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A Simple Control Scheme for DFIG to
Improve its Steady State and Transient
Performance

M. Venkateswarlu™ and Y.P. Obulesu™”

Abstract: In this proposed work Doubly Fed Induction Generator based wind turbine system Power can be controlled
directly, by regulating the required rotor voltage to nullify the Active & Reactive Power errors in a certain time
period. Which is directly determined depends on stator flux, rotor position, Active& Reactive Powers and also their
errors. For this purpose it requires less power, so system design become simple and hence improving the transient
performance. Further to simplify ac harmonic filter design maintains the converter switching frequency constantly.
Simulation results for a2MW Doubly Fed Induction Generator based wind turbine system acknowledge the strength
and effectiveness of the proposed control scheme during changes in active and reactive powers, wind speed, and
machine parameters etc.

Index Terms: Doubly Fed Induction Generator, Power Control directly, Active and Reactive Power, Constant
Switching frequency and harmonic filter.

1. INTRODUCTION

In Renewable energy market Doubly Fed Induction Generator (DFIG)-based Wind Turbine scheme
with Rectifiers became more popular. Because of their flexible speed, less cost of rectifiers and also four
quadrants active and reactive power capacity, less power wastage compared to wind turbines with fixed
speed Induction generators or fully-fed synchronous generators with full sized Rectifiers.

This Doubly Fed Induction Generator (DFIG)-wind turbine scheme’s more convenient depends on either
stator-flux [1], [2] or stator-voltage sloping vector control[3],in this scheme rotor current split into two
components as active and reactive, active and reactive powers supervise with rotor current controller. Its
presentation mainly depends on machine parameters i.e. stator and rotor resistance and inductance. Hence
its presentation mortifies when the machine parameters quit from the values used control scheme.

A few years ago Induction machines direct torque Control (DTC) is developed, it is substitute to vector
control method. DTC limits the machines parameters utilize and minimize vector control algorithms
complexity. In This DTC method choosing voltage vectors from a table using stator flux and torque
information to directly regulate machine torque and flux. Its presentation is poor at starting and at minimum
speeds [4], but from the modified switching table to apply presented voltage vectors in suitable series [5],
or analytical technique [6]. One more problem for DTC is Rectifier switching frequency deviation, this
considerably confuse the power circuit design, customized DTC scheme introduce space vector modulation
SVM have been used to obtain constant switching frequency [7].

Depends on control scheme principles power control directly (PCD) was developed for three phase
pulse width modulation (PWM) rectifiers, most recently PCD of DFIG-base wind turbine system has
been proposed [8]. In [9] the control system was based on expected rotor flux switching vectors were
selected from minimized switching table using estimated rotor flux position, rotor flux errors and active
power/torque. This rotor flux reference was calculated using the reactive power/power factor reference.
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In [10], PCD method based on the expected stator flux was proposed. Since the stator (network) voltage
is harmonic free with fixed frequency, switching vectors were chooses from minimized switching table
using the estimated stator flux position and active power, reactive power errors. Hence control system is
very simple and machine parameters negligible.

This work proposes new PCD scheme for DFIG-based wind energy generation system for constant
switching frequency and improved transient performance. This scheme directly computes the required
rotor control voltage with each switching period, based on expected stator flux, the active and reactive
powers and also their errors. This scheme describes to limit the rotor control voltage and further improve
transient performance.

This Paper structured as Part III gives an overview of the original PCD scheme for DFIG control and
Part IV explains the planned scheme. Simulation results for a 2MW DFIG generation system are presented
in Part V to reveal the presentation of the planned control scheme. Finally conclusions are drawn in
section VI.

2.  PRINCIPLE OF DFIG POWER CONTROL DIRECTLY

Figure 1 shows the equivalent circuit of a DFIG Consider rotor reference frame o, — 3, rotating at an angular
speed of m,, from Figure 2 the stator voltage vector in the rotor frame is given as

joug

Figure 2: Equivalent circuit of a DFIG in the rotor reference frame

r

‘ d¥
Vi=RsT + dts +jo,Y, (1)

And the stator and rotor flux are stated as
Y. =LI+L,[
Y. =LI+L,IL (2)
Where L,=L +L,,andL, =L, +L,
Based on eq. (2), stator current is given as
LY, -L,¥, ¥ B LY,
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Where 6 = (L,L, — L2 )/L,L,(leakage factor) Referred [20], Stator Active and Reactive power inputs

m
from the network can be calculated as

RﬁQ:%WxE 4)

Assume Stator resistance neglected and the network voltage is constant, Stator flux magnitude [V and
the angular speed ®, remains constant [19]. By Substitute eq. (1) and (3) in eq. (4) gives the Stator Active
and Reactive power inputs [19]:
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P, =—k,o,|¥||'¥,| sin O yield
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Where k;=1.5L,/(cL,L,) and 0 is the angle between stator flux vectors, and rotor as shown in Figure 3.
By differentiate eq. (5) we get the following results:
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Figure 3: Stator and rotor flux vectors in stationary and rotor reference frames
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Figure 4: Schematic of the original DPC control strategy [19].

As || and o, remains constant, eq. (6) designates the distinction of active and reactive power can
be controlled by changing the rotor flux components |V, | sin 8 and |'¥',| cos O respectively. The relations
between |, | sin 6 and |, | cos 0, the stator flux the rotor flux can be seen in Figure 3.

From Figure 2, if neglecting the rotor resistance, the rotor flux changes in the rotor reference frame
can be approximated as

\Pr
¥ v_Rr=v 7)
dar

Eq. (7) designates the variation in the rotor flux can directly controlled by the applied rotor voltage,
and its speed is relative to the voltage vector magnitude. If the stator flux situation is recognized, the
effect of every voltage vector on the variation of the rotor flux |V, | sin 8 and |V, | cos 0 can be obtained.
Therefore,

According eq. (6), the effect of every voltage vector on active and reactive power deviation can be
designed. Then best switching table can be approved to give the most efficient rotor voltage vector to
decrease the power errors.
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The array of the PCD scheme planned in [19] as shown in Figure 4. Active and Reactive powers
Hysteresis control in every sampling time is achieved by selecting and applying the best rotor voltage
vector. In order to assurance the efficient power control, the sampling frequency must be adequately lofty,
normally tens of kilohertz range.

The Rectifiers switching frequency highly depends on the working circumstances such as the Active
and Reactive Powers, hysteresis bandwidth, rotor slip etc., and vary knowingly [19]. Hence, it is tough to
calculate the rotor-side converter’s power loss and loading conditions, and suitable cooling system design.
Since the variable switching frequency, harmonics in the stator currents also vary according to the working
circumstances. The AC filter has knowingly complex plan, since it has to absorb broadband frequency
components to prevent their entering the network.

J(Dr\v: ]((1)1 - (.l)r)\\l/f

Figure 5: Equivalent circuit of a DFIG in the synchronous d-p reference frame

Figure 6: Stator and rotor flux vectors in the synchronous d-p frame
3. PROPOSEDPCDSCHEME

A. Demonstration of DFIG in the Synchronous Reference Frame
Figure 5 shows the DFIG equivalent circuit in the synchronous d-q frame, rotating with ®, speed. The
d-axis of the synchronous frame is fixed to the stator flux, as shown in Figure 6.

From Figure 5 the Stator voltage vector in the synchronous d-g reference frame is given as

N

d\¥
V;=RSIL + dts + jo,¥; (8)

Stator flux magnitude and rotating speed are constant under balanced ac voltage supply. Therefore in
the synchronous d-g frame the stator flux maintains a constant value. Thus ¥; =¥

d¥:
£ =0 9
% )
Substitute the eq. (9) in eq. (8) and neglecting the voltage drop across the stator resistance, we get
Vi=jo ¥ =jo,¥, (10)

This equation (10) same as eq. (3), i.e., the stator current in the synchronous d-¢g frame is given as

I = LrlPi _Lm\yi — \Pi _ LmlPi (11)
' LL -I1) oL, oL[L,
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Thus, the Stator Active and Reactive power inputs can be planned as

v, LY
oL, oL,L,

. 3.
Ps _]Qs = E JOYey X [

N

_ é 0 v, X \Psd _ Lm(\urd _erq)
2 IV TG oL.L,
. Lr\us
= kg0, |:_\|Isd\|!rq X JWV g (—L vy, H (12)
Splitting eq. (12) into real and imaginary parts as
Ps = _kc('ollPslerq
LV
Qs = kaIWSd Vg — L_‘Ilsd (13)

As the stator flux stable, from eq. (13), the Active and Reactive power changes over a constant time
(T,) are given by
AP = —km, ¥ ,AY,,
AQ, = ks, 'V, , AY,, (14)

Equation (14) shows that the stator active and reactive power changes are determined by the changes
of the rotor flux components on the d-¢ axis i.e., A¥,; and A¥,, respectively.

B. Control of Active and Reactive Power

The planned control of Active and Reactive powers obtain the necessary rotor voltage, it will decrease the
active and reactive power errors to zero during a constant sampling time period T,. Then A PWM modulator
is used to produce the applied rotor voltage for the sampling time period T,. At the starting of sampling
time (T,), the active reactive power errors are determined as

AP, =P> P,
AQ=Q}-Q, (15)

From eq. (14), in order to decrease the power errors as shown eq. (15) to zero, the rotor flux changes
in the d-g axis must as follow

PR
kow,'¥,
A
aw = A (16)
kow,¥,

As shown in Figure 5, in the synchronous d-g reference frame, the rotor flux is given by
d¥;
dt

Neglect the rotor resistance, within the sampling time (T,) the changes of rotor flux in the d-and g-axis
are given by

= ViR~ J(o, ~ o) (17)



874 M. Venkateswarlu and Y.P. Obulesu

AlPrd = Vrde + U)S\Pqus
AY,, =V, T -oY, T (18)
Where o, = (0, — ®,) is the slip frequency.

By adding eq. (16) and eq. (18) within the sampling time (T,) the required rotor voltage to eliminate
the power errors in the d-g reference frame is determined as

1 AQ,

S SR
“TT, koo,
1 —AP
S (19)

T, koo,

The Rotor flux in the d-g frame can be determined using a method, which is shown in eq. (2). How
ever its exactness could be affected by the variation of L,, as will be discussed later. An another method
is based on eq. (13) as

L
V= - +— Yy
koo, L,
-P
. (20)

" koo, Yy,

Substituting eq. (20) into (19) results in the required rotor voltage in the d-q reference frame

“TT koo¥,, koo,
1 —=AP L

B ) & L, 1)
Ts kaIlPsd kG(’Ol\Psd Lm

In eq. (21) first terms on the right hand side decrease the power errors while second terms recompense
the rotor slip that causes dissimilar rotating speeds of the stator and rotor flux.

C. Voltage Limit of Rotor Output and PWM

In normal operation, the required rotor control voltages conquer the voltage limit of rotor side converter.
While during intransient condition, most changes of active and/or reactive power references can result in
heavy power errors in one sampling time T,. Therefore, the rotor voltage V,;and V,, should be reduced to
improve the transient response. In DFIG, the peak output voltage of the rotor side converter is generally
within the range of 30% of the stator voltage. In the large active power errors, determined V,, is conquer the
voltage range, while V, , remains within the range. Generally voltage components are scaled proportionately.
However the scaling of V,; in case could result in reactive power control being temporarily lost. The approach
altered here maintains V,, and V,, according to the maximum voltage range such that reactive power
remains controlled while active power driven towards the desired value. This method can be represented
as

Via=V.a

Vi, =sign (Vo)) | Vi — Vi (22)

max
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Where V,. ... 1s the peak voltage of the rotor side converter can generate.
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Figure 7: Schematic of the proposed DPC for a DFIG system

But during reactive power steps when V,, remains unaffected while V,, is scaled Within the sampling
time, if simultaneous step changes of active and reactive powers cause both V,, and V,, to conquer the
voltage range, V,, and V,  are scaled proportionately as

\Y
Via= Vo ——
VL +V2

V}" max
Vo=V, (23)

rq rq > >
V Vrd + qu

In the synchronous reference frame, if the desired rotor output voltage is reach, it should be changed
to rotor o, — B3, reference frame using the following equation.

VI" V;e](eS' — Gr) (24)

The required rotor voltage in the rotor frame can produce switching signals to the rotor side converter
using SVM [21] or sinusoidal PWM [22] whose switching frequency is fixed continually at 1/(2T,). For
this rotor converter switching frequency is within a few KHz, and therefore, the proposed PCD sampling
frequency is within a few KHz range.

D. System Implementation

From eq. (21) and eq. (24), determine the required rotor voltage, active and reactive powers and their errors,
from the stator flux, rotating speed and the rotor angle.

The stator instant active and reactive powers can be directly determined from the measured stator voltage
and current. With stationary reference frame, the stator flux is determined using the following:

LPS = I(Vs - RsIs)dt (25)

Figure 7 shows the planed PCD schematic. The three phase stator voltage and currents are measured
and changed into the stationary o—f reference frame. The stator active and reactive powers are determined
and the stator flux is estimated. A phase-locked loop (PLL) is, used to determine the stator flux angle Os
and its rotating speed ®,, then rotor d-g control voltage references are, determined with eq. (21), they are
passed to the voltage limiter and changed to the rotor frame using the rotor angle i.e., obtained by shaft
encoder. Finally PWM switching pattern is generated and used to control the rotor side converter.
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Figure 8: Schematic of the simulated system

E. Parameters Magnitude Changing Effect on System Performance

Guessing of Stator flux must require awareness about stator resistance that has negligible effect on system
performance [19]. Using eq. (21), rotor voltage calculation accuracy is mainly influenced by the constant kG
and the ratio of inductance L,/L,, that are determined by the stator and rotor seepage and mutual inductance.
Due to the seepage flux magnetic path is mainly air; the seepage inductance deviation during operation is
immaterial. However, mutual inductance deviation needs to be considered due to possible deviation of the
stator magnetic permeability and rotor core under different operating conditions. As described in Appendix
A, considering relatively small seepage inductance L, and L, compared to the mutual inductance L,,, the
required parameters can be simplified as

L . L o
It can be seen from eq. (26) the deviation of L,, has little effect on k; and L—r therefore, its influence
m

on the performance of the proposed control scheme would also be immaterial.

4. SIMULATION RESULTS

The planed scheme for the doubly fed induction generator based system is shown in Figure 8, implemented
by using MATLAB/Simulink and the results are presented. The rating of the DFIG is 2 MW and the values
of the parameters are shown in the Appendix B, the dc link voltage of the converter is kept at 1200V. This
PCD scheme controls the stator’s Active and Reactive power from the rotor side converter. The duration
of time period used in the results are 250 microseconds which gives the switching frequency of 2 KHz
of the rotor side converter and the grid side converter keeps the DC link voltage to a constant value and
it is controlled by dc voltage controller in a VSC transmission system with the same 2KHz frequency as
shown in the Figure 8, to reduce the harmonics produced by the converters used in this scheme an AC high
frequency filter is used in the stator side.

For the PWM modulator the desired value of the rotor controlling voltage is then calculated and passed
through it. Normally in our practical systems currents and voltages are set for the starting of the sampling
period. There is a difference between the PWM modulator’s and instantaneous sampling periods in the time
periods in the control voltages of the rotor. In this PCD scheme the voltages in the rotor are calculated easily
and the delaying of time instants should be considerably less, and it should be up to 50 micro seconds and
this values shows that it a practical system for PCD control Scheme. During the operation of this scheme
the converter at the grid side are operated at the time of starting, so the DC link voltage of the converter.
The stator of the doubly fed induction generator will get the supply and gets energized with the constant
rotor speed.
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The dynamic outputs of this PCD scheme were tested with different values of the active and reactive
powers. The outputs of the rotor speeds for the values of 1.0 to 1.2 per units are shown in the Figure 9 (A)
and (B), where N is taken as reference and it is set to be 1 unit. The starting values of active and reactive
powers for the stator was started at 0.2 seconds at rotor side converter and values taken as —2 Megawatts
and —0.5 Mvar respectively, the values of powers at 0.4 seconds -2 to —1 Megawatts and at 0.6 seconds
—05 to +0.5 Mvar’s respectively. The efficient outputs of this scheme are shown in Figure 9. The dynamic
outputs of both active and reactive powers are in few sec. There are no overlapping and overshoots in both
the stator and rotor currents, active and reactive powers.

The harmonics generated in this scheme are shown in Figure 10 (a) and (b) and are called as harmonic
spectra. These harmonics are for the stator and rotor currents are dominant at a frequency of 2 KHz. The
harmonic spectra for different values of stator and rotor currents, powers are given in Figure 9 and 10.

The mutual Inductance is used in the controller having the values of 0% and 20% variations of desired
outputs are given in Figure 11 (a) and (b), the rotor speed changes from 0.8 to 1.2 per unit at a time of
0.3 to 0.7 sec. Different values of power steps are given to active and reactive reference frames at 0.4 seconds
—2 to —1 Megawatts and at 0.6 seconds —05 to +0.5 Mvar’s respectively. Even in the large variations in the
values of the inductances the PCD scheme gives a fine output responses in the Steady state and transient
conditions, there is no change in the outputs when we compare the Figure 11 (a) and (b) and the response
is acceptable.

(a) 3-Phase Stator Current (KA)
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Figure 9: (A) At Rotor angular speed: 1.0pu; Time in (s)
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(a) 3-Phase Stator Current (KA)
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(b) 3-Phase Rotor Current (KA)
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Figure 9: (B) At Rotor angular speed: 1.2pu; Time in (s)

Figure 9 performance of DFIG based generation system under various stator active and reactive power
steps at constant rotor speed.

In a practical system voltages and currents are sampled at the start of the sampling time. The required
rotor control voltage for the sampling time is then, calculated and passed to the PWM modulator. Predictably,
there is a time delay between the instantaneous sampling and PWM modulator’s receiving the required
rotor control voltage. The proposed PCD scheme’s rotor voltage calculation is relatively simple, and the
time delay should be fairly small .though the simulated output rotor voltage is delayed by 50micro sec to
closely represent a practical PCD control system. During the simulation, the grid side converter is enabled
first. Such that the, converter dc link voltage is regulated. The DFIG stator is then, energized with the rotor
rotating at a fixed speed, and with the rotor-side convertor disabled.

Initial studies with various active and reactive power steps were carried out to test the dynamic response
of the proposed PCD scheme. The DFIG was assumed to be in speed control i.e., with the rotor speed set
externally, since in a practical system, the wind turbines large inertia results in slow rotor speed change.
Simulated results are shown in Figure 9 (A) and (B) for rotor speed of 1.0 and 1.2 pu, respectively, where
the synchronous speed is defined as 1 unit. The rotor side was enabled at 0.2 sec with the initial stator active
and reactive power references being —2 MW and —0.5 M var, respectively these active and reactive power
references were step changed from. —2 to —1 MW at 0.4s and from —0.5 to 0.5 M var at 0.4 s respectively.
The effectiveness of the planed control scheme is clear indicated in Figure (9). The dynamic response of
both active and reactive powers is within few milliseconds. The step change of one control variable i.e.,
active and reactive power, does not affect the other due to the way the rotor voltage limit was applied.
There is a no overshoot of either the stator/rotor currents or the active/reactive powers.
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Studies with various power steps during rotor speed and machine parameter variations were carried
out to further test the proposed PCD schemes Figure 10(A) and (B) shows the simulations with the mutual
inductance used in the controller having 0% and 20% errors respectively. As shown during the period of 0.3 —
0.7 sec, the rotor speed increased from 0.8 to 1.2 pu. Various power steps were applied, i.e., active and reactive
power references were changed from -2 to —1 MW at 0.4s and from —0.5 to 0.5 M var at 0.4 s, respectively.

(a) 3-Phase Stator Current (KA)
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(b) 3-Phase Rotor Current (KA)
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Figure 10: (A) with Normal L,,

Figure 10 Performance of DFIG based wind generation system under various stator active and reactive
power steps and rotor speed variation.
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(c) Active Power (MW) & Reactive Power (Mvar)
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Figure 10: (B) with 20% L,,

As seen in Figure 10 (A) the system response with rotor speed variation is satisfactory. Comparing
Figure 10 (A) and (B), the system maintenance superb performance under both steady state and transient
conditions.

The proposed PCD robustness also tested with grid —side converter performance degraded to introduce
significant dc voltage variation during transients. The effect of such a dc voltage variation on the dynamic
and steady-state performances of the proposed PCD scheme is insignificant. Further tests for a complete
generation system including a typical 2 MW wind turbine and DFIG were carried out. The DFIG was set
in torque control the speed is the result of stator/rotor voltage/current and mechanical torque. The active
power reference for the DFIG was calculated from the maximum power tracking curve [4], Figure 11
shows the simulated results when wind speed changes from 11 m/s to 13 m/sat 0.5 sec, and then to 10 m/s
at 1.5 sec. The lumped inertia constant of the system is set to a relatively small value of 0.2 s in the study
to decrease the simulation time. As can be seen from Figure 11, the system operation is reasonable and
maximum power tracking is attained during wind speed variation.
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(d) DC Link Voltage (pu)
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Figure 11: Performance of DFIG based wind generation system for
step change of wind speed

Table 1
Parametrs of the Simulated DFIG
Rated Power 2 MW
Stator voltage 690 V
Stator turns ratio 0.3
R, 0.018
R, 0.0121 pu (ref to stator
L, 3.362
Ly, 0.102 pu
L, 0.11 pu (refer to stator side
Lumped Inertia constant 0.2s
Number of pole pairs 2

5. CONCLUSION

The Active and Reactive power controlled scheme for a doubly fed induction generator based wind power
generation system is presented in this paper. This scheme gives the rotor control voltage within the given
duration by the stator flux, rotor positions and the values of the errors of the Active and Reactive powers.
To improve the system Transient response by controlling the rotor voltage by using the low power ratings
of rotor side converters. This converter constant switching frequency is used to attain the comfort of design
and reduce the AC harmonics also. The effects of parameter variations of the response of the planed system
are analyzed and are to be neglecting. This simulation results in more efficient conditions for the operation
of the system and gives effectiveness of the parameters variations of the machine.

Appendix

A. Parameters effect the rotor voltage vector calculation: Considering L, <<L,, and L, <<L,, the

constant k6 and —~

m

K_=

9

B. Parameters of the DFIG used for simulation: See Table I for listing of the DFIG Parameters.

can be simplified as

31
2 Lo + Lo,
L
=1+ =1
Lm

(A1)

(A2)
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