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In addition, power electronics is undergoing a fast evo-
lution, mainly due to two factors. The first factor is the 
development of fast semiconductor valves, which are ca-
pable of switching fast and handling high powers. The 
second factor is the control area, where the introduction 
of the computer as a real-time controller has made it pos-
sible to adapt advanced and complex control algorithms. 
These factors together make it possible to have cost-ef-
fective and grid-friendly converters connected to the grid.
One important use of the impedance of a grid-connected 
VSCis in the analysis of stability and resonance between 
the converterand the grid, including that with the filter 
of the converter [1]. A grid-connected VSC usedfor grid 
integration of renewable energy can be modeled as acur-
rent source in parallel with impedance, and the inverter-
gridsystem stability can be determined by applying the 
Nyquist stability criterion [2] to the ratio between the grid 
impedanceand the VSC impedance.This paper applies 
the harmonic linearization techniqueto develop imped-
ance models of three-phase VSCs withPLL-based grid 
synchronization. A key step in the developmentof the im-
pedance models is the linearization of the grid synchroni-
zation scheme. Since is there exists several synchroniza-
tion schemes [3], the approach taken here is to consider a 
basicPLL, and show how it can be incorporated into the 
impedancemodels. Possible variations are reviewed to 
highlight their modelingapproach.

II.MODELLING WITHOUT PHASE 
LOCKED LOOP:

The three-phase VSC considered in this paper is depict-
edin Fig. 1. Phase voltages are denoted as va, vb , and vc 
, while phase currents as ia, ib, and ic . Considering the 
large dc buscapacitors, and the lower than fundamental 
frequency controlbandwidth of the dc bus voltage, Vdc is 
assumed constant in thisstudy.
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I.INTRODUCTION:
\
The utilization of wind energy is an area which is growing 
rapidly. In Europe, the installed wind power has increased 
by 36 % each year for 5 years, now. In northern Germany, 
wind turbine manufacture is the fastest growing industry. 
Furthermore, wind energy covers 7 % of Danish electric-
ity consumption. Most countries in Europe have plans for 
increasing their share of energy produced by wind power. 
The increased share of wind power in the electric power 
system makes it necessary to have grid-friendly interfaces 
between the wind turbines and the grid in order to main-
tain power quality. 
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Recall thatcurrents id and iq are outputs of a dq-domain 
transformation,which in the frequency domain involves 
a convolution of thefrequency components in the phase 
currents, with the frequencycomponents in Park’s trans-
formation. Taking θPLL(t) = θ1(t),the frequency compo-
nents in Park’s transformation are easy toderive, and the 
result of the convolution.

 
Fig 3: dq-domain current controller

III.MODELLING WITH PHASE LOCKED LOOP:

Fig. 4 depicts a basic PLL, where HPLL(s) is the loop 
compensator.The first step to develop a small-signal mod-
el for thisPLL is to model the response of vq (t) to the 
voltage perturbation.Phase-Domain Current Control and 
PLL: Due to the PLL, the current references contain a re-
sponse tothe perturbation as follows:

Iar[f]=I1, f= ±f1
Iar[f]=[TPLL (s  j2πf1) /V1] I1Gv (s)Vp, f = ±fp
Iar[f]=[TPLL (s ± j2πf1) /V1] I1 Gv (s)Vn, f = ±fn
Where I*1 is the complex conjugate of I1 = (1/2) (Idr± j 
Iqr).

Note that it is assumed that the actual converter current 
isequal to its reference at the fundamental frequency, 
such thatI1 ≡ (I1/2)e±jφi1 . The current regulator acts on 
the current reference and feedback to generate Ca. Dq-
Domain Current Control and PLL: Due to the PLL, the 
current feedback after convolutionwith Park’s transfor-
mation includes frequency components proportionalto 
the voltage perturbation. Neglecting second-orderterms, 
the convolution of phase currents with Park’s transforma-
tiongives

Id[±(fp − f1 )]=I1 sin φi1Gp (±j2π (fp − f1 ))× Gv (±j2πfp 
)Vp + Gi (±j2πfp ) Ip
Id[±(fn + f1 )]=I1 sin φi1Gn (±j2π (fn + f1 ))× Gv (±j2πfn 
)Vn + Gi (±j2πfn ) In

For the same reason, the active and reactive parts of th-
ecurrent references (Idr and Iqr) are assumed constant.
V1 corresponds to the magnitude of the fundamental volt-
ageat frequency f1, Vp with φvp correspond to the mag-
nitudeand phase of the positive-sequence perturbation at 
frequencyfp , and Vn with φvn correspond to the mag-
nitude and phase ofthe negative-sequence perturbation at 
frequency fn.

 
Fig 1: Block diagram of three-phase VSC for grid-con-

nected applications.

The current response to the voltage perturbation can be 
foundfrom the converter averaged model

Wherema,mb , andmc are the modulating (reference) sig-
nals forthe pulse width modulation (PWM), and Km is the 
modulatorgain. The relationship between duty ratios and 
the modulatingsignal is taken as follows:
da1 = Km ma’ + 1/2 (4)
da2 = 1 − da1
Fig. 2 depicts a phase-domain current controller. To 
findthe frequency-domain response of the controller to 
the harmonicperturbation, first neglect the PLL dynamics, 
such thatθPLL(t) = θ1 (t) ≡ 2πf1 t. Hence the reference 
currents iar, ibr,and icr are not affected by the perturba-
tion.

Fig 2: phase-domain current controller
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Fig 8: wind energy conversion system

 
Fig 9: Voltage Source Converter

Fig 10: control system design
The grid impedance at the converter terminals is the same 
in thepositive- and the negative-sequence domain
Zg (s) = [(sLg)−1 + {Rd + 1/(sCf)}−1]−1
WhereLg is the grid inductance and Rd with Cf constitute 
adamped filter. The grid parameters used in the experi-
ments areLg = 3.75 mH, Rd = 1.87 Ω, and Cf = 22 μF.

Fig 11: electrical torque, mechanical torque and ma-
chine speed.

Iq[±(fp − f1 )]=−I1 cos φi1Gp (±j2π (fp − f1 ))× Gv 
(±j2πfp )VpjGi (±j2πfp ) Ip
Iq[±(fn + f1 )]=−I1 cos φi1Gn (±j2π (fn + f1 ))× Gv 
(±j2πfn )Vn ± jGi(±j2πfn ) In

The current regulator acts on the feedback currents to gen-
eratethe dq-domain modulating signals. These signals are 
convolutedwith inverse Park’s transformation to generate 
their phasedomaincounterparts. Table II lists the resulting 
frequency termsproportional to the first order of the per-
turbation, where nonlinearcoupling should be neglected.

 
Fig 6: Block diagram of the SOGI-FLL

Other Grid Synchronization Methods: Some advanced 
PLL structures, such as the decoupled doublesynchronous 
PLL, use the same building block of Fig. 4 inmultiple 
stages, such that the same modeling method is applica-
bleto them. Other forms of grid-synchronization, such as 
thosebased on the second-order generalized integrator fre-
quency lockedloop (SOGI-FLL).Fig. 6 depicts the basic 
building block of the SOGI-FLL. Inthree-phase systems, 
two filters can be used in the αβ-referenceframe to extract 
sequence components. The basic functionalityof the filter 
is to extract a sinusoidal component in phase withvα in 
x1, and a quadrature component in x2 that lags x1 by 90◦.
Applying a superimposed perturbation in vα.

IV.SIMULATION RESULTS:

A three-phase converter has been built and tested to veri-
fythe proposed impedance models. The current controller 
wasimplemented in MATLAB, while the currentreferenc-
es were generated from a PLL implemented in simpower 
system tool box.

 
Fig 7:Simulation circuit of VSC interconnected to 
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Fig 10: control system design
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Fig 15: Phase current waveforms for the system.

To illustrate the coupling in the sequence impedances 
duringunbalance, a switching-circuit simulation model 
in Saber isused to sweep the inverter admittance, while 
a small grid voltageunbalance is imposed at 60 Hz. The 
converter power stage andcurrent control use the same 
parameters from the experimentalsetup with dq-domain 
current control, but the feedforward andtime delays are 
removed. The PLL bandwidth is set to 100 Hz.

One application of the proposed impedance models is in 
theanalysis and mitigation of harmonic resonance prob-
lems. Becauseof the decoupling between the two se-
quence subsystems,the stability criterion presented for 
grid-connected converterscan be applied to system each 
sequence impedance, separatelyto determine overall con-
verter-grid system stability. Additionally,the analytical 
impedance models also provide a basis formodification of 
the converter control to mitigate any harmonicresonance 
and other instability problems.

The second harmonic componentin Δθ(t) can lead to 
coupling of sequence impedances.Consider, for exam-
ple, a positive-sequence perturbation of thePLL, while 
a small negative-sequence voltage V2 is also impresse-
don the phase voltages at the fundamental frequency.
The voltage vq (t) in this case responds at two different 
frequencies±(fp−f1 ) and ±(fp+f1 ).

V.CONCLUSION:

Impedance modeling in the phase domain yields decou-
pledpositive- and negative-sequence converter impedanc-
es, whenphase- or dq-domain current control systems are 
implemented. As a result, the contributions in this paper 
enable single-inputsingle-output stability analysis of bal-
anced three-phase convertersystems.

 

Fig 12: wind generator output voltage.

 
Fig 12: wind generator output rectified current.

 
Fig 13: controller reference currents

Fig 14: The converter-grid systemPhase current wave-
forms
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