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Abstract. This paper deals with the comparison of different control strategies for the Induction generators
in wind energy conversion system. Mainly, two types of induction machines, Self excited induction
generator (SEIG) and doubly Fed Induction generators (DFIG) are studied. The different control strategies
for SEIG and DFIG are compared. For SEIG, Electronic load Controller mechanism, Static Compensator
based voltage regulator are studied. For DFIG the main control strategy namely vector control, direct torque
control and direct power control are implemented. Apart from these control strategies for both SEIG and
DFIG to improve the performance, the ANFIS based controller is introduced in both STATCOM and DTC
methods. These control methods are simulated using MATLAB/SIMULINK and performances are analyzed
and compared.

Keywords: Self excited induction generator (SEIG); doubly fed induction generator (DFIG); Electronic
load Controller (ELC); Static Compensator (STATCOM); Adaptive Neuro Fuzzy Interface System (ANFIS);
Vector control (VC); Direct Torque control (DTC) and Direct power control (DPC)

1. Introduction

Now a day’s the non-conventional sources of energy are being exhausts. This is the right time
to focus on conventional sources of energy like solar, wind, tidal/wave, biomass and small hydro
energy. In remote location, converting the electrical energy from these resources can be very
cheaper and easier. Among this sources solar and wind energy are in front of the race. But like
wind energy, solar can’t provide electricity in continuously. So wind energy is more preferable.
The total installed capacity of wind energy has been increasing all over the world in the recent
years. In 2015 total global wind power installed was 63 GW. The new global total at the end of
2015 was 432.9 GW as per Global Wind Report (2015). To convert the wind energy to electrical
energy various types of generators like induction generator, permanent magnet synchronous
generator (PMSG) and doubly fed induction generator can be used.

Induction generator is preferred over PMSG due to robustness and easy maintenance. Induction
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generators are of two types, self-excited induction generator (SEIG) and doubly fed induction
generator (DFIG). According to Smith (1996), Rajakaruna and Bonert (1993), Alghuwainem
(1999), SEIGs are preferred in remote areas for low power rating. The SEIGs can be used to
generate constant voltage and frequency if the electrical load is maintained constant at its terminals.
Any decrease in load may accelerate the machine speed and raise the voltage and frequency levels
to dangerously high values to affect other connected loads, and also when the SEIGs are driven by
constant power prime mover the frequency of the generated voltage is almost constant, but the
voltage regulation is poor.

Several methods are proposed to overcome the limitations which are introduced in Singh et
al.(2003), Makky et al. (1997), Bonert and Hoops (1989), Henderson (1998), Suarez and
Bortolotto (1999), Bhim Singh et al. (2005), Bhim Singh et al. (2006), Bhim Singh et al. (2014).
The methods reported in B. Singh et al.(2003), Makky et al. (1997), Bonert and Hoops (1989),
Henderson (1998) have employed ELC’s  such as phase controlled thyristor based load controller,
controlled rectifier feeding dump loads, switched resistor based controller, uncontrolled rectifier
based load controller etc. Among these first three are controlled by firing angle. Due to a delay in
firing angle, it demands reactive power loading and injects harmonics into the system causing
unbalancing source current and source voltage. Further it requires driver circuits which are
complicated. The voltage regulation methods are discussed in Suarez and Bortolotto (1999), Bhim
Singh et al. (2005), Bhim Singh et al. (2006) are based on long shunt and short shunt
compensation method which employing only passive elements. These passive elements are not
capable of regulating the terminal voltage when the load changes. Thus STATCOM based
controller is used in Bhim Singh et al. (2014) which feeding single phase loads and the
conventional PI controller is used.

Now a day’s doubly fed induction generators (DFIG) are one of the most widely used
technology for wind power generation due to certain advantages like, wide speed range, smooth
active and reactive power regulation, flexibility and robustness. DFIG have windings on both
stator and rotor. Through both the windings there is a significant amount of active power transfer
between shaft and electrical system. However DFIG based wind energy conversion system have
some challenges like power quality issues (Nunes et al. 2004), stability of grid (E. Tremblay et al.
2006), and low voltage ride through capability.

Several methods are proposed to overcome the limitations which are introduced in Tremblay et
al. (2011), Pingle et al. (2015), Zarean and Kazemi (2012), Habetler et al. (1992), Alnasir and
Almarhoon (2012), zZhi and Xu (2007), Datta and Ranganathan (2001), Noguchi et al. (1996),
Tremblay et al. (2009), Guo et al. (2008). In Tremblay et al. (2011), Pingle et al. (2015) vector
control methods for controlling active and reactive power have been studied. Although steady state
performance of VC is excellent and it gives quick dynamic response, it depends on the machine
parameters accuracy and much tuning effort is required to ensure the system stability over the
entire operation range, the DTC of DFIG has been studied in literature Zarean and Kazemi (2012),
Habetler et al. (1992), Alnasir and Almarhoon (2012). In DTC method the desired stator voltage
vector, stator flux position and the error signs of both torque and flux are directly estimated to
restrict the torque and flux errors within their respective hysteresis bands. In Zarean and Kazemi
(2012) direct torque control method is discussed based on the rotor power factor by keeping it
equal to one and rotor voltage vectors is obtained by using look-up table. Direct torque control
using space vector modulation is studied in Habetler et al. (1992). Design and modeling of DTC is
studied in Alnasir and Almarhoon (2012). Direct power control strategy (DPC) for enhanced
control and operation of DFIG has been studied in Zhi and Xu (2007), Datta and Ranganathan
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(2001), Noguchi et al. (1996), Tremblay et al. (2009), Guo et al. (2008) and has been proved to
have several advantages over vector control and direct torque control method. In Zhi and Xu (2007)
the transient performance of DFIG has been improved using DPC. Dependency on machine model
and computational complexity is less in DPC. For DTC, in most of the literatures Pl controller has
been used for estimating the reference torque. Despite the merits of simple structure and quick
response, the implementation of the DTC-PI controller requires fine tuning and in case of
parameter variation the switching frequency of switching devices becomes unpredictable. Also
there is problem of overshoot and ripples. Various methods have been proposed to eliminate these
drawbacks, such as fuzzy logic control, neural network (NN) control, and adaptive neuro-fuzzy
control. In Chitra Venugopal (2010), Moghadasia et al. (2011), Mechernene et al. (2010),
Sudhakar and Vijaya Kumar (2012), Aware et al. (2000), Jacomini et al. (2014), Kusagur et al.
(2010) the ANFIS controller for controlling induction machines has been studied. The ANFIS
controller is more accurate and its yield better performance as compared to conventional Pl
controller.

In this paper to improve the performance of SEIG and DFIG ANFIS controller is implemented.
Various control strategies for SEIG and DFIG are studied and compared. SEIG is used for constant
speed operation. In variable speed generation DFIG is more dominantly used because it allows the
turbine for variable speed operation.

2. Mathematical modeling of induction generator
The dynamic model of the three-phase induction generator is developed by using a stationary

d-g-axes reference frame (Suarez and Bortolotto 1999, Bhim Singh et al. 2005) and the relevant
volt-current equations are

[v] = [RI[i] + [L]p[i] + wg[G][i] 1)
The current derivative can be expressed as
plil = [L]7*{[v] — [R][i] — wg[G][il} )
Developed electromagnetic torque is,
P .. ..
T. = (37) L (lqsldr - 1dslqr) 3)
Torqgue balance equation is
Tshate = Te +] (%) pwg (4)
The magnetizing current equation is
_ {(ids+idr)2+(iqs+iqr)2}1/2
I, = = ®)

The magnetizing inductance (L,) is calculated from magnetizing characteristic as,

Ly, =a+bl, +cl,2+ dI,° (6)
Where
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% \% % T
[V] = [ ds gs dr Vqr]
. .. . . 1T
[i] = [lds 1qsldrlqr]

[R] = diagonal[Rg RgR,R,]
Ly 0O L, O

0 0 0 0
0 0 0 0
Gl =
[G] 0 -Lp, 0 L
L, 0 L, O
Where
Lgs = Lg + Ly
L =L.+Ly
[R]= SEIG resistance,
[L]= SEIG inductance,
[G]= speed inductance,
P = number of poles,
Tshaft= input torque,
a,b,c,d= coefficient of magnetizing curve,

(a=0.1437b = 0.0014 ¢ =—0.0012 d = 0.00005)

Here, subscript d,q refers to the d and g axis components, s and r refers to the stator and rotor

and m is magnetizing component.

The DFIG model in d-g reference frame can be represented as (7-10). (Tremblay et al. 2011)

Vgs = Rgligs + P@ds — Ws@gs

Vgs = Rsiqs + PPgs + WsPgs
Var = Rrigr + p@ar — (Ws— W) @gr
Vgr = Rrigr + p@qr — (Ws— W) Qqr

In case of SEIG, Vg, and V, becomes zero.
The stator and rotor flux linkage equations are given as

®4s = Lgigs + Lnigr
Pgs = Lsiqs =+ Lmiqr
@ar = Lrigr + Linigs
@qr = Lrigr + Linigs

Where,

(7)
(8)
(9)
(10)

(11)
(12)
(13)
(14)
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Ly = Lis +Ln (15)
Ly = L+ Ly (16)

Lis And Lj. are stator and rotor leakage inductance respectively and L, is the mutual
inductance.

3. SEIG with electronic load controller
3.1 System configuration

The schematic diagram of SEIG-ELC & its control circuit is shown in Fig. 1 and 2 respectively.
The SEIG-ELC system consists of a three phase SEIG driven by a constant power prime mover.
The Excitation capacitors are connected at the terminals of SEIG. The ELC consists of a
uncontrolled rectifier in series with a chopper and dump load. The chopper circuit consists of an
insulated gate bipolar transistor (IGBT). By controlling this IGBT the dump load will come into
action when there is change in the load at SEIG terminals. The output terminal voltage of SEIG is
sensed with a voltage sensor and is rectified by diode bridge rectifier (DBR), which is compared
with reference voltage to obtain the gate signal of chopper circuit through a PI controller. Since the
input power of the SEIG is constant, the output power of the SEIG is need to be constant at
varying consumer loads. Thus, through this ELC the power in surplus of the consumer load is
dumped in the dump load and the SEIG feeds two loads in parallel such that the load power is
constant.

The performance of SEIG using ELC for a three phase 7.5-kW 400-V four pole Star connected
self-exited induction generator are shown in Fig. 3. Here the load is resistive, reactive, and
capacitive. The detailed data are given in Appendix |. The Fig. 4 shows the voltage buildup of
SEIG. A capacitor bank of 500 uF/phase is connected across the SEIG terminal as excitation
capacitance. It can be observed that the voltage build up process starts at 0.2s. The ELC system is
simulated at different load conditions.

Constant power
Prime Mover

Self excited Three phase

Induction load

Generator

Excitation

Capacitance | ELC/STATCOM

Fig. 1 Schematic diagram of three-phase SEIG-ELC/STATCOM
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Fig. 2 Control circuit for SEIG-ELC system

Load varied from 1000 Q to 2000 € resistive load, RLC load consisting R=200 Q, L=100 mH,
C=10 pF, RL load consisting R=100 Q, L=100 mH etc. It can be observed that the load voltage
remains constant with varying load but the voltage and current signals are not purely sinusoidal.
When any change is occurs in the consumer load the ELC with the dump load act like a non-linear
load. The rectifier output has ripple which should be filtered. Therefore a filtering capacitor is
connected at output terminal of rectifier a filtering capacitor of 4000uF is used to smooth the dc
voltage. Here the dump load is 120 Q.

The power in surplus of the consumer load is dumped in the resistance through the ELC. Thus
the SEIG feeds two loads in parallel such that the total load remains constant. But as the ELC acts
like a non-linear load it injects harmonic currents into the SEIG. THD of order of 15.8% in SEIG

voltage is observed in Fig. 4.

400 1

Fig. 3 voltage and current waveform of SEIG-ELC with RLC load (R=200 Q, L=100 mH, C=10 uF)
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Fig. 5 SEIG-STATCOM Rotor speed and Electromagnetic torque

The rotor speed and electromagnetic torque is also fluctuating which is need to be improved.

4. SEIG with STATCOM based voltage regulator
4.1 System configuration

The ELC in the schematic of SEIG can be replaced with STATCOM. Here, load controller is
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STATCOM based voltage controller. The STACOM is a three phase IGBT based current controlled
voltage source inverter connected with a DC bus capacitor. The SEIG terminal voltage is
controlled by controlling the source current. This algorithm is based on the transformation of
source currents to synchronous rotating d-q frame. Fig. 6 shows the block diagram of the
controlling algorithm. Here the three phase load currents are sensed and three phase quantities are
transforming into two phase a-f quantities. The source voltages V,, V, V. are processed through
phase-locked loop (PLL) to generate unit voltage template. Then the source current signals
transformed to d-q reference frame. The d-g-axis load currents component contains two parts
namely fundamental component (I,4) and oscillatory component (I,q) as

g =Tq + g (17)
Ilq = E + f;; (18)

The oscillatory part is due to the non-linearity of the loads. Even if the load is linear it still
contains some oscillatory component. By eliminating the oscillatory component in the load current
the power quality can be improved. Hence, these signals are passed through a low pass filter to
eliminate the oscillatory parts. The dc-bus capacitor voltage (V4.) of the STATCOM is sensed and
compared with the reference signal (Vgcrer) and the voltageerror is fed to a Pl controller. The
output of the PI controller is the active power component of current (I;,ss) that to meet the losses
of STATCOM. The source should supply the loss component of the STATCOM with filtered
equivalent d-axis component of the load. Thus resultant d-axis component current can be
expressed as

Tia+loss
Ip = A4 tess (19)

For regulating the system voltage the STATCOM has to inject reactive power component of
current to meet the reactive power demands. This can be estimated by sensing the phase voltages
at the SEIG terminals. The SEIG terminal voltages (Vi) are sensed and compared with the
reference voltage (Virery Which is assured to maintain the SEIG terminal voltage. Here the
amplitude of sensed SEIG voltage at SEIG terminal is expressed as

W=Ja@+ﬁ+ﬁ) (20)

The error signal V, and reference voltage signal (Vi) is fed to the PI controller. The output
of PI controller(I,;) with the filtered g-axis component of current makes the resultant g-axis
component of current which should be supplied by the source to maintain the terminal voltage at
a reference voltage.

The resultant g-axis component of current is expressed as

Tig+1ni
g =2 (21)

Using these d-axis and g-axis component of current the a-f axis components of the reference
current can be estimated. From this a-p frame the three phase reference source currents. Now the
sensed source currents are compared with this reference source currents and the error signal is fed
to the PWM pulse generator for switching the IGBTs of the STATCOM.
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Fig. 7 SEIG-STATCOM voltage and current

Fig. 7 shows the performance of SEIG with STATCOM based voltage regulator. Here the
system feeding three phase linear and non-linear load. In case of STATCOM controller the current
at any instant can be divided into reactive power and active power components. The reactive
power component is regulating the terminal voltage and active power component delivered the
active power. For constant SEIG current if reactive power component decreases, active power
component increased and vice versa. The simulation study is carried for similar load condition as
on the previous case. In this case the generation of voltage template using PLL plays an important
role in the calculation of reference source currents. In the Fig. 7 the SEIG terminal voltages are
constant at 400V which is the rated voltage and the currents are balanced which clearly displays
the harmonic mitigation capability of STATCOM as compared to ELC. The voltage harmonic
spectrum is shown in Fig.8. The rotor speed and electromagnetic torque fluctuation is also become
less as compared to ELC but more improvement is required. The speed and torque graph is shown
in Fig. 9.
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Fig. 9 SEIG-STATCOM Rotor speed and Electromagnetic torque

5. DFIG in wind energy conversion systems

Doubly fed induction generator is mainly used in wind energy applications. DFIG have
windings on both stator and rotor. Through both the windings there is a significant amount of
active power transfer between shaft and electrical system. The block diagram of a grid connected
DFIG based wind energy conversion system is shown in Fig. 10. Stator winding is connected
directly to the grid, whereas rotor winding is connected to grid via slip rings and back to back
voltage source converter (VSC). Converters are used to control grid and rotor current. Thus the
active and reactive power fed from stator to the grid is controlled irrespective of wind speed. The
two converters are connected through a dc-link capacitor which reduces the ripples in the dc-link

voltage.



Comparative study of control strategies for the induction generators... 645

Isabc E E Ps, Qs
GRID
Pg. 0.84\
wvdc
I Igabc
WIND TURBINE
CONTROL Rsc Te asc
A A e
RSC GSC
CONTROL CONTROL

Fig. 10 Grid connected DFIG -based WECS

In DFIG the rotor is basically wound rotor whose winding is 2 to 3 times the stator winding.
Thus the Rotor voltage is higher and current is lower, which reduces the cost of the converter.

DFIG is controlled by Vector control (VC), Direct torque control (DTC), and Direct power
control (DPC).

6. Vector control of the DFIG
6.1 Basic principle of VC

DFIG can be controlled by controlling rotor side converter and grid side converter. VC can be
used for both. The objective of the Vector control for RSC is to regulate stator active power Ps and
reactive power Qs independently. The overall RSC control scheme using Vector control is shown
in Fig. 11.To describe the control scheme, the general park’s model of DFIG is used. Using the
conventions in static stator oriented reference frame, voltage vector equations are written as

. des
Vs = Rgig + & (22)

. dep .
Vi = Rpip + d_q; — JWQy (23)
@s = Lgis + Lpir (24)
@y = Lypis + Lyir (25)

The vector control scheme consists of two series of two PI controllers. The active and reactive
power error signals are given to the two different PI controller which gives direct rotor current I,4",
and quadrature current I,q* respectively. These two signals are compared with the generator
currents, l,4 and 14 and the error signal is given to the other two PI controllers. The outputof these
controllers is rotor voltage V.4 and V4 respectively.
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From rotor voltage equations

) diy
Vg = Relrg + oLy 2 (26)
. diy
Viq = Rrirq + oLy 2 (27)

Where, o is the leakage factor defined as,

L
LsLr

oc=1 (28)
To ensure good tracking of rotor d-q axis currents, compensation terms are added to V.4 and
Viq

V:d = Vrd - WslipGLrirq (29)
Vr*q = Vrq + Walip (oLylrq + Linirg) (30)

The voltage signals are given to the PWM generator which gives pulses to the rotor side
converter.

The proposed vector control of DFIG in wind power application is verified using
MATLAB/SIMULINK software. The parameters used are listed in table Ill. For a step change
in wind speed from 10 m/s to 12 m/s, the variation in active power rotor speed of the generator is
shown in Fig. 12 shows active power shoots up to 0.8 pu and rotor speed shoots
above synchronous speed and settles at 1.4 pu. The reference and generated current characteristics
is also shown.

Wslip oLr Irg
Wslip(Lm Ims + olr Ird) ———
+ * + -
Qe
Ps 1- Tigr Dq to
abc » PWM RSC J— Vdc
as* P —O
[ABC to |
dg /‘
+ Or DFIG
Vabc \
Stator flux
. labc
| _calculation |
Ps,Qs GRID
Calculation

Fig. 11 Vector control structure for DFIG
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Fig. 12 Simulation result of vector control of DFIG

7. Direct torgue control of the DFIG

DTC technique was first proposed in 1986 by Takahashi and Noguchi. DTC strategy for
doubly-fed induction generator (DFIG) provides a simple control structure and high efficiency. It
has much simpler configuration compared to VC. In this method rotor power factor is maintained
at unity and a switching table is obtained which gives rotor voltage vector. Inverter output voltage
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space vector directly influences the stator flux. By selecting appropriate voltage vector desired
locus of stator flux is obtained. Torque changes due to changing of stator flux.

7.1 Principal of DTC

The torque of induction machine is given as

3 Lim .
Te = = 3np o~z |@sller[sin @ (31)

Where, n,, is the number of pole pairs, Ls is the stator inductance, L, is the rotor inductance,

L., is the mutual inductance between stator and rotor. &s and ¢, are the stator and rotor flux
respectively and 0 is the phase angle difference between them. Stator flux is given by

Ps = f(Vs - isRs) dt (32)
Neglecting stator resistance drop

dos
Qs = J(vs) dt ort= = v, (33)

Change in stator flux directly depends upon output voltage space vector. Rotor time constant of
induction machine is very large therefore rotor flux changes slowly compared to stator flux and
assumed to be constant. When forward active voltage space vectors are applied, the stator flux
linkage moves away from the rotor flux linkage vector. This increases torque angle and hence
torque is increased. When zero or backward active voltage space vectors are applied, the stator
flux linkage moves toward the rotor flux linkage vector. This decreases torque angle and hence
torque is reduced.

7.2 DTC system of DFIG based WECS

DTC strategy for DFIG based wind energy conversion system is shown in Fig. 13. DTC
technique consists of torque and stator flux estimators, two hysteresis controllers and a switching
table.

The voltage across the stator is given by following expressions.

vas = Ryigs + 228 (34)
Vgs = Ryigs + 0t (35)
Stator direct and quadrature flux can be written from Eqgs. (34) and (35) as following
@as = [(Vas — Rgigs )dt (36)
@Pqs = [(Vgs — Rgigs )dt (37)
s = QPas +] Pqs (38)

3 . .
Te = Py P (lqs(Pds - 1ds(pqs) (39)
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The estimated torque and flux are controlled by hysteresis controller. For flux two level
hysteresis controllers is used and for torque three levels hysteresis controller is used. These
controllers provides their error status dg,anddre. These output signals are defined as

d¢=1f0re¢>H¢

d¢=0f0re¢<H¢

dTe =1 for €Te > HTe

dte =0forepe =0

dTe = —1 for €Te < HTe

(40a)
(40b)
(40c)
(40d)
(40e)

In classical DTC method the plane is divided in six sectors. These sectors together with d, and

dr. selects appropriate voltage vector from switching table. These voltage vectors controls
magnitude and angle of stator flux. The voltage vector and six 60° sectors associated with them are

shown in Fig. 14.

q
V3(010) V2(110)
Vv0(000)
V4(011) Vv7(111)
V5(001) V6(101)

Fig. 14 Space voltage vector
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There are six none zero and two zero space vectors. If the stator flux space vector lies in K,
sector, where k=1, 2...6, its magnitude can be increased by using the voltage vectors, Kk, k+1,
k-1.Rest three voltage vector reduces its magnitude. For example if stator flux space vector lies in
sector 1 then its magnitude is increased by applying voltage vectors V1, V2 and V6 and is
decreased by applying V3, V4, V5.For torque, if increase/decrease in torque is required then
voltage vector which are ahead/behind of stator flux space vector in the direction of rotation are
applied. Zero vectors are applied for no change in torque. So by combining the three factors- sector,
torque change and flux change a voltage vector look-up table is designed. The switching table is
shown in Table 1.

Electromagnetic torque (pu)

5
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Rotor Speed {pu)

o 0.5 1 1.5 2 2.5 3 3.5
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e T BN ST
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Fig. 15 Simulation results for DTC of DFIG
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Table 1 DTC optimal vector selection

Error status Sector no.
Ds Te 1 2 3 4 5 6
1 110 010 011 001 101 100
0 0 111 000 111 000 111 000
-1 011 001 101 100 110 010
1 100 110 010 011 001 101
1 0 000 111 000 111 000 111
-1 001 101 100 110 010 011

The simulation study is carried using MATLAB/SIMULINK software to prove that the validate
DTC of the DFIG in wind power application. The parameters used are listed in Appendix Il. The
following results are obtained for a condition step increase in wind speed from 10 m/s to 12 m/s at
1.5 s and a step decrease from 12 m/s to 10 m/s at 2.5 s. These results show the better performance
for electromagnetic torque, rotor speed, stator current and rotor flux characteristics.

8. Direct power control of the DFIG
8.1 DPC theoretical background

The DPC basic principle is almost similar to the DTC. DPC is also dependent on the
geometrical relationship between stator and rotor fluxes and the rotor flux can be fully controlled
by controlling the RSC. However in DPC, instead of directly controlling the torque and flux, we
control the effect of these parameters over stator active and reactive power. The DPC strategy is
simpler and robust when compared to VC and DTC. The main features of DPC include
independence from machine parameters and reduced number of electrical magnitudes to be
measured, and there is no need for reference frame transformations in DPC (Zhi and Xu 2007).

Instantaneous stator active and reactive powers in d-q frame are determined by following
equations

3 . .
P = Py (VBSIBS + Vocslots) (41)

3 . .
Qs = 2 (Vleas + Vaslﬁs) (42)

The estimated active and reactive powers are controlled by hysteresis controller. Two
three-level hysteresis comparators are used to generate the respective active and reactive power
states Sp and Sq. The voltage vectors and sectors are similar to the DTC discussed above. Based
on the above analysis, the optimal switching table is arranged and it is shown in Table 2.Fig.16
shows the schematic diagram of the proposed DPC strategy.

As shown in Fig. 16, the three-phase ac stator voltages and currents are measured and
transformed into the stationary a—f3 reference frame. The active and reactive powers are calculated
and the stator flux is then estimated. The rotor speed issued to transform the stator flux from the
stator frame to the rotor frame. The calculated active and reactive powers are compared to their
reference values and error signals Sp and Sq are generated. The two active and reactive power
states are then fed to the optimal switching table together with the calculated stator flux position to
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obtain the appropriate switching states. Finally, the optimal switching states are fed to the rotor
side converter to provide the control required to reduce the power errors.

The direct power control (DPC) of DFIG in wind power application is verified using
MATLAB/SIMULINK software. The parameters used are listed in Appendix Il. The following
results are obtained for a step change in wind speed from 8 m/s to 12 m/s at 0.5 s. Fig.17 show
active power, reactive power stator voltage and current characteristics.

9. Induction generator performance improvement using ANFIS controller
9.1 ANFIS concept

Adaptive neuro-fuzzy control is a very powerful technique which basically uses the concept of
both fuzzy controller and artificial neural network. ANNSs are a collection of intelligent algorithms
which are used for control, time series prediction and identification purposes of various parameter
of induction machine. The fuzzy based controller has good capability to be interpreted and they
work on the basis of previous random experiences. Combining fuzzy and ANN forms an
intelligent system which has good learning capabilities, good interpretation and prior knowledge.
They form rule base to give control signal. ANFIS controller ensures selecting a proper
membership function and in turn selecting the correct rule base.

Table 2 DPC optimal vector selection

Error status Sector no.

sq Sp 1 2 3 4 5 6
1 101 100 110 010 011 001

1 0 100 110 010 011 001 101
-1 110 010 011 001 101 100
1 001 101 100 110 010 011

0 0 000 111 000 111 000 111
-1 010 011 001 101 100 110
1 001 101 100 110 010 011

-1 0 011 001 101 100 110 010
-1 010 011 001 101 100 110

Stator Flux et Stator Flux
Position Estimator
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Table RSC l GSC

Fig. 16 DPC scheme of DFIG based WECS
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9.2 ANFIS model

The ANFIS model architecture supports the TL-FLC method. The rules are in linguistic form so
interpretation and analysis of intermediate results are possible. During training rules can be
modified manually. The first requirement of ANFIS training is a training data set consisting of
desired input and output pairs of system to be modelled. The design parameters required for any
ANFIS controller are viz., Number of data pairs, Training data set & checking data sets, Fuzzy
inference systems for training, Number of epochs to be chosen to start the training, Learning
results to be verified after mentioning the step size (Sudhakar and Vijaya 2012).

ANFIS control structure is presented here as follows (Jacomani et al. 2014). The general
ANFIS structure consists of a set of units arranged into five connected network layers.

Layer 1: In this layer all the nodes present consists of the membership function, or input
variables. Input variables are supplied to the next layer.

Layer 2: Minimum value of weights for the two input is chosen by this node. It represents the
fuzzy set of each variables received from layer 1.

Layer 3: All the nodes in this layer calculate the weight, which is normalized. Fuzzy rules are
matched in this layer.

Layer 4: This is the defuzzification layer which provides output by the help of rules.
Normalization is performed by each neuron in this layer.

Layer 5: This is the output layer which sums all the incoming signals and fuzzy classification
result is transformed to binary.

9.3 ANFIS controller design

ANFIS controller is designed for controlling various parameters like, torque, speed, flux,
voltage and current of the induction machine. The block diagram of the control scheme is shown in
Fig.18. The basic structure of the ANFIS controller consists of 4 important parts, viz., fuzzification,
knowledge base, neural network and the de-fuzzification blocks (Sudhakar and Vijaya 2012). The
inputs to the ANFIS controller are the error and change in the error represented by following
equations:

e(k) = Wrer — W, (43)
Ae(k) =e(k) —e(k—1) (44)

WhereW,.o¢ is the reference speed,W, is the actual rotor speed, e(k) is the error and Ae(k) is
the change in error.

In the fuzzification unit crisp data is converted into linguistic variables, which is given as inputs
to the rule based block. The rule based block consists of set of 49 rules which are written on the
basis of previous knowledge (Kusagur et al. 2010). The output of rule base is given to the neural
network block. Neural network is trained using back propagation algorithm for selecting proper set
of rule base. The output of the NN unit is given to the de-fuzzification unit which converts the
linguistic variables into the numeric data in the crisp form.

9.4 Results of SEIG by ANFIS based STATCOM

The performance of SEIG by ANFIS controller based STATCOM is shown in Fig. 19. The
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harmonic spectrum of voltage is shown in Fig. 21. In the previous case the STATCOM is
controlled by PI controller which is replaced here by ANFIS controller. The ANFIS controller
operation is implemented by gauss method. The voltage error between the reference and estimated
signals for ANFIS controller are become 2.3228e-06 which is very less. The output voltage of
SEIG is also become constant at 400 V and the current is also balanced. The rotor speed and
electromagnetic torque fluctuations are also become less.

9.5 Results of DFIG by ANFIS based DTC

ANFIS controller is implemented in direct torque control of DFIG to control the torque, speed,
flux, current and voltage of the DFIG machine. The control model is similar to the model
explained in previous section. The only difference is that the Pl controller is replaced by the
ANFIS controller. The results obtained from the DTC with PI controller are trained by using
ANFIS editor and result is exported to the ANFIS controller. The results for the DTC using
ANFIS controller are presented in Fig. 22.

Data base
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. NETWORK 3

' e
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output Rule selection 2 %_ 3

o£

Back -propagation algo

Fig. 18 Block diagram of ANFIS control scheme

Fig. 19 SEIG voltage and current by ANFIS based STATCOM controller
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Fig. 20 Harmonic Spectrum of SEIG voltage when controlled by ANFIS based STATCOM
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Table 3 SEIG control strategies qualitative performance comparison

. ANFIS Based
Controlling Scheme ELC STATCOM Controller STATCOM Regulator
Output Terminal Voltage (V) 200 400 400
Output Terminal Current (A) 45 25 25
Rotor Speed (pu) 0.3-0.4 0.414-0.415 0.4
Electromagnetic Torque (pu) 0-3 1 1
THD 15.86% 8% 4.5%
\oltage Regulation poor high high
Settling time high low low
less as compare to
Ripples high medium ELC and STATCOM
controller
Computational complexity very complex very complex less complex
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Fig. 22 Simulation result of DTC of DFIG using ANFIS controller



658 D. Giribabu, Maloy Das and Amit Kumar

Table 4 DFIG control strategies qualitative performance comparison

Performance VC DTC DPC ANFIS
criterion

Computational complexity High High Low Low
Machine model dependency High High Low Low
Transitory response Medium Medium High High
Settling time Medium Low Low Low
Peak overshoot High High High Low
Robustness High Medium High High
Ripples High Medium Medium Low
Overall implementation complexity High High Medium High

10. Conclusions

In this paper two types of induction generators namely SEIG and DFIG with different control
techniques are compared. The voltage regulation performance of SEIG using ELC, STATCOM and
ANFIS based STATCOM are analyzed, where the performance is poor for ELC and the system is
complex. The voltage regulation of SEIG with STATCOM controller is much better than ELC (for
STATCOM it gives 400 V and in cases of ELC it is only 200 V). The electromagnetic torque is
also rated for STATCOM based controller and the total harmonic distortion (THD) level is also
decrease from the level of 15.86% to 8%. But due to complexity of Pl controller design and its
performance at some operating conditions also need to be improved when fed to three phase load.
Implementation of ANFIS based controller in STATCOM vyields better voltage regulation and easy
to design. Similarly for DFIG three control methods i.e. VC, DTC and DPC were implemented,
these methods showed remarkable performance at steady state and transitory responses. The
performance of DFIG using VC strategy imposes lower instrumentation constraints but its
transient response is sluggish compared to the direct methods. DPC is less dependent on machine
model as compared to VC and DTC method. While it is difficult to unmistakably assess whether
DPC or DTC is better as control strategy for DFIG-based WECSs, it is clear from simulation
results that the DTC strategy outperformed by the other two strategies but it is acknowledged that
DTC is complex. All these three strategies have large peak overshoot and ripples, highest in the
VC method. Further by replacing PI controller with ANFIS controller improves the performance of
DTC. The reported results are likely to qualitatively hold for a wide range for both SEIG and
DFIG-based WECS.
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APPENDIX 1

System Parameters

1) SEIG machine parameters:
7.5 KW, 400V, 50 Hz, 4 pole, 1440 rpm. Y-connected
R,=0.03461 pu,
L;s=0.04484 pu,
R,=0.0347pu,
L= 0.04484 pu,
L,=1.827 pu
Inertia constant (J) = 0.05642.

2) Electronic load controller parameters:
Rectifier parameters:
Input resistance = 1 Q,
Input inductance = 1 mH,
DC filtering capacitor =4000 pF,
Dump load resistance = 120 Q,
Pl controller: K, = 100, K; = 100,

3) STATCOM parameters:
Three leg IGBT VSI:
Input inductance = 50 H,
DC capacitance =100 pF,
Pl controller:K, = 10, K; = 5,

APPENDIX 2

1) DFIG machine parameters:
2 MVA, 690 V (L-L), 50 Hz, 4 pole
R¢=0.03513pu,
L;s= 0.04586pu,
R,=0.03488pu,
L= 0.04586pu,
L,=1.352pu
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Nomenclature
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SEIG resistance

SEIG inductance

Speed inductance

Number of poles

Number of pole pairs

Rotor electrical speed and slip speed

Input torque

Electromagnetic torque

Magnetizing current

Magnetizing inductance

Coefficient of magnetizing curve

Stator and rotor Voltage

Stator and rotor current

Inertia constant

Angular speed

Stator and rotor self-inductance

Mutual inductance

Load current

Fundamental component of d-axis load current
Oscillatory component of d-axis load current
Fundamental component of g-axis load current
Oscillatory component of g-axis load current

Dc-bus capacitor voltage

SEIG terminal voltages

Three phase SEIG terminal voltage

Output of the PI controller

Resultant d-axis component of current
Resultant g-axis component of current

Stator and rotor flux

Leakage coefficient

Stator active and reactive power





