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Abstract - This paper proposes a direct power control schen@an be made by using fuzzy logic [13], [14]. These strategies
for doubly-fed induction generator for variable speed wind powgfave satisfactory power response although it involves rela-
generation. Using a stator flux decoupling and deadbeat control lo‘LR/%Iy complex transformation of voltages, currents and control

the

the algorithm calculates the rotor voltage vector to be supplied to tout the stati th t d th h
rotor in order to eliminate the active and reactive power errors thgttPuts among the stationary, the rotor an € synchronous

can achieve high accuracy and fast dynamic power response bd&fgrence frames.
on the estimated stator flux, the active and reactive power and theirThe direct power control was applied to the DFIG power

errors. Simulations results are carried out for validation of the digitabntrol and it has been presented in [15], [16], [17].This
controller operation. . _ . scheme calculates the required rotor controlling voltage di-
Keywords - Doubly-fed induction generator, direct powerecily hased on the estimated stator flux, active and reactive
control, wind energy, variable speed constant frequency aPRbwer and their errors. In [15] the principles and the imple-
cations. mentation of DPC is made with hysteresis controllers and
variable switching frequency. In [16], [17] the principles of
this method are described in detail and simulations results have
The wind energy systems using a doubly-fed inductidmeen presented with variable and constant switching frequency
generator (DFIG) have some advantages due to variable spesgpectively. Moreover, the conventional DPC complicates the
operation and four quadrant active and reactive power cape filter design because of its variable switching frequency.
bilities compared with fixed speed induction generators. Thn alternative to direct power control is the power error vector
stator of DFIG is connected direct to the grid and the rot@ontrol [18]. This strategy is less complex and obtains similar
links the grid by a bi-directional converter. The rotor converteesults to direct power control.
aims to the DFIG active and reactive power control betweenTo improve the power response, to eliminate the torque
the stator and ac supply [1], [2]. ripple and to protection of rotor-side converter under grid volt-
Control of DFIG wind turbine systems is traditionally basedge sags a proportional control with anti-jamming control was
on either stator-flux-oriented [3] or stator-voltage-oriented [4Jroposed in [19]. This control has satisfactory power response
vector control. The scheme decouples the rotor current irdad eliminate the rotor current overshoot in voltage sags when
active and reactive power components. Control of the actitiee loop of torque control is applied, although power and rotor
and reactive power are achieved with a rotor current controlleurrents results were shown only in fixed speed operation.
Some investigations using Pl controllers by using stator-fluXhe proportional controller needs to be carefully tuned to
oriented that generates reference currents from active ambure system stability and adequate response within the whole
reactive power errors to the inverter or a cascade PI controllefgerating range.
that generate a rotor voltage which has been presented by [5]The concept of DPC is applied to DFIG under unbalanced
[6]. The problem in the use of PI controller is the tuning ofrid voltage conditions by [20], [21]. In [20] the active and
the gains and the cross-coupling on DFIG terms in the whaleactive powers are made to track references using hysteresis
operating range. An interesting method to solve these probleaatrollers. In [21] a notch filter is applied in DPC strategy
have been presented by [7], [8], [9]. which allows the power control. These strategies haver satis-
Some investigations by using predictive functional corfactory active and reactive power response under unbalanced
troller [10] and internal mode controller [11], [12] havegrid voltage.
satisfactory power response when compared with the powelThis paper proposes a direct power control scheme that can
response of Pl but it is hardly to implement one due to thechieve high accuracy and fast dynamic power response by
predictive functional controller and internal mode controlleusing a stator flux decoupling and deadbeat control loops. The
formulation. Another possibility to doubly-fed power controscheme is derived using a discrete state-space o DFIG model.

I. INTRODUCTION
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The power control aims the active and reactive power contiislneglected. The components of rotor flux asg = A cosd
calculates the rotor voltages required to guarantee active amt A, = A2 sind that can be seen in Figure 1. Thus, rotor
reactive power reach their desired reference values basedflares will reflect on stator active and reactive power as can
the estimated stator flux, the active and reactive power, abe seen in (9) and (10). Consequently this principle can be
their errors. Simulation results are carried out for validatiomsed on stator active and reactive power control on rotor side

the proposed controller. in the DFIG with stator connected to the grid.
II. DFIG MODEL AND DPC /),
Doubly-fed induction generator model in synchronous ref- d
erence frame is given by [22] ¢ A, . (0/
N - \\ 1
) 2 Dy s PR A
Vldg = Rllldq + dltdq + jJw1 >\1dq (1) . . 5 \ v o
qu 5 2y : O
- E._ * i 5r
- _ rd d>\2dq . b
V2dq = R212dq + dt + J (wl - PPwmec) >\2dq (2) 44
the relationship between fluxes and currents Figure 1. Stator and rotor flux vectors in the synchronous dqg frames.
deq = L1Z1dq + LM;qu 3
. . . I1l. DIRECT POWER CONTROL STRATEGY
X2dg = Larivgg + Laizag (4)

) ) Since the applied rotor voltage is also constant during a
and generator active and reactive power are power control period for voltage-fed PWM and neglecting the

p_ 3 . . 5 rotor resistance, then (2) can be discretizedktat sampling
= 5 (Vaira + viging) ) instant in synchronous referential frame using the stator flux
3 . . position and active (9) and reactive (10) power. Thus, the
Q= 3 (Vigitd — Vidiig) (6) equations that contains only the rotor voltages and power are
The subscriptsl and 2 represent the stator and roto'V€" by
parameters respectivelyy is the synchronous speegd,,.. vaa(k)T
is the machine speed?; and R, are the estator and rotor Qk +1) = —r—+Qk) +wa P()T (1)

windings per phase electrical resistandq, , L, and L,,

are the proper and mutual inductances of the stator and rotoand

windings, 7 is the voltage vector PP is the machine number

of pair of poles. P(k+1) =
DPC aims independent stator activeand reactive) power

control by means a rotor flux regulation. For this purpadBe,

and @ are represented as functions of each individual rotor

flux. Using stator flux oriented control, that decouplés —3u .

axis, (3) and (4) the relationship between stator currents andn space state form (11) and (12) become

rotor fluxes is given by

’l}Qq(k')T
A

PR = Q)T a2 (12

2
wherewy = wi — PPupec, 0 = 1 — 722 and A =

gp (k + 1) = Aggp(k) + Bava(k) + GaA(k)  (13)

) Ly Ly Ly
= -\ 7
R Ay Ly A Y sy i U
. Ly Qk+1) 1 waT] [Q(k)
Ry A2 ® [P(k + 1| T |mwaT 1 | [P T
and the active (5) and reactive (6) power can be computed by n % 0 UQd(k):| n
using Equations (7) and (8) 0 L] |vog(k)
LT
3v1 L 0 T Al(k)]
— _Subm + | . u (14)
20L1Ly 1 © e L 0
= 3v1 L <—A2d+ ﬁ/y) (10) From now it will be assumed that the mechanical time
20L1 Ly Lm constant is much greater then the electrical time constants.

Equation (2) indicates that the rotor flux change is directlyhus w,,.. = constant is a valid approximation for each
controlled by the applied rotor voltage when rotor resistansample period [23], [24], [25].
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A. Decoupling Control when v,y is calculated. Thereforegp,. (k) must be used

The digital control technique allows to calculate requirel?Ste@ddp,.;(k + 1). In essence, the control reference must
input to guarantee that the output can achieve high accurd§ delayed one sampling period in the control. The effect
and fast dynamic response using a discrete equation of fHedelaying the reference one sampling period will shift the
continuous linear system [26], [27], [28]. output response back one sampling period as well, but the

The rotor voltages, equations at thék — 1)th sampling Shape of the output response remains the same.

instant is given by B. Deadbeat Feedback Control
qp (k) = Aagp(k — 1) + Bava(k — 1) + GaA(k —1) (15)  To achieve a fast output response and a null steady state
BecauseG A (k) andGah(k — 1) are approximately equal, error a §eparate feedbacik control i; m:_:lde by using (21) and
hence, combining (13) and (15) yields an expression whi@h@Kingvzys (k) = —GeAqp (k). One is given by
contains only the inputs, and outputsp. Agp (k+1) = (Aq — BaG.) Aqp (k) (22)

vz (k) = vz (k —1) + From (22) the gains required to null steady state error are
By {lap(k + 1) — gp(k)] — Aalgp(k) — gp(k —1)]}  (16) found by (44 — B4G.) = 0. Thus,G, is given by

Equation (16) indicates that the input can be calculated by 1 .
using the outputs at the— 1, & andk + 1th sampling instant. Ge=4 <T - stl) (23)
This relationship can be used to calculate the input need to ) ) ) )
procedure the reference at each control instant because hoth"® Plock diagram representing (17) and (22) is shown in
the feedback and the referencekat 1 and k sampling period F19ure 2.
instant are available when (16) is evaluated, either of them can
be used in creation of the input.

The control law that uses the referenge.., at thek + 1
and kth sampling instants to calculate the input; can be
formulated as

gp (k)

model

Tagy (k) =02 (k= 1) +

1 _ - B Figure 2. Decoupling and deadbeat control block diagram.
By [(apres(k + 1) — ap(k)) — Aa(qpyer (k) — ap(k — 1))] (17)

which means The DPC control scheme uses a digital controller to obtain

rotor voltages which should be applied on generator in order

vaary (k) = v2q (b —1) + to guarantee active and reactive power reach their desired

A reference values, the method directly calculates required rotor
—[(Qrer(k +1) — Q(k)) — (Qre —Qk -1 ' o .

T[(Q s ) = Q) = (Qres (k) — QX Nl control voltage with each switching period, based on the

—Awg(Pref(k) — P(k—1)) (18) estimated stator flux, the active and reactive power, and their
errors. The power control block diagram is shown in Figure 3.

and : .
The converter that is connected to the grid control the voltage
vagrr (k) = vag (K — 1) + of the link DC and one can be controlled by using any control
A presented in [29].
T (Pres(k+1) = P(k)) = (Pres (k) = P(k — 1))]
+Awa(Qres(k) —Q(k—1)) (19) — =
whereP,.;(k+1), Qres(k+1), Prey(k) andQ,.. (k) are the N
references ak + 1 and k£ sampling instant.
The total input applied is given by
_ o I} [F] f
Uares (K) = Uap s (k) + U2ps (K) (20) -
whereds , is achieved making (16) (17), considering that s I Vo op J'“g Vigs
A4 and By is estimated correctly and treating the modeling _OJ ESTIMATOR
errors as a disturbance to the output control, then it can be B DPC Controller S Ay O,
simplified by replacing the output with output errors that is Q. A
given by Figure 3. DPC block diagram.

Agp (k+ 1) = AgAqgp (k) + Bavagy (k 21 . .
ap (k+1) aAAdp (k) + Bavago (k) (21) Thus, if the d and q axis voltage components are calculated
where Agp (k) = ¢p,.; (k) — gp(k). Note that when according (18), (19), (20) and (23) above are applied to the
realizing the controlgp,.. ;(k + 1) is not available at the time generator, then the active and reactive power convergence to
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their respective commanded values will occur. The desired ro-
tor voltage in the roton 3 reference frame generates switching
signals for the rotor side using either space vector modulation
that is given byva,p = v24, €% 0.

Stator currents and voltages, rotor speed and currents are
measured to stator flux position and magnitude\,, syn-
chronous frequency; and slip frequencw,; estimation.

Pret
P
—Q
——T]

B

Active and Reactive Power [W, VA]
|
& @
- %
o}
S

C. Estimation

To digital power control is required to calculate the active
and reactive power values, their errors, the stator flux magRigure 4. Response of step tests for active and reactive power and rotor
tude and position, the slip speed and synchronous frequengijrents in supersynchronous operation.

The flux estimation using (1) is given by

Xiag = / (ﬁlaﬁ - RJM) dt (24)

and the flux position by using equation (24) as

0.5 0.6
Time [s]

mm;\|HHilii‘1|’H'NM‘|"'Fl\lﬂ1H’W”‘i"MW(Hmuu11’m“m(("mlm1("’}1wmnumnmuut

_ )
0 = arctan <A1a (#) : - ‘m"m“”m‘{‘)“‘||“")‘W"MHWW N
The synchronous speeg| estimation is given by o NI I 'mM“H'“'Hm”““M“”'”H“ml‘ :
w1 = Lz_is - (Ulﬁ - Rlil(i?l)\al); ; E’l;\llo,(;); Rlila) Alﬁ (26) 02 0 ez O‘Sﬁme[s] o o o (;'g
and the slip speed estimation by using the rotor speed and
synchronous speed is (a) Stator Currents.
Ws = w1 — PPwpee 27)

The angle in rotor stationary reference frame is given by

5y — 6, = / wadt (28)

IV. SIMULATION RESULTS

Rotor Currents [A]

In the simulation of proposed digital control strategy
was used MATLAB/SimPowerSystei@®package. The digital
power control strategy has?a= 10~*s and the DFIG param-
eters are shown in Appendix. Figure 3 shows the schematic
of the implemented system. To the power factor (PF) control
the reactive power reference is given by

5 0.6
Time [s]

(b) Rotor Currents.

/1 — PEF?2 Figure_5. Stator and rotor currents and rotor speed in supersynchronous
Qref = Pref? operation.

Initial studies with various active and reactive power steps
and constant rotor speed at 226.6 rad/s were carried out to test
the dynamic response of the proposed power control strategystudies with various power steps and rotor speed were
are shown in Figure 4. The initial active power and poweiarried out to further test the proposed power control schemes.
factor references were being -50 kW and FP=+0.85. The actigring the period 0.25-0.6 s, the rotor speed increased from
power and power factor references were step Changed frorh5d.1 rad/s to 226.6 rad/s. The Figure 6 shows the results step
60 to -100 kKW and from PF of 0.85 to -0.85 at 0.25 s and tHeference tests of active and reactive power. The power steps,
power reference were step changed again from -100 to -148€2, active power and power factor references were changed
kW and from PF of -0.85 to 1 at 0.5 s, respectively. The rotdfom -60 to -100 kW and from PF of 0.85 to -0.85 at 0.25 s.
and stator currents and the rotor speed are shown in Figurd Be rotor current and speed and stator current are shown in
The dynamic response of both active and reactive power drigure 7.
in few milliseconds, there is no overshoot of either stator/rotor To test the impact of the parameters variations on the system
or the active/reactive power and the satisfactory performarperformance the rotor resistanég and mutual inductance
and robustness of the controller can be seen. Ly, are increased of 20%. The same tests of step reference
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of active and reactive power with rotor speed variation and
with parameters variation are shown in Figures 8 and 9.
Comparing Figures 6 and 8 and Figures 7 and 9, there is
hardly any difference, and even with such large inductance
and rotor resistance errors, the system maintains satisfactory
performance under both steady-state and transient conditions.

Pl

f——

Active and Reactive Power [W;VAr]

[ S

0.4 o8 0.9

Figure 6. Response of step tests for active and reactive power in several
speed operation.

V. CONCLUSION

This paper has presented a DPC by using stator flux
decoupling and deadbeat controllers for doubly fed induction
generator that can achieve high accuracy and fast dynamic
power response. The controller uses the DFIG equations to
calculate the required rotor voltages in order to the active
and the reactive power values reach the desired reference.
The power control scheme helps the protection of rotor-side
converter because there is no overshoot in the rotor current.
Constant converter switching frequency is achieved that eases
the design of the power converter and the ac harmonic filter.
The impact of machine parameters variations is analyzed and
found to be negligible due to the fact that in the deadbeat
controller formulation the model errors was treated as a
disturbance to the output control. The simulations confirm the
effectiveness and the robustness of the DPC during several
operating conditions and variations of machine parameters.
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