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Abstract

The use of doubly fed induction generators (DFIGs) in wind turbines has become quite common
for the last few years. These machines provide variable speed and are driven with a power converter
which is sized for a small percentage of the turbine-rated power. This paper presents a detailed model of
an induction generator coupled to wind turbine system. Modeling and simulation of the induction machine
using vector control computing technique is done. DFIG wind turbine is an integrated part of the distributed
generation system, therefore, any abnormality’s associates with grid are going to affect the system
performance considerably. Taking this into account, the performance of DFIG variable speed wind turbine
under network fault is studied using simulation developed in MATLAB/SIMULINK.
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1. Introduction

wind power, one of the green, safe and low-carbon energy, is so fast developing in
generating electricity that it has become the fourth major power source after coal, water and
nuclear. It is also the only renewable power resource that owns over one hundred million
kilowatt global installed capacity apart from water. The development of wind power brought
about a series of problems at the same time, with the maintenance of wind turbines being the
foremost [1].

DFIG is a new type of power generation system. The stator winding is connected with
power frequency grid. The rotor winding is connected with three-phase alternating currents
which frequency can be adjusted by controlling the current parameters of the rotor winding, not
only keep the same frequency, but also the grid power factor can be adjusted to improve the
stability of the system [2].

For the dynamic feature, the DFIG becomes the most popular generator for wind power
generation system. Firstly, DFIG can supply power to the grid at constant voltage and constant
frequency while the rotor can operate at sub-synchronous mode or super-synchronous mode.
Secondly, the rating of the power converter is only about 30% of the rated power of the wind
turbine. At third, the generated active and reactive power can be controlled independently. For
conventional wind farms connected to an electric network, the turbines are disconnected from
the grid if voltage unbalance of 6% or more is detected [3]. Then, the continuity of the power
generation in the wind energy system may be affected by tripping the wind turbine from the
utility grid. Hence it is desirable to implement the generator control system to withstand to a
certain level of voltage unbalances. If the voltage unbalance is not taken into account in the
control system, a highly unbalanced stator current could be produced even with a small
unbalanced stator voltage [4].

DFIGs are commonly used for large wind turbines operating at variable speed. For
maintaining continuous operation of such wind turbines during power system disturbances, i.e.,
fault ride through capability, extensive studies have been carried out in the last few years.
However, symmetrical voltages are considered in most cases. In reality, asymmetric faults occur
more frequently than symmetric faults in transmission system. The stator current of a DFIG
could be highly unbalanced even with a small unbalanced grid voltage if no unbalance control
were considered. The unbalanced voltage and current cause a number of problems such as
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overheating of stator windings, extra mechanical stresses due to torque pulsation, and output
power pulsations [5-6].

Many new wind farms will employ wind turbines based on DFIG, which offer several
advantages when compared with fixed-speed generators [7-10]. These advantages, including
speed control, reduced flicker, and four-quadrant active and reactive power capabilities, are
primarily achieved via control of a rotor side converter (RSC), which is typically rated at around
30%-35% of the generator rating for a given rotor speed variation range of £25%. The steady-
state response and performance of DFIG-based wind turbines are now well understood [7, 11,
13]. DFIG systems are conventionally controlled using either stator voltage-oriented [7, 8] or
stator flux-oriented [9, 12] controls based on d-q decoupling. For most of the studies reported,
symmetric stator voltage supply was assumed even during network disturbance. For small wind
farms connected to a distribution network, it is required that they can withstand a steady-state
maximum value of phase voltage unbalance of 2% without tripping [14].

2. Dynamic d-g Model of Induction Generator
The d —Qq axis representation of an induction generator is used for simulation, taking

flux linkage as a basic variable. It is based on fifth-order two axis representations commonly
known as the “Park model” [15]. Here an equivalent 2-phase machine represents 3-phase

machine, where d°® —Q° correspond to the stator direct and quadrature axes, and d" —q"

correspond to the rotor direct and quadrature axes and a synchronously rotating d —(Q
reference frame is used with the direct d —axis oriented along the stator flux position.
A symmetrical 3-phase induction machine with stationary axes as,bs,CS separated by

an angle 27/3 is considered. Assume that the d°® —q°axes are oriented at angle . If the
synchronously rotating d —( axes rotate at a synchronous speed @, with respect to d° — qS

axes, then the voltages on the d°®—q°axes can be converted into d —q a synchronously
rotating frame as follows:

S S H
Vgs = Vg5 COS G, — V4 Sin 6,

_ 1)
Vg = Voo SIN G, + Vg €OS O,
Resolving the rotating frame parameters into stationary frame:
Vs = Vg COS G, +Vy Sin 6,
s , 2
Vgs = —Vgs SIN G, + vy COSH,
According to Kron's equation, the stator circuit equations are:
. d
Voo = Ryig +— A,
dt
d ©
vi. =R +—A;
ds s'ds dt ds

Where A is the q—axis stator flux linkage, and Ay is the d —axis stator flux linkage
respectively. Convert equation (3) to the synchronous rotating frame, we get:
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. d
Rgigs + alqs + (0, A4)

<
Il

oy (4)
Vis = Rslds + aﬂ’ds - (a)eﬂ“qs)

The machine rotor equations can be written in a similar way as the stator equations:

Vg = Ry, + j—tﬂqr +(w,Aq, )
y )
Vor = erdr + E/Idr - (a)eﬂ’qr)
If we put (@, — ®,) in the place of @, Equation (5) becomes:

Vo = Ry, + j—tﬂqr +(o, -0, )y

. d ©
Var = Rrldr + a/ldr - (we - o, );l'qr
Ags = Ligigs + Ly (igs + 1) = Liige + Lyjig, (7)
ﬂ’ds = Llsids + I-m (ids + idr) = Lsids + Lmidr (8)
ﬂ'Qr = I-Iriqr + I-m (iqs + iqr) = Lfiqr + Lmiqs (9)
;Ldr = Llridr + I‘m (ids + idr) = I-ridr + I‘mids (10)

3. RSC Control

The main purpose of the RSC is to maintain the rotor speed constant irrespective of the
wind speed and also the control strategy has been implemented to control the active and
reactive powers flow of the machine using the rotor current components. The active power flow

is controlled through idr and the reactive power flow is controlled through iq,. The standard

voltage oriented vector control strategy is used for the RSC to implement control action. Here
the real axis of the stator voltage is chosen as the d -axis. Since the stator is connected to the

utility grid and the influence of stator resistance is small, the stator magnetizing current im can

be considered as constant. Under voltage orientation, the relationship between the torque and
the d—Q axis voltages, currents and fluxes can be written with neglecting of leakage

inductances (L, =0) . To maximize the turbine output power, DFIG must be controlled through
the control of idr and iqr. To simplify the control and calculate i;r, the stator flux component

Aq IS set to zero.

ﬂ’ds = 0

ﬂ’qs = Lsiqs + Lmiqr (11)
= (L, + Lm)iqs + Lmiqr
= Lyl + (i +ig )L,
= Lmim
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The equations of rotor fluxes are:
L . L2 . .
Ag = L—m/lqs toll, = L—mlm +oll,

; s (12)
L. . .
ﬂ’dr = _lds + O-Lrldr = O-Lrldr
Ls
Where . _1_ Lo
L.L,

By substituting the values of A, and /Iqr from equation (12) in equation (6), the rotor
voltages are:

Vqr = Rriqr+o-Lr (;j_tiqr+(a)e_a)r)o-Lridr (13)

. d . L2 .
v, = R/ig, + oL, ald, - (0, —@,) L—lm +ol,ig,

(14)

. d . . .
=R,i, +oL, Eld, — (o, - a)r)(Lequllm + aLrlq,)

Where Lequ. is the equivalent inductance.
V;,r andvt']r can be found from the current errors processing through standard PI
controllers and the reference current i; can be found either from the reference torque or from

*

or €an be found from the reactive

power errors. The active power and the speed are controlled using the current control loop. The
electromagnetic torque can be expressed as:

the speed errors through standard Pl controllers. Similarly |

3 L
Te =—P L_ﬁ’qsldr (15)

N

S

The value of i; can be found using Equation (15):

AL (16)

Figure 1 below shows the RSC with the vector control.
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Figure 1. Vector Control Struture of RSC
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4. Modeling and Simulation
4.1. Modeling of DFIG System

The voltage equations of an induction machine in arbitrary reference frame can be
written in terms of the currents as:

R+X, “2x. 0 Px “xX, 0
@, ®, , @,

vl =X, R+—X, 0 20X, Px 0 o
b @, @, @, @y lgs a7
Vi i
‘ 0 0 R+ X, 0 0 0 *
Vos _ @, los
V“V _ixm e Xm 0 Rr"’ixrr e er 0 Iqr
Vdr , , @, , Idr

Vo] [—2=%x Py 0 _oZoy Ry Py 0 Llor |

@, @y @y @y
0 0 0 0 0 R +1-X,
L @, |

Where Vv, V, are g-axis and d-axis stator voltages, i are g-axis and d-axis stator

gs '’ gs ! Ids

currents,V, ,V and i('1r are g-axis and d-axis rotor voltages and currents referred to the

|
gr * dr ' qr
stator windings by appropriate turns ratio, @is the rotating speed of the arbitrary reference

frame, @, is the rotor speed, X, X,, are stator and rotor self inductive reactances, X,, is the
X

ss !

mutual reactance, and X R,and R, are stator and rotor leakage reactances and

Is 1 Ir >’
resistances.

The swing equation is:

T.=2Ho, +T, (18)

Where T, is the mechanical torque and H is the inertia.

The doubly fed induction generator model consists of Equation (17), the swing Equation
(18), and rotor side controller. The complete DFIG system with controllers is modeled in
Matlab/Simulink. The inputs of the model are voltage and rotor speed, mechanical torque and
the output is a current vector and electromagnetic torque. The simulink model of DFIG system is
shown in Figure 2 below.
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Figure 2. Simulink Model of DFIG System
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5. Results and Discussion
The induction machine is simulated using MATLAB/SIMULINK environment. The

performance of the DFIG system is analyzed under disturbance of the grid voltage. The main
objective of this Work is to study the performance analysis of the DFIG for a wind turbine
application during voltage fluctuations. The voltage fluctuations are made by lowering and
raising the voltage values in the utility grid intentionally for simulation keeping in view of different
grid disturbances.

5.1. Simulation Under Normal Condition
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Figure 3. Stator Currents during Balance Condition
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Figure 4. Rotor Currents during Balance Condition
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5.1.1. Discussion

The transient torque and speed characteristics with time are different from the steady
state torque and speed characteristics with time shown in Figure 5. The variation in
instantaneous torque is due to the transient offset in stator currents. Although the offset in each
of the currents depends upon the value of source voltage at the time of application. The
instantaneous torque is independent of the initial values of balanced source voltage because
the machine is symmetrical. Also machine currents varies during transient period. due to the
interaction of the stator and rotor electric transients.
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Figure 5. Speed and Torque during Balance Condition
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Figure 6. Active and Reactive Power during Balance Condition
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Figure 9. Rotor Currents during Voltage Dip
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Figure 10. Speed and Torque during Voltage Dip
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Figure 11. Active and Reactive Power during Voltage Dip
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5.2.1. Discussion

In Figure 9, the rotor currents of the machine are shown for a voltage dip of 85%,
implying, that only 15% of the grid voltage remains. It can be seen that the rotor currents
oscillates to about four times the rated current. This implies that a voltage dip can cause high
induced voltages or currents in the rotor circuit. These currents might destroy the converter, if
nothing is done to protect it.

6. Conclusion

The dynamic behavior of DFIG under power system disturbance was simulated using
MATLAB/SIMULINK. The DFIG considered in this analysis is a wound rotor induction generator
with slip rings. The stator is directly connected to the grid and the rotor is interface via a back to
back power converter. Power converter are usually controlled utilizing vector control techniques
which allow the decoupled control of both active and reactive power flow to the grid. In the
present investigation, the dynamic DFIG performance is presented for both normal and
abnormal grid conditions. The control performance of DFIG is satisfactory in normal grid
conditions and it is found that, both active and reactive power maintains a study pattern in spite
of fluctuating wind speed and the net of the electrical power supplied to grid is maintained
constant.
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