A POWER CONTROL SCHEME FOR DOUBLY-FED INDUCTION

GENERATOR

Alfeu J. Sguarezi Filho and M. E. Oliveira Filho and ErnestgpRert
University of Campinas
FEEC-DSCE-UNICAMP CEP 13083 - 852, Caixa Postal 6101 , Caawpi SP, Brasil
sguarezi@dsce.fee.unicamp.br, mfilho@dsce.fee.unitampppert@fee.unicamp.br

Abstract - This paper proposes a power control scheme Control of DFIG wind turbine systems is traditionally based
for doubly-fed induction generator for variable speed on either stator-flux-oriented [3] or stator-voltage-atesd [4]
wind power generation. This scheme uses stator flux vector control. The scheme decouples the rotor current
decoupling and deadbeat control loops. The algorithm of into active and reactive power components. Control of the
the deadbeat calculates the voltage vector to be supplied to active and reactive power are achieved with a rotor current
the rotor in order to guarantee that the active and reactive  controller. Some investigations using PI controllers aatbs-
power reach their desired reference values. Because the flux-oriented have been presented by [5, 6]. The problem in
generator leakage inductance and resistance information the use of PI controller is the tuning of the gains and the
were required for this control method, the influence cross-coupling on DFIG terms in the whole operating range.
of the estimation errors for these parameters was also An interesting method to solve these problems have been
investigated.  Simulations results are carried out for presented by [7-9].
validation of the digital controller operation. Some investigations using predictive functional con&oll
[10] and internal mode controller [11, 12] have satisfagtor
power response when compared with the power response of
Pl but it is hardly to implement them due to the predictive
functional controller and internal mode controller formibn.

A direct power control was proposed based on the principles
of direct torque control strategy in [13-15]. This scheme
calculates the required rotor controlling voltage withacke

The renewable energy systems and specially wind energ%fimpling period .directly based on the estimated stator. flux,
have attracted interest due to the increasing concern abogtive and reactive powers and their errors. Meanwhile, a
CO, emissions. The wind energy systems using a douch_;onstanstnchmg frequepcywas achieved b)_/ the spacervept
fed induction generator (DFIG) have some advantages due fgodulation (SVM) technique. However this method still
variable speed operation and four quadrant active andiveact €"COUNters some problems such as over-current under grid

power capabilities compared with fixed speed induction’0/tage sags. _
squirrel cage and synchronous generators [1, 2. To improve the power response and to protect of rotor-side

The stator of DFIG is connected directly to the grid andCONVerter under grid voltage sags a proportional contrdi wi
the rotor links the grid by a bi-directional converter aswho anti-jamming control has been proposed by [16]. This cdntro
in Figure 1. The rotor converter objective aims to the DFIGNAS satisfactory power response and eliminate the rotoerur

active and reactive power control between the stator and &/€rshoot in voltage sags when the loop of torque control is
supply. applied, although power and rotor current results was shown

only in fixed speed operation. The proportional controller
needs to be carefully tuned to ensure system stability and
adequate response within the whole operating range and the
power control with rotor current loops has a current oveosho
as drawback.
DFIG Grid This paper proposes a power control scheme for doubly-fed
induction generator for variable speed wind power genamati
L@ A /\/ This scheme uses stator flux decoupling and deadbeat control
BOX loops. The algorithm of the deadbeat calculates the voltage
vector to be supplied to the rotor in order to guarantee that
the active and reactive power reach their desired reference
Bidirecional values. Because the generator leakage inductance and
Converter resistance information were required for this control meth
the influence of the estimation errors for these parameters
was also investigated. Simulations results are carriedavut
validation of the digital controller operation.

Keywords —Doubly-fed induction generator, power
control, wind energy,variable speed constant frequency
applications.

I. INTRODUCTION

Fig. 1.Configuration of DFIG connected directly on grid.
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Il. MACHINE MODEL AND ROTOR CURRENT Consequently this principle can be used on stator active and
VECTOR CONTROL reactive power control of the DFIG.
Rotor Side Equations
The rotor currents control by using (10) and (11) allows
the DFIG power control. The rotor voltage (2), in the
synchronous referential frame using the stator flux pasitio
(1) and by using (8) and (9) becomes

Doubly-fed induction generator model in synchronous
reference frame is given by [17]

. > dXig
U1dg = Rit14g 7 1

di- L,
;d" + ]L—wsl)\l (12)

U2dqg = (Ro + joLawg) zqu+aL2

2
wherewy; = w; — PPw,,.. ando =1 — LLlﬂgg.

In space state form (12) becomes

i (w1 — PPwmec) Xoag  (2)

dAa2q
dt

Vadg = Ratadg

the relationship between fluxes and currents

. R R is=Hiy+ K+ L\ (13)

Mdg = Liiigq + Larizag 3

= s + o EAR B Al R f A SR

A2dg = Larirag + Latiaag 4) ;th —wsl 12| (224 0 751l [v2
The machine dynamics is given by 0 wstLLM A

d 3 zsutu " { } a4
w - % ol b2
dmec = §PPIm(Zldq>\1dq) - 1Ty, (5) ) ] )
t Due to the fact that the mechanical time constant is much

greater then the electrical time constants. Thus. =

The generator active and reactive power are ] ) ol 4
constant is a valid approximation for each sample period [18—

. . 20]. Hence the slip speed, = constant, due to the
P= 2 (vraiva + viging) ©) syr]whronous spee«:}? :p 277]8‘1 was fixed by the grid and
f = 60Hz.
_3 o 2
Q= 3 (1gha = viaing) @ IIl. THE STATOR FLUX DECOUPLING AND
The subscriptsl and 2 represent the stator and rotor DEADBEAT CONTROL

parameters _respectlvelga,l Is the synchronous speed. The algorithms of the stator flux decoupling and deadbeat
IS th? machine speeds: apd R are the stator and rotor calculate the inputi(k) in order to guarantee that the output
windings per phase electrical resistanda, , L» and L a?r(k) reach their desired reference values using a discrete
aredthe propeihand rlrt1utua| m?uctantcr:]es of thetstatct)r ind rotgquation of the continuous linear system [21, 22].
windings, ¥ is the voltage vector, is the current vector) is : ; :
the flux vector PP is the machine number of pair of poles, Alinear continuous system is represented by
is the load and rotor inertia moment afg is the load torque. T = Az + Bu + Gw

The DFIG power control aims independent stator active j=Ci (15)
P and reactive) power control by means a rotor current
regulation. For this purpose? and Q are represented as wherew denotes the perturbation vector add C, B andG

functions of each individual rotor current. Using statoxflu n x n matrices. In this papef’ = I, wherel is the identity

oriented control, that decoupldg axis (3) becomes matrix.
Equation (15) can be discretized considerifigas the
g = A L_MZM 8 sampling period and as the sampling time by using zero-
Ly L order-hold (ZOH) with no delay as
] L. Z(k+1) = AuZ(k) + Bqu(k) + Gaw(k) (16)
g = _L_Z2q 9
1 where
Wherel g = A\ = |X1dq|. The active (6) and reactive (7) A, = AT s [ 4 AT
power can be calculed by using (8) and (9) a=¢ +
By = / eATB dr = BT (17)
3 LM . 0
P = —5’01 L—qu (10) r
! Gdz/ e G dr = GT
B M L, 1 0
Q= P L—lhd (11) The inputa equation at thék — 1)th sampling instant is

i given by
Wherev; = vy = |v1dq|. Thus, rotor currents will reflect

in stator currents and on stator active and reactive power. 7 (k) = A;%(k — 1) + Bgu(k — 1) + Gqw(k —1)  (18)
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Because&7w(k) andGaw(k — 1) is approximately equal, A. Power Control
hence, combining (16) and (18) yields an expression which e control scheme uses a stator flux decoupling and

contains only the inputs and outputs:. deadbeat control to obtain rotor voltages that should béexpp
a(k)=a(k—1)+ on generator in order to guarantee active and reactive power
1 _ _ N reach their desired reference values. The digital powetrabn
By [(z(k+1) —2(k) — Aa(z(k) —z(k 1)l (19)  poek diagram is shown in Figure 3. The converter that is
9onnected to the grid control the voltage of the link DC and

using the outputs at the— 1, k andk + 1th sampling instant. one can be controlled by using any control presented in [23].

This relationship can be used to calculate the input need to Since the ‘?pp“_e(?j rfotor \I/oltag](ce ('js also cr(:nstant durln% a
procedure the reference at each control instant becauke pdjower control period for voltage-fed PWM then (14) can be

the feedback and the reference-at 1 and k sampling period discretized akth sampling instant and expressed in the state

instant are available when (19) is evaluated, either of tbem SP3c€ fo;m using (16) a}nd makiag= i, A = H, B =
be used in creation of the input. K, 4 =1y, G =L andw = A;. Itis given by equation

The control law that uses the reference; at thek + 1

Equation (19) indicates that the input can be calculated b

and kth sampling instants to calculate the input; can be {Z:M(k + 1)} _|1- gif wsl}?T [Ud(k)} +
formulated as ing(k +1) —waT 1= 3] |i2g(k)
T
upy (k) =u(k—1)+ + [a_Lz g } [U2d(k)} N
By [(@res (k4 1) = #(K)) — Aa(Eres () — 2(k — 1))] (20) 0l )
] o 0 | (k)
wherez,. ;s (k + 1) andz,. s (k) is the reference dt+ 1 and + | —wu LT 0" 0 (24)
k sampling instant. The total input applied is given by oLyL;
tref (k) =gy (k) + b () (21)
DFIG Grid
whereii sy, is achieved making (19) (20), considering that
Aq4 and By was estimated correctly and treating the modeling Y,

errors as a disturbance to the controlled output , then it can
be simplified by replacing the output with output errors ikat
given by

K3 [F]

v v hap ||y
whereAz (k) = Z,er (k) — Z (k). Note that when realizing /é S, \ Vaap '

AZ (k+ 1) = A4AZ (k) + Batgs (k) (22)

the control,z,.s(k + 1) is not available at the time when Stator flux ‘_al ESTIMATOR
_ . _ . ref —— decoupling and s /»Ll S
asy is calculated. Therefores,.;(k) must be used instead deadbeat control s s
Zrer(k+1). In essence, the control reference must be delayed Qrer A4

one sampling period in the control. The effect of delaying th

reference one sampling period will shift the output respons

back one sampling period as well, but the shape of the output

response remains the same. The rotor voltage can be calculated by using the rotor
To achieve a fast output response and a null steady stagélfrents at thés — 1, k andk + 1th sampling instant that can

error a separate deadbeat control is made by using (22) ak§ seen in (20) and (24) and it is given by

makingi sy (k) = —G.AZ (k). One is given by

Fig. 3.Power control block diagram.

U2df1ff(k) = U2dq(k' - 1) +

AZ (k+1) = (Aqg — ByG.) Az (k 23 . .
b=t A ) F T2 g (k + 1) = g (8))] +
From (23) the gains required to null steady state error are L
found by(As — BaGe) = 0. - (2 - Rz) (g, (k) = Boag(k = 1))] +
The block diagram representing (20) and (23) is shown in T
Figure 2 —j 0 Lowst [(F2dg,.; (k) — faag(k —1))]  (25)
ug (k) To eliminate the steady-state errors of active and reactive
Eq.(20) power caused by the system parameter mismatch that is
X, qf(k) 1 ﬁref(k) x (k) replaced to current as errors and to improve the accuracy of
—( | G model the proposed power control methods in accordance to (23) the
- gain required is
oL T
Fig. 2. Stator flux decoupling and deadbeat control block diagram. G.= 72 <1 - sz - jwslT> . (26)
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For the active power control, the rotor current reference bynductance ratid.; /L, that are determined by the stator and

using (10) is given by rotor leakage and magnetization inductance. Since thadgak
flux magnetic path is mainly air, the variation of the leakage

_2Presln (27) inductance during operation is insignificant [15]. However

3v1 Ly magnetization inductance variation needs to be considered
,due to possible variation of the magnetic permeability ef th
stator and rotor cores under different operating condition
The required parameters can be simplified considering the
_ 2QresLn . AL (28) relatively small leakage inductandg; and L;; compared to

3nuLy Ly the magnetization inductandey, that is shown in Appendix
ditis given by

Z.2QT-ef (k + 1) = 7:2117~e,f (k) =

and for the reactive power control by using (11) the roto
current reference is

i2dref (k + 1) = i2d7~ef (k) =

Thus, if the d and g axis voltage components are calculate?in
according (25), (26), (27) and (28) above are applied to the
generator, then the active and reactive power convergence t
their respective commanded values will occur. The desired L,  Ly+Ly
rotor voltage in the rotora3 reference frame generates oLy = (L + L), Ly Lu =1 (34)
switching signals for the rotor side using either spaceorect
modulation that is given bysns = vaq, €% 0.

Stator currents and voltages,. .rotor speed gnd currents Equation (34) shows that the variations bf; has little
are measured to stator flux positidg and magnitude\:,  jmpacting L, andL, /L, and therefore, its influence on the
synchronous frequency; and slip frequency,, estimation.  yerformance of the proposed control strategy would also be

B. Estimation insignificant.

To digital power control is required to calculate the
active and reactive power values, their errors, the stator

flux magnitude and position, the slip speed and synchronous V. SIMULATION RESULTS

frequency.
The flux estimation using (1) is given by In the simulation of proposed digital control strategy was
used MATLAB/SimPowerSystemspackage. The digital power
Xm,@ = / (gmﬁ — lemﬁ) dt (29)  control strategy has & = 10~*s and the DFIG parameters
are shown in Appendix. Figure 3 shows the schematic of the

implemented system, the inverter was modeled as controlled

and the flux position by using (29) as i )
voltage sources and the energy stored by the DC link capacito

5. = A1 30 was dissipated on a resistor load by using a hysteresisatontr
s = arctan { + (30) " of one IGBT in series with a diode.
To the power factor (PF) control the reactive power
The synchronous speed estimation is given by reference is given by
oy = d;ss _ (vig = Riiig) Mo — (Via — Rit1a) Mig
Codt Ma)? + (A1p)?
(Ma)? + (A1p) 31) vy = Prefm
and the slip speed estimation by using the rotor speed and PF
synchronous speed is
Wy = wy — PPw,,o (32) Initial studies with various active and reactive power step
and constant rotor speed at 226.6 rad/s were carried outto te
The rotor reference frame angle is given by the dynamic response of the proposed power control strategy
and it is shown at Figure 4(a). The initial active power and
5y — 0, = /wszdt (33)  power factor references were being -60 kW ane-FP0.85.
The active power and power factor references were step

changed from-60 to —100 kW and from PF 0f).85 to —0.85
at 2.5 s and the power reference were step changed again from
—100 to —149.2 kW and from PF of—0.85 to 1 at 2.75 s,

The analysis of impact of parameters variations was madeespectively. The rotor currents in synchronous refeabigi
by using (25), (26), (27) and (28) , that allows rotor shown in Figure 4(b) and rotor speed, the rotor and stator
voltage calculation. The stator resistance used in stataurrents in the stationary referential are shown in Figure 5
flux estimation and the rotor resistance used in rotor veltagThe dynamic response of both active and reactive powers are
calculation have negligible impact on system performance f in few milliseconds, there is no overshoot of either stattol
high power generators [4, 15]. The accuracy of the rotoor the active/reactive powers and the satisfactory pedoca
voltage calculation is influenced by the constaft and the and robustness of the controller can be seen.

IV. IMPACT OF PARAMETERS VARIATONS ON
SYSTEM PERFORMANCE
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Fig. 4.Response of step tests for active and reactive power and 226.81
rotor currents in supersynchronous operation. 2266
226.41

226.2

Studies with various power steps and rotor speed were
carried out to further test the proposed power controlexpat
During the period 2.5-2.84 s, the rotor speed increased from
151.1 rad/s to 226.6 rad/s. The Figure 6(a) shows the results ~ #**°[
step reference tests of active and reactive power. The power  2254f
steps, i.e., active power and power factor references were 2252 et e T s a5
changed from -60 to -100 kW and from PF of 0.85 to -0.85 at Time [s]

2.5 s. The rotor currents in synchronous referential is show

in Figure 6(b) and the rotor speed, the rotor and stator ntsre (c) Rotor Speed.

in the stationary referential are shown in Figure 7 and the
controlled capacitor voltage is presented in Figure 8. The
oscillations occurs due to the fact the voltage was corimoll
by an hysteresis controller and the controller gives a $igna  To test the impact of the parameters variations on the
open or close the IGBT in accordance with the error betweegystem performance the rotor resistaftzeand magnetization
the voltage reference and the DC link voltage. The satisfgct inductancel; of DFIG are increased of 20%. The same
performance and robustness of the controller can be seen dtests of step reference of active and reactive powers witht ro

to the fact that the active and reactive power reach theiretbs speed variation and with parameters variation are shown in
reference values when the rotor speed varies. Figures 9 and 10. Comparing Figures 6 and 9 and Figures 7

226

Rotor Speed [rad/s]

225.8

Fig. 5. Stator and rotor currents and rotor speed.
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and 10, there is hardly any difference, and even with sugfelar errors were considered a disturbance to the controlledubutp
inductance and rotor resistance errors, the system m@éntaiin the controller formulation. The simulations confirm the
satisfactory performance under both steady-state ansi¢ran effectiveness and the robustness of the power controller
conditions. This occurs due to it was considered that theluring several operating conditions and variations of mrach
parameters were estimated correctly and the modelingserroparameters.

were considered a disturbance to the controlled outputen th

controller formulation in wich it was presented in (23).

300 ‘ ‘ ‘ ‘ ‘ ‘ .
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Fig. 6.Response of step tests for active and reactive power and a20l
rotor currents with several speed operation.

210t

VI. CONCLUSION

200

This paper has presented a power control scheme for 190t
doubly-fed induction generator using stator flux decouplin

and deadbeat control loops. The controllers use the DFIG
equations to calculate the required rotor voltages in otaler 170t
the active and the reactive power values reach the desired

reference values. This strategy has a similar power regpafns

1801

Rotor Speed [rad/s]

1601

the direc power control presented in [14, 15] and the comstan 150 i i i :

. . . 23 24 25 2.6 2.7 2.8 29 3
switching frequency overcomes the drawbacks of conveation Time [s]
DPC [13,14].

The impact of machine parameters variations was also (c) Rotor Speed.

analyzed and found to be negligible due to it was considered

. : Fig. 7. Stator and rotor currents and rotor speed.
that the parameters were estimated correctly and the nmodeli g P
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