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Abstract

This paper deals with multipulse AC-DC convertass ifnproving the power quality in vector-controlled
wind driven self excited induction generator at gwint of common coupling. These multipulse AC-DC
converters are realized using a reduced ratingtramsformer. Moreover, DC ripple reinjection is dige
double the rectification pulses resulting in aneefiive harmonic mitigation. The proposed AC-DC
converter is able to eliminate up to 21st harmoimicghe supply current. The effect of load variation
Vector Controlled Self Excited Induction Genera#€#SEIG) is also studied to demonstrate the
effectiveness of the proposed AC-DC converter. fofgower quality indices on input AC mains and on
the DC bus for a VCSEIG fed from different AC-DOneerters .The complete electromechanical system is
modeled and simulated in MATLAB using Simulink asichpower system block set. The simulated results
are presented and compared for regulating voltagdraquency of SEIG driven by wind turbine

Keywords: Autotransformer, Multipulse AC—DC converter, DC pip reinjection, Pulse doubling,
VCSEIG.

1. Introduction
Since the 1930s, it has been known that a thresephaduction machine can work as a self-excited
induction generator (SEIG) [1, 2]. Due to their plimity, robustness, and small size per kW generate
induction generators are favoured for small hydroigic and wind powered plants. One distinct acsgat
of the SEIG is its much lower unit cost comparethwihe conventional synchronous generator [3]. Rece
widespread adaptation of power electronics andauamtrollers has enabled use of these generatdins wi
increased efficiency, for power generation of up@ kW when connected to the power grid. In catira
the maximum power of a stand-alone SEIG does notgeh beyond 15 kW [4].
In isolated applications, an induction generatografes with three AC capacitors connected to thmist
terminals, or with a power converter and a singleapacitor [5]. Once an induction generator iStexc
the capacitor maintains the excitation. The minimdencapacitance required for the initiation of agk
buildup can be found in reference [6]. For a givapacitance,self-excitation can only be achievetl an
maintained over certain load and speed ranges. BV®m the capacitor is properly chosen, additional
mechanisms must be added to avoid demagnetizatiitoaachieve better control of the voltage produce
Some of these mechanisms include field-orientednigeies [7]. Contemporary research focuses onaontr
mechanisms using stator flux orientation as wethase using rotor flux orientation.
Harmonics can be reduced using different activepassive wave shaping techniques. However, they
require careful application and may produce unwaside effects, particularly in the presence of @ow
factor (PF) correction capacitors. The most ruggetiable and cost effective solution to mitigatege
harmonics is to use multipulse methods [4].
In multipulse converters, the autotransformer-basedigurations provide the reduction in magnetitng
as the transformer magnetic coupling transfers argynall portion of the total kA of the inductiomotor
drive. Various 6-pulse-based rectification scheimage been reported and used in practice for theoser
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of line current harmonic reduction [7]. With theeusf a higher number of multiple converters, thev@o
quality indices show an improvement, but at thet oddarge magnetics resulting in a higher costhaf
drive. To achieve similar performance in terms afrhonic current reduction, DC ripple reinjectiorsha
been used.

This paper investigates a control system for amdtidn generator that uses the stator flux oriéomat
Systematic analysis of this control system is edrrout for wide ranges of both load and speed. The
induction generator supplies a variable dc loads paper presents an autotransformer-based 24-fGise
DC converter with reduced rating magnetics. A putgétiplication technique is used to improve vasou
power quality indices to comply with the IEEE stardi519 [8]. This arrangement results in eliminatigp

to the 21*harmonic in the input line current.Moreouvthe effect of load variation on the vector-coled
induction motor drive (VCIMD) is also studied. Theoposed AC—DC converter is able to achieve near
unity PF in a wide operating range of the drive.

2. System Configuration

The proposed system is as shown in Fig.1
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Induction Rectifier unit Tverter
Generator
Voltage ——YY YL
and current fo—
Sensors —l_
Wind
Turbine
Speed
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Tac d'q°

Fig.1.0Overall system description
2.1. System Description

Fig. 1 shows the wind driven self excited inductgenerator with excitation capacitor, consumer $pad
and conventional six-pulse diode rectifier. Thedeidoridge is used to convert ac terminal voltag8elG

to dc voltage. The output dc voltage has the rigplehich should be filtered, and therefore, a fifig
capacitor is used to smoothen the dc voltage. Amrter is used to provide AC voltage across thd gri
which is the load for SEIG. The sensed terminalags is compared with reference voltage and eigoas

is processed through PI controller. According te phinciple of operation of the system, the sudaldlue
of capacitors is connected to generate rated wlsaglesired power. The input power of the SEIBGeisl
constant at varying consumer loads.

2.2. Design Of The Model
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Fig.2. Twenty Four pulse Diode Bridge

In the above fig.2 the constant prime mover shaf wonnected to Induction generator shaft. Inghjzer
uncontrolled wind turbine is used as a constamh@nmover. A.3.5KW, 440V, 50HZ Induction machine is
used as SEIG and modeled using available powetretgécs block set like diode bridge rectifier and
connected to a 440 V grid supplying to the colléggoratories. Simulation is carried out in MATLAB
version of 10 above at discrete step of 50E-6.Detasimulation and analysis are given in the faitayv
section. The parameters of the induction machieeRar= 0.69Q, R = 0.742, Ls = L, = 1.1 mH, J =
0.23kg/m2, Ls= Lis + Lpand L, = L, + L,,, Excitation capacitor C = 1jo~/ phase and Capacitor at rectifier
C=3200pF. The magnetic rating are 12-pulse-based convekigntransformer rating 12Kva,Interphase
transformers 2.7kVA, passive filter 3kVA.References

3. Control scheme

Stator flux oriented control is used in this pasraccuracy is dependent only on the statorteesie
variation. In addition, it is insensitive to theriaion in the leakage inductance of the machine. |
induction motor the application of stator flux aried control the parameter variation of resistaRgce
tends to reduce the accuracy of the estimated Isigihaw voltage [1]. However, at higher voltage th
effect of parameter variation insBan be neglected. Flux estimation accuracy in ridtor oriented
control is affected by rotor parameters. The rotesistance variation becomes dominant by
temperature and skin effect in squirrel cage indananachines [3].Compensation of this parameter is
difficult because of inaccessibility, but it eadiercompensate J&4].

3.1. Determination of control parameters

To find the decoupling signal given in Fig. 1 soofehe equations of an induction machine in the
excitation reference frame are considered[5]. Sindbe stator oriented reference frame all vagabl
are expressed in a reference frame oriented tttiter flux linkage space vector, a mathematical
model needs to be developed to find the relatignbleitween the stator flux linkage and the stator
currents

4s = Lol + L dar

_ _ 1)

Gr = Lyptge + Ll
)

Agfe= Lig. + L15,
®3)

A8, = Li%,+ L5,
(4)

0= R 15, + pA%, — (ws - wr)}'f?r

(®)
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0= Rri;r + pﬂ'f;r - (we - w:—)":tfir
(6)

From equations (1) and (2)
L?’ =] 3
"13‘,1’ = a (-lds - JLSI:!S)
)
And from equation (3) and (4)
e Ly fqa E
Ae, = . (A%, — oL i)
(8)
Where
i
o=1 7 9

From the equations (1) and (2) the rotor curreatslie expressed as
_ ﬂgs_‘t‘:igs

ig, = AT (10)
. Gs—Lsigs
fgr=—""7 (11)

With stator flux oriented vector control, illusteatin Fig.4, the total stator flux is aligned aldhg d-
axis of the synchronously rotating reference framé¢hat

Ay, = A,
(12)
And
Ags=10
(13)
Then
dig,

=0 (14)
i
Equations (7),(8),(9) and (10) are substitutechavtoltage equations given in (5) and (6) to eletén
the rotor flux linkages and rotor currents frone fihduction machine equations and to express the
machine equations in the reference frame fixedh¢ostator flux linkage space vector. Simplifying th
equations using (12), (13) and (14) the new exjmessre given by
(1 +Tp)A, — (1 +0oT,p)L.i5 — a,T,cLi,

(15)
@y T (g — 0L.i5) — L{(1+ oT,p))i%

(16) 4 .
wherep is the differential operator, ig@= E’T” =R—’ and i, is the slip frequency expressed as
ey = Wy — 7
As given in (15), with the stator flux oriented t@ccontrol, which is based on an impressed stator
current controller, the total stator flux linkagk, and the g-axis stator curreit,,are coupled. This
means that any changeif, without changingz. will cause unwanted transients to occur in the
stator flux linkage.
The undesirable coupling can be eliminated byairij a decoupling circuit in the flux linkage capitr
loop. The decoupling circuit is implemented at theput of the stator flux linkage controller. The
stator flux linkage controller is a PI controllendhits output is designed to be the d-axis current
required to produce the reference stator flux lggkaayi 3., given by

s = GUAL — 4s)
(17)

whereG is the transfer function of a Pl controller.

However, due to the coupling probléfh,does not have total control over the stator flakdige. The
reference d-axis currerii, with full control of the stator flux linkage is pressed as

]'.-3;1 = Iuisl. + iui.sn:o

(18)
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Substituting (17) in (18) gives
I:é;. = G(ﬂfs - ’:ts) + Edeco
(19)
Substituting eq(19) in eq(15) gives,
A+ T, pA, = (1 +oT,p)LGAL —A) — (L + 0T, p) il e, — wa T oL,
(20)
For decoupled control with the helpigf,.., the two last terms of Equation (20) can be caaddlk,
(1+ JTTP)Lsidsco - wsITTJLsi;s =0
(21)
So that,
H _ wsEI;O—Lsiis
rdaco — HTTP-?J)
(22)
The angular slip frequency is available from (18l & given by
(1+oTpllylpe
Gst = T (A oLai3,)
(23)
The reference flux linkage required at any speethisulated based on this maximum flux linkage,
Amax Which corresponds to the minimum rotor speexl,,;,. Hence at any rotor speed,., the
reference stator flux linkage is given by,
A =iming

¥

Teax

(24)
3.2. Design of the proposed 24-pulse AC-DC converter

This section presents the design technique foreagtg 24-pulse rectification in the proposed AC-DC
converter. To achieve the 24 pulse rectificatitwe, hecessary requirement is the generation of et of
line voltages of equal magnitude that ar@ 80t of phase with respect to each other.The nurabarrns
required for the Dand 36phase shift is calculated as follows:

Consider phase A:

VcI::Va+K1Vm_H2Vbc V£=VB+K1V£L5_K2KQ
(25)

Assume the following set of voltages:

V. =vz0® V,=Ve—120° ¥, =Vs120° }

V,, = 1.732 230 V,=1732F290° V.= 1.732V2— 30°
(26)

Similarly,

V] = V230" ¥, =Vz—90° ¥/ =V.150°

(27)

Where V is the RMS value of the phase voltage.Usihg above equatiod§, £; can be
calculated.These equations resultiip= 0.0843, A, = 0.229 for the desired phase shift in the auto
transformer.The phase-shifted voltages for phaseA
V! =V, + 0.0843V,. + 02291,

(28)
The kVA rating of the interphase transformer arel Zlero Sequence Blocking Transformer(ZSBT) is also
calculated.
The AC-DC converter output voltag®,, and the voltage across the interphase reacgives by:

Vv Vv
Ve = —ﬂ: “ Vi =Vin — Vg
(29)
¥, is an Ac voltage ripple of six times the souraxfrency.

3.3. Design of interphase reactor and ZSBT
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Pulse multiplication has been obtained for contbitonverters with a tapped interephase reactotvemd
additional diodes. The turns ratio of the interghasactor is given bg—l:O.2457.The waveforms of the

diode currents are as shown Fig.3(a) and (b) réispbc

The ZSBT helps in achieving an independent operatib the rectifier bridges,thus eliminating the
unwanted conducting sequence of the rectifier diodiee voltage waveforms across ZSBT and IPT are as
shown in Fig.4(a) and (b) respectively.

A\

(a) (b)
Fig.3.(a). Tapped interphase reactor along withtibdes (b).Diodes Dand D voltage waveforms

(a) (b)
Fig.4.(a).Voltage waveforms across IPT (b) Voltagareform across ZSBT

4. MATLAB based Simulation and Results

The simulation stator oriented vector control ipiemented using MATLAB/SIMULINK. The features in
the Power Systems Blockset are used to model aertary rectifier and all circuit components. The
induction machine model in the Power Systems Bletks modified to include speed as an input and to
update the variation of magnetizing inductancehasvbltage builds up during self-excitation. To ted
right control parameters and performance it is $jrapmatter of tuning the PI controllers in the D@tage
controller and flux linkage controller given in Fif.

The dynamics of the DC voltage at the start ofwbkkage build up process, for a rotor speed of 148
with capacitance value of 320B is as shown in Fig.10(a). When the capacitantage it takes longer to
reach its steady state value. If the capacitantmismall there will not be enough exciting cutrend as a
result there will not be voltage build up. Fig.ip6hows the no load build up of generated lindirte
voltage at the terminals of the induction generaiming the start of self excitation. The voltageldh up
process is under the no load condition. If thereasl, with magnitude above a given minimum vathe,
voltage build up process will fail.
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The frequency of the generated voltage is estimaged
_ (Vqs_quﬁx:]?‘-dE_st_"dsﬂs)}-qs

AZo+AT,

W,

(30)
Here, transient waveforms of the generator voltégebc), generator current (Igabc), Speed of the
generator ,Electromagnetic torque, rectifier curreroltage at capacitor,inverter voltage, gridtage, grid
current are given under the sudden applicationshiodt circuit at grid for conventional six pulsetifer is
as shown in Fig.5 respectively. The Simulink modelthe six pulse diode rectifier is as shown in.€ig
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)
(h)
Fig.5. The experimental transient waveforms (a).Generavéidge (b). Line current.
(c).Rotor speed (d).Electromagnetic torque (e).Rectifier current
(f).Voltage at capacitor (g).Inverter voltage (h).Grid voltage

and grid current.

The proposed AC-DC converter along with the VCSEGimulated in the MATLAB environment
along with the Simulink The load is suddenly ampliat the grid at 0.8 to 1Seconds and the
shortcircuit occurs at grid at 1 to 1.2 seconds.T&eéation is due to these load variations are very
slightly observed due to the application of theteecontrol and 24pulse..Fig.5.Shows the dynamic
performance of the proposed AC-DC converter at stad load perturbation on VCSEIG.It consists
of Generated voltage,supply current,rotor speettrelmagnetic torque,inverter voltage and DC link
voltage.
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Fig.6. Simulink/MATLAB model for Twenty Four pulse cootter
5. Conclusions

The voltage build up process of an induction geleenaith a single capacitor on the DC side of the
inverter using stator flux oriented vector confsotliscussed. Since the induction generator opeedite
a frequency away from the DC frequency any intégmnadffset error is removed by a low pass filter at
a reasonable small time constant.

The total flux is aligned to the d-axis of the stdtux in the excitation reference frame. A dedaugp
signal is also generated the effect of g-axis curom the d-axis flux. The main advantage of stator
flux oriented vector control is the magnitude ok thstimated flux depends only on the stator
resistance. Unlike the rotor resistance the vaadif stator resistance depends manly on tempertatur
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If the variation of stator resistance is causingigmificant error then a compensation block can be
added in the model.

The power quality has been improved using 24pulseontrolled diode rectifier and an inverter and
harmonics are reduced compared to 6 pulse. Theopedpmethod is able to achieve unity PF with a good
DC link voltage regulation in the wide operatingnge of the drive, and has resulted in a reductiothé
rating of the magnetic, leading to the saving ie tverall cost of the drive. It can easily repldoe
existing six-pulse converters without much altenmatin the existing system layout and equipments.

Appendix

1. Machine Parameters
The parameters of the 3.5 kW,440V, 7.5A, 50 Hz W riduction machine are given below.
Rs=0.69Q, R=0.742, Ls = L, = 1.1 mH, J = 0.23kg/m2,
Lss=Ls+ Lnand Ly = Ly + L,

2. Excitation capacitor C = 15uF/ phase and Capacitor at rectifier C=3260

3. Air gap voltage:

The piecewise linearization of magnetization chimnastic of machine is given by:

E,=0 X260
E,=1632.58-6.2), 233.2X, <260
E;=1314.98-4.8, 214.6X,<233.2
E,=1183.11-4.22) 206X 1, <214.6
E;=1120.4-3.9.2% 203.5X,<206
E,=557.65-1.144) 197.3X,<203.5
E,=320.56-0.578) Xm<197.3

4. Magnetics Rating:
12-pulse-based converter: Autotransformer ratingva?
Interphase transformers 2.7kVA, passive filter 3kRE&ferences
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