Double Fed Induction Generator-Basic Principles (DFIG)
Wound rotor induction generators (WRIGs) are provided with three phase windings on the rotor and on the stator. They may be supplied with energy at both rotor and stator terminals. This is why they are called doubly fed induction generators (DFIGs) or double output induction generators (DOIGs). Both motoring and generating operation modes are feasible, provided the power electronics converter that supplies the rotor circuits via slip-rings and brushes is capable of handling power in both directions. As a generator, the WRIG provides constant (or controlled) voltage Vs and frequency f1 power through the stator, while the rotor is supplied through a static power converter at variable voltage Vr and frequency f2. The rotor circuit may absorb or deliver electric power. As the number of poles of both stator and rotor windings is the same, at steady state, according to the frequency theorem, the speed ωm is as follows:
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where
pyis the number of pole pairs
Qp s the mechanical rotor speed




The sign is positive (+) in Equation 1.1 when the phase sequence in the rotor is the same as in the stator and ωm < ω1, that is, sub synchronous operation. The negative (−) sign in Equation 1.1 corresponds to an inverse phase sequence in the rotor when ωm > ω1, that is, super synchronous operation. For constant frequency output, the rotor frequency ω2 has to be modified in step with the speed variation. This way, variable speed at constant frequency (and voltage) may be maintained by controlling the voltage, frequency, and phase sequence in the rotor circuit. It may be argued that the WRIG works as a synchronous generator (SG) with three-phase alternating current (AC) excitation at slip (rotor) frequency ω2 = ω1 − ωm. However, as ω1 ≠ ωm, the stator induces voltages in the rotor circuits even at steady state, which is not the case in conventional SGs. Additional power components thus occur. The main operational modes of WRIG are depicted in Figure 1.1a through Figure 1.1d (basic configuration shown in Figure 1.1a). The first two modes (Figure 1.1b and Figure 1.1c) refer to the already defined sub synchronous and super synchronous generations. For motoring, the reverse is true for the rotor circuit; also, the stator absorbs active power for motoring. The slip S is defined as follows:
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FIGURE 1.1 Wound rotor induction generator (WRIG) main operation modes (a) basic configuration, b) subsynchro-
nous generating (@< ), (c) supersynchronous generating (@, > @), and () rotor output WRIG (brushless exciter).




A WRIG works, in general, for ω2 ≠ 0 (S ≠ 0), the machine retains the characteristics of an induction machine. The main output active power is delivered through the stator, but in super synchronous operation, a good part, about slip stator powers (SPs), is delivered through the rotor circuit. With limited speed variation range, say from Smax to −Smax, the rotor-side static converter rating — for zero reactive power capability on the rotor side — would be 
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With Smax typically equal to ±0.2 to 0.25, the static power converter ratings and costs would correspond to 20 to 25% of the stator delivered output power. At maximum speed, the WRIG will deliver increased electric power, Pmax
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with the WRIG designed at Ps for ωm = ω1 speed. The increased power is delivered at higher than rated speed:
[image: image6.png]D = O[S, ] (14)




Consequently, the WRIG is designed electrically for Ps at ωm = ω1, but mechanically at wm max and Pmax. The capability of a WRIG to deliver power at variable speed but at constant voltage and frequency represents an asset in providing more flexibility in power conversion and also better stability in frequency and voltage control in the power systems to which such generators are connected. The reactive power delivery by WRIG depends heavily on the capacity of the rotor-side converter to provide it. When the converter works at unity power delivered on the source side, the reactive power in the machine has to come from the rotor-side converter. However, such a capability is paid for by the increased ratings of the rotor-side converter. As this means increased converter costs, in general, the WRIG is adequate for working at unity power factor at full load on the stator side. Large reactive power releases to the power system are still to be provided by existing SGs or from WRIGs working at synchronism (S = 0, ω2 = 0) with the back-to-back pulse-width modulated (PWM) voltage converters connected to the rotor controlled adequately for the scope. Wind and small hydro energy conversion in units of 1 megawatt (MW) and more per unit require variable speed to tap the maximum of energy reserves and to improve efficiency and stability limits. High-power units in pump-storage hydro- (400 MW) and even thermo power plants with WRIGs provide for extra flexibility for the ever-more stressed distributed power systems of the near future. Even existing (old) SGs may be retrofitted into WRIGs by changing the rotor and its static power converter control. The WRIGs may also be used to generate power solely on the rotor side for rectifier loads (Figure 1.1d). To control the direct voltage (or direct current [DC]) in the load, the stator voltage is controlled, at constant frequency ω1, by a low-cost alternating current (AC) three-phase voltage changer. As the speed increases, the stator voltage has to be reduced to keep constant the current in the DC load connected to the rotor (ω2 = ω1 + ωm). 
If the machine has a large number of poles (2p1 = 6, 8, 12), the stator AC excitation input power becomes rather low, as most of the output electric power comes from the shaft (through motion). Such a configuration is adequate for brushless exciters needed for synchronous motors (SMs) or for generators, where field current is needed from zero speed, that is, when full-power converters are used in the stator of the respective SMs or SGs. With 2p1 = 8, n = 1500 rpm, and f1 = 50 Hz, the frequency of the rotor output f2 = f1 + np1 = 50 + (1500/60)* 4 = 150 Hz. Such a frequency is practical with standard iron core laminations and reduces the contents in harmonics of the output rectified load current.
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‘The clectromagnetic force (em) self-induced by the stator winding, with the rotor winding open, E, is

as follows:

K=Ky K,y

“The flux per pole g, is

ZB,,1,
2

where
s the stack length
Tis the pole pitch
D, s the stator bore diameter
By is the airgap fundamental flux density peak value:
WE.

"R g(+K)

Fyis the amplitude of stator mmf fundamental per pole

From Equation 117, with v

WKy [2
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FIGURE 1.7 Typicalairgap flux density (B,y;) and magnetization inductance (in per unit [PU]) vs. PU. stator current.

But the same emf E, may be expressed as
E=ol 1, (1.25)

S0, the main flux, magnetization (cyclic) inductance of the stator — with all three phases active and
symmetric — Ly, is as follows (from Equation 1.20 through Equation 1.25):

Sl Ky T

=24 (126)
TpKg(1+K,)





[image: image9.png]‘The Carter coefficient K> 1 accounts for both stator and rotor slot openings (Kz= Koy K,). The saturation
factor K, which accounts for the iron core magnetic reluctance, varies with stator mmf (or current for
a given machine), and so does magnetic inductance L, (Figure 1.7).

Besides L, the stator is characterized by the phase resistance R, and leakage inductance L, [2]. The
same stator current induces an emf Ey, in the rotor open-circuit windings. With the rotor at speed &, —
slip $= (,~ ®)/, — E,, has the frequency f;= Sf;

E,(0=E,2coswt

~ (27)
E, =m\2SW,K,,0,
Consequently,
WKy,
K sk (1.28)
WKy "

“This rotor emf at frequency S, in the rotor circuit is characterized by phase resistance R, and leakage
inductance L, Also, the rotor is supplied by a system of phase voltages at the same frequency @, and at
a prescribed phase.

“The stator and rotor equations for steady-state/phase may be written in complex numbers at frequency
o in the stator and @ in the rotor:

(R +joL)L-V,

at o, (129)

(R +jso,L)I, at o (130)





[image: image10.png]According to Equation 1.28, we may multiply Equation 1.30 by 1/K, to reduce the rotor to stator:

R +jso L)L -V,

R=RIK L, (131)
V=ViK, L=
The division of Equation 1.31 by slip S yields the following:
(R ) vV, SE
—L+jo L, |L 1.32;
L Lt ,,,J, = (132)

But, Equation 1.31 may also be interpreted as being “converted” to frequency @, as E, is at @, (E,/S=E,):

(133)

In Equation 133, the rotor voltage V, and current I, vary with the frequency @, and, thus, are writien
(in fact) in stator coordinates. A “rotation transformation” has been operated this way. Also, al variables
are reduced to the stator. Physically, this would mean that Equation 1.3 refers to a rotor at standstill,

ive power to cover the losses and delivers in motoring the mechanical

which may produce or absorb a
power of the actual machine it represents.

Finally, the emf £, may now be conceived to be produced by both £ and I, (at the same frequency @),
both acting upon the magnetization inductance Ly, as the rotor circuit i reduced to the stator:

oLy (L+ L) ==jo L, L, (1349
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‘The equivalent circuit corresponding to Equation 1.29, Equation 1.31, and Equation 134 is illustrated
in Figure 1.8. Two remarks about Figure 1.8 are in order:

* The losses in the machine occur as stator and rotor winding 1055es Py, + pur, core losses g, and
mechanical 10sses pye:
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FIGURE 1.8 Wound rotor induction generator (WRIG) equivalent circuit for steady state.




[image: image12.png]* The resistance R, that represents the core losses depends slightly on slip frequency @y= Sy, as
non-negligible core losses also occur in the rotor core for §f,> 5 Hz.

* The active power balance equations are straightforward, from Figure 1.8,as the difference between
input electrical powers P, and P, and the losses represents the mechanical power P,

RI _ Re(l;V) o
B, =| 3ot 32 1 5)= T, 2L (1-8)= B, (1-5)
s s I (1.36)

P
P,y is the electromagnetic (through airgap) power.
P+B =3Re(V I))+3Re(V )=, +5p (137)

7, is the electromagnetic torque. The sign of mechanical power for given motion direction is used to
discriminate between motoring and generating. The positive sign (+) of P, is considered here for
motoring (sce the association of directions for V., L, in Figure 1.8).

‘The motor/generator operation mode is determined (Equation 1.36) by two factors: the sign of slip §
and the sign and relative value of the active power input (or extracted) clectrically from the rotor P,
(Table 1.1). So, the WRIG may operate as a generator or a motor both subsynchronously (@, < @,) and
supersynchronously (e> @,). The power signs in Table 1.1 may be portrayed as in Figure 1.9.

If all the losses are neglected, from Equation 1.36 and Equation 1.37:

1-5)

2

B+P, (1.38)
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‘The higher the slip, the larger the electric power absorption or delivery through the rotor. Also, it

should be noted that in supersynchronous eperation, both stator and rotor electric powers add up to

convert the mechanical pover. This way, up to a point, oversizing, in terms of torque capability, is not

required when operation at §= =S, occurs with the machine delivering P.(1-+ S, total electric porver.
Reactive power flow is similar. From the equivalent circuit,

Q+Q, =30mag(V. 1)+ 30m gL o, (L1 + LI+ T (1.40)

TABLE 11 Operation Modes

0<s<1 s<0

s Subsynchronous (04 < @) Supersynchronous (0> a4)
Operation Mode Motoring_ Generating _ Motoring __ Generating
P, >0 <0 -0 <0
b >0 <0 -0 <0

P, <0 -0 - <0
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FIGURE 1.9 Operation modes of wound rotor induction generator (WRIG) at § > 0, § < 0, and §= 0.




So, the reactive power required to magnetize the machine may be delivered by the rotor or by the stator or by both. The presence of S in Equation 1.40 is justified by the fact that machine magnetization is perceived in the stator at stator frequency ω1. As the static power converter rating depends on its rated apparent power rather than active power, it seems to be practical to magnetize the machine from the stator. In this case, however, the WRIG absorbs reactive power through the stator from the power grids or from a capacitive-resistive load. In stand-alone operation mode, however, the WRIG has to provide for the reactive power required by the load up to the rated lagging power factor conditions. If the stator operates at unity power factor, the rotor-side static power converter has to deliver reactive power extracted either from inside itself (from the capacitor in the DC link) or from the power grid that supplies it. As magnetization is achieved with lowest kVAR in DC, when active power is not needed, the machine may be operated at synchronism (ωr = ω1) to fully contribute to the voltage stability and control in the power system. To further understand the active and reactive power flows in the WRIG, phasor diagrams are used.
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