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Abstract - A deadbeat power control scheme for
doubly-fed induction generator for variable speed was
proposed. The deadbeat controller algorithm calculates
the voltage vector to be supplied to the rotor in order
to eliminate the active and reactive power errors in each
period using and stator field orientation and the doubly-
fed induction generator dynamic model. The deadbeat
controller uses the rotor current control to the power
control of the machine. This control technique can be
applied to the wind energy systems. Experimental results
are carried out to validate of the deadbeat controller
operation.

Keywords — Doubly-fed Induction Generator, Deadbeat
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I. INTRODUCTION

The renewable energy systems and specially wind energy
have attracted interest due to the increasing concern about
CO> emissions. The wind energy systems using a doubly-
fed induction generator (DFIG) have some advantages
due to variable speed operation and four quadrant active
and reactive power capabilities compared with fixed speed
induction generators and lower cost when compared with solar
energy [1,2].

In wind energy systems the stator of DFIG is direct
connected to the grid and the rotor links the grid by a bi-
directional converter as shown in Figure 1. The rotor converter
objective aims to the DFIG active and reactive power control
between the stator and ac supply.

The power control of DFIG is traditionally based on
either stator-flux-oriented [3] or stator-voltage-oriented [4]
vector control. Some investigations using PI controllers that
generates reference currents from active and reactive power
errors to the inverter or a cascade PI controllers that generate
a rotor voltage which have been presented by [3,5-7]. The
problem in the use of PI controller is the tuning of the gains
and the cross-coupling on DFIG terms. An interesting method
to solve these problems have been presented by [8—10].

Some investigations for DFIG power control by using
predictive functional controller [11], internal mode controller
[12,13] and predictive control [14, 15] have satisfactory power
response when compared with the power response of PI but
it is hardly to implement one due to the formulation of the
controllers.
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To improve the power response and to protection of rotor-
side converter under grid voltage sags with stator voltage
orientation a proportional control with anti-jamming control
which has been proposed by [16]. This control has satisfactory
power response and eliminate the rotor current overshoot in
voltage sags although power and rotor currents results was
shown only in super-synchronous DFIG operation and the
proportional controller needs to be carefully tuned to ensure
system stability and adequate response within the whole
operating range.

This paper proposes an alternative solution to power control
presented in [17] by using the doubly-fed induction generator
dynamic discrete equations when DFIG operates with variable
speed. The deadbeat control for DFIG power control aims
the active and reactive power control using the DFIG dynamic
equations in synchronous coordinate system using the stator
flux position. The controller calculates the rotor voltages
required to guarantee active and reactive power reach their
desired reference values in a few sampling intervals in which
simulations results were presented in [18]. The deadbeat
controller uses the rotor current control to the power control
of the machine. This power control technique can be applied
to the DIFG for wind energy systems due to the fact the
wind speed is uncertain and the controller also operates with
variable speed. Experimental results are presented to validate
of the proposed controller.

DFIG Grid

i3 F|

Fig. 1. Configuration of DFIG connected direct on grid.

II. MACHINE MODEL AND VECTOR CONTROL

Doubly-fed induction machine model in synchronous
reference frame is given by

dX14q

7 + jwi Mg (1

U1aqg = Rit14q +

dX2aq
dt

Toag = Rolodg + + j (w1 — NPwmee) Xqu 2)
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the relationship between fluxes and currents

deq = Lyiraq + Larioag 3)
X2dq = Linag + Lataag “)
and generator active and reactive power are
3 , )
P = 2 (vigi1a + v1gi1q) ®)
3 , )
Q = 5 (vigiia — viditg) (©6)

where T, ;, X are voltage, currents and flux space vectors,
respectively, R is resistance of the winding, L is inductance of
the winding, the subscripts 1, 2, M denotes stator, rotor and
mutual, N P is the pole pairs and w,¢. is the rotor speed. The
parameters estimation of the induction machine were made
using the method presented in [19].

The DFIG power control aims independent stator active
P and reactive () power control by means a rotor current
regulation.  For this purpose, P and () are represented
as functions of each individual rotor current space vector
components. Using stator flux oriented control, that decouples
dq axis (3) becomes

. M Ly

i1d = . L i2d @)
) Ly .
Zlq = — LIY qu (8)

and the active (5) and reactive (6) power can be calculated
by using Equations (7) and (8) and it is given by

3 Ly
P = 751)171@211 (9)
3 A1 Ly
P ) 1
0=12u ( ol sz) (10)

Thus, rotor currents will reflect in stator currents and on
stator active and reactive power. Consequently, this principle
can be used on stator active and reactive power control by
using current control on rotor side of the DFIG with stator
direct connected to the grid.

A. Rotor Side Equations

The control of rotor currents allows the DFIG power control
as can be seen in (9) and (10). The rotor voltage (2), in the
synchronous referential frame using the stator flux position,
Equations (7) and (8) becomes

i : - - L%\ di
U2dg = (R2 + jLowgy) 1249+ JLimwsii1dg+ <L2 - LM> ;dq
1 t
(11)
where wy = w1 — Pwiec.
In space state form (11) becomes
di - -
%:H@'g-I-KT)g-I-Lil (12)
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dizg
dt _
4]-

From now it will be assumed that the mechanical time
constant is much greater then the electrical time constants.
Thus wyee = constant is a valid approximation for each
sampling time. As synchronous frequency is fixed by the grid,
slip speed wy = constant for each sampling time is also a
valid approximation.

III. THE DEADBEAT CONTROL

The deadbeat control is a digital control technique that
allows to calculate required input @(k) to guarantee that the
output Z(k) to will reach their desired reference values in in
the smallest number of sampling intervals using a discrete
equation of the continuous linear system which have been
presented in [20]. For an Nth-order linear system, the
minimum number of steps (sampling intervals) will be at most
N to the output reaches their desired reference values [20].

A linear continuous system is represented by

(14)

where @ denotes the pertubation vector and A, C, B and G
n X n matrices. In this paper C' = I, where [ is the identity
matrix.

The Equation (14) can be discretized considering 7" as the
sampling period and & as the sampling time by using zero-
order-hold (ZOH) with no delay as

Z(k+1) = Aqz(k) + Bau(k) + Gqw(k) (15)
where
Ag=eM =T 4 AT
By = /OT eATB dr = BT (16)

Gy :/ eATG dr = GT
0

The input calculation to guarantee a null steady state error
is given by
u(k) = F (Zrep — 1) (17)

where T, is the reference vector and F' is the matrix gain.
Substituting (17) in (15) and making Z,.r = Z(k + 1) the
input that guarantees a null steady state error is given by

a(k) = By'Aq [A7'2(k + 1) — z(k) — A7 ' Gaw(k)] (18)
F

The block diagram that represents (17) is shown in Figure 2
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Fig. 2. Deadbeat block diagram.

A. Deadbeat Power Control

The power control scheme uses a deadbeat controller
presented in section III to obtain rotor voltages which should
be applied on generator in order to guarantee active and
reactive power reach their desired reference values in N
samplings intervals. The sampling period 7" has the same time
of PWM modulator. The converter that is connected to the grid
control the voltage of the link DC and one can be controlled
by using a current control [21]. The deadbeat power control
block diagram is shown in Figure 3.

DFIG GRID
KA [T
NPw,,_. T |
L 172 apr ‘ — bap v
VZaﬁ r [ lofp
5’ :ﬂ,_Estimamr
P Deadbeat S5 | =
ref —» Controller s ﬂ’laﬂ N

Qref - /’Ll

Fig. 3. Deadbeat power control block diagram.

The rotor equation (13) can be rewritten as a discrete
equation using (15) and making T = i, A=H B =
K, u =17y, G =L andw = ;. It is given by equation (19)

ia(k+1)]  [1- BT el 11 ()
ig(k+1)] — | =T 1 fif i2q (k)
s vaq(k)
K ] )
[0 waluT) 1y (k)

+ _w;lLLQMT 6 ‘||: (k)] (19)

The rotor voltage which is calculated to guarantee null
steady state error by using (18) and (19) is given by

vaq(k) = ULQM + Raiza(k)
—Lowging(k) — Lyrwsiing (k) (20)

vag(k) = oLy Pares ~ 120k) ;izq(k) + Ryizg (k)
+Lawstiza(k) + Lywsiira(k) (21)

For the active power control, the reference of quadrature
component of rotor current space vector is achieved by using
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Equation (9) is given by

2]:)7‘ele

iag(k +1) = dag,., = 3v1 Ly

(22)

and for the reactive power control the reference of direct
component of rotor current space vector is achieved by using
Equation (10) is

2QrefL1 + L

iaqg(k + 1) = i = 23
7’2d( + ) lZdref 3U1LM LM ( )

The block diagram for deadbeat power control
implementation is shown in Figure 4.

o
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Fig. 4. Deadbeat power control block diagram for implementation.

Thus, if the d and ¢ axis rotor voltage components
are calculated according equations (20) and (21) above are
applied to the generator, then the active and reactive power
convergence to their respective commanded values will occur
in a few sampling intervals. The desired rotor voltage in the
rotor reference frame (d5 — d,-) generates switching signals for
the rotor side using either space vector modulation.

Stator currents and voltages, rotor speed and currents
are measured to stator flux position é, and magnitude Ay,
synchronous frequency w; and slip frequency wyg; estimation.

B. Estimation

To deadbeat power control, as show in the equation (21), it
is necessary to calculate the active and reactive power values,
their errors, the stator flux magnitude and position, the slip
speed and synchronous frequency.

The flux estimation using (1) is given by

Xmg = / (171aﬁ - RJmﬁ) dt (24)

This expression has been implemented for low speed
operation in [22] based on method presented in [23] using the
block diagram shown in Figure 5.
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Fig. 5. Block diagram for stator flux estimation.

The flux position by using equation (24) as

45 = arctan (;\\1’3> (25)

lo

The synchronous speed w; estimation is given by

o,

Wy = _ (v1g = Riiig) Mo — (via — Riita) Mig

dt (Ma)? + (A1p)?

(26)
and the slip speed estimation by using the rotor speed and
synchronous speed is

wst = w1 — NPwpec 27

The rotor angle in rotor reference frame is given by

5y — 0, = / wydt (28)

IV. EXPERIMENTAL RESULTS

The deadbeat control strategy was implemented using a
Texas Instruments DSP TMS320F2812 platform and also has
aT = 4 107*s. The system consists of a three-phase
voltage source inverter with insulated-gate bipolar transistors
(IGBTs) and the three-phase doubly-fed induction machine
shown in the appendix. The stator voltage commands are
modulated by using symmetrical space vector PWM, with
switching frequency equal to 2.5 kHz. The DC bus voltage
of the inverter is 36 V due to the fact the transformation
relationship between stator winds and rotor winds is not one
and it is used a transformer between the converter and the
grid. The stator voltages and currents are sampled in the
frequency of 2.5 kHz. The encoder resolution is 3800 pulses
per revolution. The rotor voltage was limited using limiters
in the dsp (digital signal processor) program. The speed is
applied to the DIFG using a separately excited DC motor in
open loop voltage control. The DFIG synchronization is made
using the methods presented by [24-27]. The experimental
setup is shown in Figure 6.
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Fig. 6. Experimental setup.

Six tests were made, five in sub-synchronous speed
operation and one in several speed operation. The first one
was the response of o4 step of 5 A which is shown in Figure 7.
The satisfactory performance of controller can be seen due to
the fact the reference is followed. In this test the i, is 0.5A.
The rotor current reach the reference no more than 40 ms.

Tek 250 §/s 1 Acqs
X

(94}

Al
—>
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S

-2

054) W .

. R TR T BT CRT 42V 6 reb 2000
CES 2.00v Chda 2.00V

13:25:08

Fig. 7. Response of step test for 2.

The second was the response of iy, step of 5 A. The
satisfactory performance of controller in this test can be seen
again in Figure 8 due to the fact the reference is followed. In
this test o4 is 4A.
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Fig. 8. Response of step test for ioq.

The same test of i5, step of 5 A with rotor currents in rotor
reference frame is presented in Figure 9. The satisfactory
response of the controller can be seen due to the fact the
reference is followed.

Tek S8 250 575

@F' 200V W 200ms CRi 7 4.0V g Feb 2009
chd 2.00V 13:30:58

Fig. 9. Response of step test for iz, and rotor currents (1.4A4/div).

The fourth test is the response of reactive power Q),.¢ of
-300 VA, 300 VA and 0 VA which means leg, lead and unitary
power factor. The satisfactory performance of the controller is
can be seen again in Figure 10 due to the fact the reference is
followed. The rotor currents are shown in Fig 11.

The fifth test is the steady state of unitary power factor and
active power is —300W . The rotor current reference are also
calculated using Equations (22) and (23). The response of
stator power and rotor current are presented in Figures 12 and
13, respectively. The stator voltage (127Vrms) and the stator
current (0.8 Arms) of phase « is shown in Figure 14. It can be
seen the satisfactory performance of the controller due to the
fact the angle between the stator voltage and the stator current
is 180°. The spikes occurs due to the fact the noise of the
system and errors of measurements currents and voltages.
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Fig. 10. Response of step test of reactive power.
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Fig. 11. Rotor currents of response of step test of reactive power.
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Fig. 12. Active and Reactive Power of DFIG.
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Fig. 13. Rotor current of DFIG.
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Fig. 14. Stator voltage (18 V/div.) and current (0.38 A/div.).

In the last test, the generator operates with several speed
and a constant active and reactive power reference of OW
and OVA, respectively. The rotor current reference are also
calculated using Equations (22) and (23). In this case, this
test just maintains the magnetization of the generator. The
response of the active and reactive power is shown in Figure 15
and the rotor current is presented in Figure 16. The rotor
speed in several operations and the rotor current of phase a
is shown in Figure 17. The satisfactory performance of the
controller is can be seen during several speed operation due
fact the reference is followed and the DFIG operates from
super-synchronous operation to sub-synchronous operation.

V. CONCLUSION

This paper has presented a deadbeat active and reactive
power control for doubly fed induction generator. The
controller uses the DFIG discretized dynamic equations to
calculate the required rotor voltages in order to the active
and the reactive power values reach the desired reference
within a few sampling intervals due to the fact the controller
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response depends of the order of the system and the sampling
period. The deadbeat control uses a rotor current control for
this objective. This strategy operates with constant switching
frequency that overcomes the drawbacks of conventional
DPC [28,29]. Experimental tests with parameters variations
have to be done to analyze the performance of the controller.
The experimental results confirm the effectiveness of the
deadbeat power controller during several operating conditions.

Tek TR 25.0 5/ 1 Acqs
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Fig. 15. Active and reactive power of DFIG.
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Fig. 16. Rotor current in steady state.
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APPENDIX

Doubly-fed induction generator parameters: R; = 2.2 );
Ry, = 1764 Q; L,, = 0.0829 H; L;; = 0.0074 H; L;» =
0.0074H H; J = 0.05 Kg-m?, NP =2; PN = 2.25 KW;
Vy =220V.
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