under faulty grid conditions,” in
Proc. IEEE PESC, 2006, pp. 1492-1498.

P. Rodriguez et al., “Decoupled double synchronous
reference frame PLL for power converters
control, "IEEE Trans.PowerElectron.,vol.22,
no.2, pp. 584-592, Mar. 2007.

F. Blaabjerg, F. Teodorescu, M. Liserre, and A. V.

Timbus, “Overview of control and grid
synchronization  for  distributed  power
generation systems,” IEEE Trans. Ind.
Electron., vol. 53, no. 5, pp. 1398-1409, Oct.
2006.

A. Timbus, M. Liserre, R. Teodorescu, and F.

Blaabjerg, “Synchronization methods for
three phase distributed power generation
systems. An overview and evaluation,” in
Proc. IEEE PESC, Jun. 12, 2005, pp. 2474—
2481.

M. Karimi-Ghartemani and M. Iravani, “A nonlinear
adaptive filter for online signal analysis in
power  systems: Applications,” IEEE

Raju Kadaganvi'*, Pramod Murari‘, Keshav Negalur®

‘ www.ignited.in

726



Grid Synchronization Techniques and Analysis in Distributed Power Generation Systems under
Unbalanced Conditions

Trans.Power Del., vol. 17, no. 2, pp. 617-622,
Apr. 2002.

Corresponding Author

Raju Kadaganvi*

Student, Power System Engineering, Department of
Studies in Electrical and Electronics Engg.University,

B.D.T.College of Engg.Davangere, India

E-Mail — rajukadaganvi@gmail.com

‘ www.ignited.in

Raju Kadaganvi'*, Pramod Murari®, Keshav Negalur® 727


mailto:rajukadaganvi@gmail.com

