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Abstract: Doubly Fed Induction Generator (DFIG) finds wide applications in wind energy that keeps on changing. Also, Small
disturbances refer to transients; can be modeled as the change in load to DFIG system occurs more frequently. Therefore
understanding the transient operation of DFIG became very much interesting and challenging. This is desired that the system
should able to digest such disturbances. In this connection, this paper presents the transient modeling of DFIG for which speed
controller and power factor controller are implemented to rotor in order to take care of such disturbances. This paper also
presents the transient modeling of two DFIGs connected to the power system. The operation of two DFIGs connected to power
system is analyzed and addressed.
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I. INTRODUCTION

The power available in the wind rotates the device known as wind turbine that provides the mechanical energy to the generator
for generating electricity. Wind turbines can either operate at fixed speed or variable speed. For a fixed-speed wind turbine the
generator is directly connected to the electrical grid. Cage induction generator is usually employed for fixed speed wind turbine.
For a variable speed wind turbine the generator is connected to grid through power electronic converter. This means that the
power electronic converter decouples the generator from the grid. Synchronous generator and doubly fed induction generator are
employed for variable speed wind turbine. There are several advantages of using variable-speed operation of wind turbines [1-7].
Harnessing the wind energy for variable speed wind turbines is one of the major applications of Doubly Fed Induction Generator
(DFIG).Most of the wind turbine manufactures are developing larger DFIG-based variable speed wind turbines in the MW range
due to many advantages. Firstly, as the rotor circuit can be controlled such that the induction generator is able to import and
export reactive power. This has important consequences for power system stability and allows the machine to support the grid
during severe voltage disturbances (low voltage ride through, LVRT) [5-7]. Secondly, the control of the rotor voltages and
currents enable the induction machine to remain synchronized with the grid while the wind turbine speed varies. Thirdly, the
fraction of the stator power, typically 25-30 %, is fed to the grid through the rotor the rest being fed to grid directly from the
stator. Thus, the efficiency of the DFIG is very good. In DFIG, by controlling the rotor voltages/currents it is possible to adjust
the active and reactive power fed to the grid from the stator independently of the generators turning speed [1], [7] & [8-12]. The
schematic diagram of DFIG is shown in Fig.1.
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Fig.1: Schematic diagram of DFIG
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Since the wind speed keeps on changing and also transients are occurring more frequently to the DFIG-based wind system. So
understanding the transient operation of DFIG became very much interesting and challenging. Therefore; in this paper, speed
controller and power factor controller are implemented to the rotor voltage vector in order to take care of transients. The rotor
voltage vector is calculated in terms of direct and quadrature components referenced to a synchronously rotating reference frame
for independent control of active power (speed) and reactive power (power factor). This paper also presents the modeling of two
DFIGs connected to the power system. The operation of two DFIGs connected to power system is analyzed and addressed for
different loadings. The symbols used in this paper are mentioned below:

Vs = Stator voltage along d axis; Vas = Stator voltage along q axis

Viar = Rotor voltage along d axis; Var = Rotor voltage along g axis

Wy = Rotor frequency; wp = Base/rated frequency

Iys = Stator current along d axis; Igs = Stator current along q axis

Iy = Rotor currer.1t along d axis; . Igr = Rotor currer-lt along q axis .

Vs = Stator flux linkages along d axis; s = Stator flux linkages along q axis

Yar = Rotor flux linkages along d axis; Wyr = Rotor flux linkages along q axis

X5 = Magnetizing leakage reactance Xy = Magnetizing leakage reactance of
of stator rotor

Xm = Mutual reactance; R; = Stator resistance

R, = Rotor resistance; p= % = Differentiation

P = Pair of poles; H = Inertia constant

T = Mechanical torque; T, = Electromagnetic torque

K = Gain of controller; 4 = Time constant of controller

W= % = Angular frequency; 0, = Rotor angle

R = Transmission line resistance; L = Transmission line inductance

1. MODELING OF DOUBLY FED INDUCTION GENERATOR

The mathematical modeling that describes nonlinear differential equations of DFIG [13-14] is mentioned below. It is convenient
to express the voltage and flux linkages in terms reactance rather than inductances because machine and power system
parameters are usually given in ohms or percentage or per unit of base impedance.

RsXyr + b w “RsXm 0
D wp wWp D

Vas _e Ry p g ke | [Vas
Vas — wp b wp D Yas

- - b w—w
Vqr Ry Xm 0 Ry 'Xss + p (‘)—r Iy[)qr

D D [] b

Vg b
T 0 —RrXm —(w-wy) Ry Xss + p l/)dr
D wWp D Wp

where, D = X X, - X2,
and  Xgs = Xis + XinXssXrr
er = Xlr + Xm

The above matrix can also be written as

RSXTT RSXm
[plpqs-l RX. [qu-l [Vqs]
(A) — SATT w 0 RSXm
Pas|_| zx p P == wp ||Yas Vas
=| Bekm R.X, D + v 1)
PYqr p b 0 -T2w, —(0-w) Ygr [ aqr
PYar RiXm RyXss J Yar Var
0 oy (-w) -,
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The expression for electromagnetic torque of a machine is given by

T. = (3) () ) (Wastar = Yarthas) @
Flux linkages per second are expressed as

Vs = Xislgs + Xm(Igs + Igr)

Yas = Xislas + XmUas + Iar)

Var = Xirlgr + Xm(Igs + 1gr)

Yar = Xplar + X (as + Lar)
If the currents are selected as independent variables then the flux linkages per second may be expressed as below.

[qu] Xes 0 Xm0 [las]

I/)d's — 0 Xss 0 Xm Ids
| lpqr | Xm 0 Xr‘r 0 Iqr
ll/’er 0 Xm 0 Xelly,

If the flux linkages or flux linkages per second are selected as independent variables then the above matrix may be solved for
currents and written as

[as] Xpp 0 —Xp, 0 [qu]

Igs 1 0 Xr 0 =X, Yas ©)
Iqr D _Xm 0 XSS 0 |¢q1‘ |
Iar 0 —Xm 0 X llyg,

The speed equation is written as
wp
pwr = 2H (Tm - Te) (4)
A change of variables that formulates a transformation of the 3-phase variables of stator circuit to the arbitrary reference frame is
fqdos = sfabcs
T
where, (fqdos) = [qu fas  fos], (fabcs)T =[fas fos fes]and

cosf cos(6 — 277/3) cos(9 + 2”/3)

Ky = (3/3)|sin6@ sin(@ —27/5) sin(0 +27/3) ()
1/2 1/2 1/2
0=w/fdt

But, if w varies with time, then another relation exists, as
0(t) = wt +6(0)
But in this case w is constant so the direct relation i.e.f = wt is used.

For inverse transformation, we have
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cos @ sin@ 1
(K,)~t = |cos(0 - 277/3) sin(@ — 2”/3) 1 ©)
cos(8 + 2”/3) sin(@ + 2”/3) 1

The three phase stator currents can be expressed as

I cos wt sin wt
Iiz] cos(wt — 27/5)  sin(wt — 27/5) 1 [Id
S
cs cos(wt + 2”/3) sin(wt + 2”/3) 1

A change of variables which formulates a transformation of the 3-phase variables of rotor circuits to the arbitrary reference frame
is:

fqdar = Krfaber
Where, (fqdor)T = [fqr far for] ) (fabcr)T = [far for for]l and

[cosﬁ cos(B — 27T/3) cos(B + 2”/3)]
K, = (/p|sinp sin(p=27/3) sin(p+27/3)| ™
L 1/, 1, 2
Where, 8 = (6 — 6,)

The angular displacement 6 is defined as above and ;. is the rotor angle defined by,

wy = (6,)
cosf sinf8 1
[k,]-t = |cos(B —2T/3) sin(B —27/3) 1 ®)

cos(B + 277/3) sin(B + 2”/3) 1
quor = kiVaper
The rotor voltages with respect to stator side can be expressed as
Vaber = [k 1™ Vaaor
The rotor currents with respect to stator side can be expressed as

Layper = [k r] quor

I11.  CONTROL OF DOUBLY FED INDUCTION GENERATOR

The control of DFIG is done so as to achieve suitable torque and speed with an impressed slip. The control is done on speed and
p.f to attain best slip power recovery. The speed and power factor is improved by changing the rotor voltage i. e., rotor voltage
control. The p.f control near to unity is attained by changing the Vg, and speed control to a value much greater than synchronous
speed of the machine is attained by changing the V.. The rotor voltage vector is calculated in terms of direct and quadrature (d
and q) components referenced to a synchronously rotating reference frame. The d axis of the frame can be arranged to coincide
with the stator flux vector. The d component of the rotor voltage vector is used to exercise control over the stator terminal voltage
magnitude or the power factor. The power factor defines the phase relationship between the stator terminal voltage and the stator
current. The d axis rotor current error is processed to provide the demanded value of the d axis component of the rotor voltage
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vector. The g axis component of rotor voltage is used to exercise control over the generator torque via control over the q axis
value of the rotor current. The g axis rotor current error is processed to provide the demanded value of the g axis component of
the rotor voltage vector. However, this control strategy gives rise to interaction between the control loops. In process control
today, more than 95% of the control loops are of PID type, most loops are actually series PID control which is found in all areas.
Here also, the same series controller is used.

A. Speed Control of Doubly Fed Induction Generator

As already mentioned that speed can be varied by varying the V,,.. There is an inverse relationship between speeds and V,,.. So,
we take the negative gain for the speed controller. The speed control block diagram is shown in Fig.2.

It

1 DFIG |[—9

(L 44s w

Fig.2: Speed control block diagram of DFIG
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B. Power Factor Control of Doubly Fed Induction Generator

The power factor of a DFIG system can be varied by varying the V.. The Block diagram for power factor control of DFIG is
shown in Fig.3.

Vi = K error
ar = 14s¢"

aVar

Vv
dat

Var +¢. =K.error

aVar _ _ Var , Kerror

dat ¢ ¢

aVar

Vdr:Vdr + dt

Var , Kerror
Var=Var + (— Td + T)

Pt —o( X — =0 DFIG [T "

Fig.3: Power factor control block diagram of DFIG
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FLOW CHART OF SIMULATION PROCEDURE

The procedural steps to simulate the generator are shown in Fig.4. Fluxes are calculated first using equation (1). Once we know
the fluxes then toque and currents can be calculated using equations (2) and (3) respectively. Rotor speed can be computed using
equation (4). For the transformation of variables (a-b-c to d-q and vice-versa), equations (5), (6), (7) and (8) are used. In motoring
mode, the electromagnetic torque equals the mechanical torque or load torque for zero frictional torque. In generating mode, for
zero frictional torque, the mechanical torque/load torque equals the electromagnetic torque which is reversed (negative) as

compared to motor.

] Vs Vige
Ware K g
: Compulbrtion of flux
_______ irkages, currenls and
l:_'_: I—-.
) N forgue o
b £ K e 7 ——

V.

The representation of two DFIGs connected to the power system is shown in Fig.5.

e Vi

Fig.4: Simulation block diagram of Doubly Fed Induction Generator

MODELING OF TWO DFIGS CONNECTED TO POWER SYSTEM
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Fig.5: Representation of two DFIGs connected to power systems
Applying KCL, we have

I=L+1

Considering the transmission line drop, the voltage drop between the two points are written as

dar dal.
Vius = Vs = RUy+1) + L (52 +52)

Vo oy ZR¥a, 1%
qbus as wpl  wp dt

RYq 1 d¢q
Vapus — Vas = —2 + ——1
dbus ds wpl  wp dt

From the above equations, we can write
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dw
- = __lpq+ wb( gbus — s)
g _

R
2w = " pWatwp Vabus = Vas)

The above equations can be written in matrix form

Pllquys] [ q qbus - V;;s]
plpdsys —Rl g P [Vapus — Vas

Here, Vgpus and Vs are the stator voltage of DFIG whereas Vs and V, are the grid voltage and there is a transmission line in
between stator and grid. No more description is required regarding simulation procedure, speed control, power factor control,
calculation of flux, current and torque in case of two DFIGs connected to power system because they are same which is already
described in earlier sections.

VI. SIMULATION RESULTS

The Fig.6 shows the electromagnetic torque Vs time characteristics and Fig.7 represents speed Vs time characteristics of a 3-hp
induction machine in generating mode. The electromagnetic torque (Te) is negative in generating condition and it reaches to a
steady value of -11.87 N-m due to speed controlling action. At the zero electromagnetic torque machine runs at synchronous
speed of 1800 rpm. As the load torque increases in negative direction, speed increases beyond the synchronous speed to validate
the generating action.
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Fig.6:Transient performance of DFIG with torque 11.8N-m
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Fig.7: Transient performance of speed control
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Fig.8: Transient performance of power factor control
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Fig.9: Transient performance of active power

The Fig.8 shows the power factor Vs time characteristics and Fig.9 shows the power Vs time characteristics of DFIG. The
induction machine comes into generating mode for the negative load torque. Therefore, the power generated (p = w,T,)is
indicated with negative sign and reaches to steady state value. The power factor also shoots up to approximately 0.8 due to power
factor controlling action.
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Fig.10: Performance with load torque of 11.87 N-m

The performances of two interconnected DFIGs to the power system are shown below. The torque, speed, power factor and
power of DFIG are shown in Fig.10, Fig.11, Fig.12 and Fig.13 for equally loaded of 11.87 N-m. This is to be noted that the
parameters of both the machines are same.
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Fig.11: Performance of speed control

S 00E-01

8.00E-01

7.00E-01

6.00E-01

5.00E-01

4 00E-01

3. 00E-01

2.00E-01

1.00E-01

0.00E+00

0.1 Q.2 0.3 0.4 0.5

Fig.12: Performance of power factor control
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The performances in terms of torque, speed, power factor and power of interconnected DFIGs system for the load on second
DFIG is reduced to zero are shown in Fig.14, Fig.15, Fig.16 and Fig.17 respectively. Similarly the waveforms of interconnected
system in terms of torque, speed, power factor and power are shown in Fig.18, Fig.19, Fig.20 and Fig.21 respectively for the load
on second generator is reduced to half i.e. 5.9 N-m. This is observed from the waveforms that the speed of second generator
remains same whether it is fully load, partially loaded and not loaded. If speed changes then the frequency of grid will also
change, which is not acceptable at all.

Fig.13: Performance of power
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Fig.14: Performance with load torque 0 N-m
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Fig.15: Speed control of DFIG with no load
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Fig.16: Power factor control of DFIG with no load
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Fig.17: Power of DFIG with no load
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Fig.18: Performance of DFIG with half load 5.9 N-m
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Fig.19: Speed control of DFIG with half load
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Fig.20: Power factor control of DFIG with half load
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Fig.21: Power of DFIG with half load

This is clearly observed that torque, power factor and power all are zero for the load on DFIG2 is reduced to zero and their values
will change in accordance with load.

CONCLUSION

Modeling of DFIG is presented. Performance of speed controller and power factor controller are validated. Mathematical
modeling of interconnected DFIGs to the power system is presented. Combined (speed & power factor) control of interconnected
system are verified with different loadings.
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APPENDIX

SPECIFICATION OF MACHINE AND PARAMETERS OF CONTROLLER

S.N Parameters Values
1 Power 3H.P
2 Voltage 220 Volt
3 Current 5.8 Amp.
4 Stator resistance 0.435Q
5 Stator leakage reactance 0.754 Q
6 Magnetizing reactance 26.13 Q
7 Rotor leakage reactance referred to stator 0.754 Q
8 Rotor resistance referred to stator 0.816 Q
9 Moment of inertia 0.089 Kg-m?
10 Frequency 60 Hz

Parameter of Controller

11 Constant (K) 1
12 Integral Constant ({) 5
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