Appl. Math. Inf. Sci.8, No. 1L, 117-124 (2014) N=SB) 117

Applied Mathematics & Information Sciences
An International Journal

http://dx.doi.org/10.12785/amis/081L15

Active and Reactive Power Control of a Doubly Fed
Induction Generator

Hung-Cheng Chen'* and Po-Hung Chen?

1 Department of Electrical Engineering, National Chin-Yi University etfinology, 41107 Taichung City, Taiwan
2 Department of Electrical Engineering, St. John’s University, 2518& Naipei City, Taiwan

Received: 21 Apr. 2013, Revised: 16 Aug. 2013, Accepted: 17. 2083
Published online: 1 Apr. 2014

Abstract: Doubly fed induction generators (DFIG) are increasingly used in gridfacted wind energy systems to address voltage
regulation and provide adequate reactive power support. This pagsamis dynamic modeling and simulation of a doubly fed induction
generator based on grid-side and rotor-side converter control. Fi&,@rid-side converter, rotor-side converter, and its controllers ar
performed in MATLAB/Simulink software. Dynamic response in grid cected mode for variable speed wind operation is investigated.
Simulation results on a 3.6 MW DFIG system are provided to demonstratdffativeeness of the proposed control strategy during
variations of active and reactive power, rotor speed, and conwriark voltage.
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1 Introduction 10]. Therefore, the control technologies and the dynamic
characteristics of the variable-speed constant-frequenc
(VSCF) doubly fed induction generator should be
important topics in wind energy researchl|12,13]. In

Shis paper, we study the dynamic characteristics of the
and transportlng To solve the problem of energy's DFIG and build the mathematical models accordingly.
shortage and improve the environmental quality, windy,q complete MATLAB/Simulink model of a 3.6 MW
power 1S used to produce electr|C|t_y by a lot of DFIG generation system is built. Based on these models,
countries 1;,2]. The power output of a wind power plant (gynamic response in grid connected mode for variable
|s'stocha§t|c, which is determ!ned by the wind spe_ed an peed wind operation is investigated. From the analysis of
wind turbine generator. If a wind power plant consists of the simulation results, we can realize that the DFIG active

m(?[re twmlijbturbme gen?ratorz the cijhange doffl |tst p(t)we power output will keep varying with the change of the
output will become drastic under wind speed fluctuation wind speed. The zero-reactive-power control in the

With the development of wind industry, this kind of large ac-to-ac converter keeps the reactive power output near

wind power plants will bring many problems to the power - -
. . zero regardl f the win fl ion.
system’s operating3[4,5]. Due to the quick development ero regardiess of the wind speed fluctuatio

of power electronics and relative applications at present,
the variable speed wind turbine with doubly fed induction
enerator (DFIG) was turned into mainstream machine in
fqhe field of( explo)mng wind energy in the world now,[ 2 DFIG Modeling and Power Control
7]. Compared to wind turbines using fixed speed
induction generators, DFIG-based wind turbines offer
several advantages including four-quadrant active and®.1 Generator Model
reactive power capabilities, and variable speed operation
Such system also results in lower converter costs and
lower power losses compared to a system based on a fullfhe classical governing equations of the DFIG il-g
fed synchronous generator with full-rated conver&®]  synchronously rotating reference frame can be written as

The wind power is a kind of renewable green power
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follows [14,15] The voltage balance across the inductors is
: dgs V. i [ S u
Ve = —I R + —— a _a d .a n
ds dshs ddt w1 Ygs w| =R i _|_|_a ip +1S | Vge+ | Un (5)
. % i [ u
Vgs = —lgsRs + %:ﬁqs + w1 Pys ¢ ¢ ¢ = "
. dyr @ where
Var = iarRr + at WsWor S, S, & three-phase bridge arm switching function,
dy respectively.
Vor = igrRe + — - + sl S=1: the top switch is on and bottom is close
dt S=0: the bottom switch is on and top is close
The flux equations are '?E gg ::EE ﬁ)l{atguctu(;?er:ﬁm
Was = —Lsigs+ Lmidr vge: DC link output voltage
W = —Leiget L C. filter capacitor
s TS T Emar 2) L: inductance of grid-side reactor
War = —Lridr +Lmids R resistance of grid-side reactor

wqr = *Lriqr + Lmids

where

wy: synchronous angular frequency \ i li
ws: slip angular frequency '
Rs, R equivalent resistances of stator and rotor

windings, respectively
Ls,Ly,Lm: self and mutual inductances of stator and c +
rotor windings, respectively o B T Ve
The motion equations are given as follows “
" f =] 1 <
dt
- o n
Te= inLqus'dr - |ds|qr) 3)
s = SWy = Wy — Fig. 1: Grid-side converter arrangement.
dd o
dt Due to the summation of the three-phase currents of the
where system without neutral line is zero, iig+ip+ic = 0. We
wr: rotor angular frequency can obtain
s slip
Tm: mechanical torque provided to the wind turbine Up = VatWoiVe }(SQJF S+ S)Vae (6)
Te: electromagnetic torque 3 3
J: moment of inertia Defining iq, iq and vgc as state variables and utilizing
coordination transformation, the mathematical model of
) the there-phase converter in the two-phase rotating
2.2 Grid-Side Converter reference frame can be derived as
The grid-side converter is a bi-directional AC/DC Ug = —L% —Rig+ wiLiq+vg
converter, which could work in rectifier state and inverter dt
state. It is the major implementation elements of the _dig 7
DFIG slip power flow control 16,17]. In order to study Ug=—L dt Rig—@illa +Vq ()

the three-phase PWM converter operation control, the i i

model of PWM rectifier is derived as follows: Cavdc =lde—IL
Figure 1 shows the AC equivalent diagram of the

grid-side converter. The current flowing through the filter where

capacitor is Ud,Uq: the d-g components of bridge arm output
voltage
dvge . , . ) o Vd,Vq: thed-g components of grid voltage
Cogp =lae—IL=Sdat+Slb+Sle—I (4) ig,iq: thed-q components of input currents
@© 2014 NSP
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. Undgr the sy_nchronously rotat.ing frame, tHeaxis Vs T L —
aligns with the grid voltage. The grid voltage components “
are

IGBT Gate
Control Signals

Vg = const

®)
aﬁ@&y

o,Li,

Neglecting the harmonics due to switching in the
converter and the machine losses or converter losses, the

. . X + u 1 4g
active power balance equation is F?i—iﬁé‘

o, ’dg

Power
Calculation

. 3, . . 3 .
R = Vaclae = E(led +Vola) = 2Vald ©) Fig. 2: Vector control model of the grid-side converter.
While B > 0, it represents grid-side converter works in
rectifier state and absorbs energy from the grid. \While

0, it represents grid-side converter works in inverterestat 2.3 Rotor-Side Converter

and delivers energy to the grid from the DC side. Neglecting the resistance of the generator stator winding,
With the PWM depthm; as known, we canrelaig to  the phase difference between stator flux and stator voltage
Vdc @S my vector is just 90. Therefore, utilizing the stator
Vd = —=Vdc (10)  flux-oriented to align the stator flux vector position with
2v2 d-axis, the flux equation is
From (9) and (10), the DC link output current and voltage
can be derived as _ Was = Ps (16)
— % qu =0
dc (11)
42 To keep the stator flugs constant, the voltage equations
and 4 3 can be expressed as
Mo _jo iy = IMla_j, (12) d
dt 4[ Vds ~ aws =0 (17)
Itis evident from (12) that DC link voltage;. may be Vs ~ oy Ws = V
controlled throughy. The reactive powe®; from (to) the e ST
source is whereVs is the space vector amplitude of stator voltage.
Q = g (Vaiq — Vgia) = gvdiq (13) The active and re:ctive powers of st:tor can be derived as
According to the above equations, the reactive power to Ps= E(Vds'derVQS'qs) ~ EVS'qs
the grid-side converter from the source or to the source 3 . _ (18)
from the grid-side converter can be controlled throigh Qs= E(Vqs|ds_Vds|qs) ~ EVSst

If the grid-side be controlled with a unit power factor, the
ig command value is equal to 0. For the sake of
simplification, we assume two compensation tenmgs

According to (18), while DFIG is connected to an
infinite grid, the stator voltage is considered a constant.
The stator current is the only controlled quantity.

andug: as Therefore, the DFIG output power to grid can be
dig controlled by the stator current, which achieves the goal
Ud1 = Rig +LE of independent control for the DFIG active and reactive
di (14) power output.
Ugr = Rig+L 1 Due to the stator windings are directly connected to

dt the power systems and the effect of the stator resistance is
Applying the above compensation termsutpandug, the  very small, the equivalent stator magnetizing current can
effect of the cross-coupling of the input AC current can bebe considered a constant, i.e.

eliminated. Furthermore, adding the feedforward ¥ Vs
compensation of the grid voltage, we can obtain the ims = L0 o (19)
reference voltage; anduj; o _ mooEme _
Substituting equation (19) into equation (@)¢g axis stator
Uy = —Uga + (rLig+Va) current can be calculated as
+ : (15) - i
U = —Ugy — (i Liq) e — Lmiar — Pas _ Lm(iar —ims)
L L
The model of the vector control of the grid-side converter _ L. ° ° (20)
obtained from the above analysis is shown in Figure 2. lgs = E'qr
© 2014 NSP
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Substituting equation (20) into equation (1), the rotor where )
voltage can be express as tig: start-up time (s)
tg: variation cycle (s)
di . MaxG: intensity of fitful wind (m/s
Vor = igrR + 0Ly ddr WsOLrigr Yy (mfs)
(21)

digr N
Vgr = igr R + oLy — - 0t +ws<0Lr|d,+Lm|m)
S

whereg = 1— —m is the leakage factor.

The control vanablesrdr andvy of the rotor voltage
can be obtained from equation (21). The influence of the
cross-coupling between tlteq axis components of rotor
current on system performance is small, which can be

Speed (m/s)
)

eliminated by adopting some control law. The model of ° 3 Time (sec) 20 23

the vector control of the rotor-side converter obtained

from the above analysis is shown in Figure 3. Fig. 4: Speed variation of fitful wind.
3.2 Gradation Wind

L
A
@ Grid

D N ] e (o] The mathematical formula to build the model of the

‘ gradation wind is described as equation (23). The base
wind velocity is 12m/s. The start-up time, cut-off time
and stop time are 5s, 10s and 25s, respectively. The
intensity of graduation wind is 4m/s. The speed variation
of the fitful wind is shown in Figure 5.

IGBT Gate
(Control Signals

@ (0L ig + i) B

A - 0 (t<tw)
H?—QF% - S05 Ve — | Veamp (iR <t < tR)
oL RTIMaxR (tr <t < tor+1R) 23)
Fig. 3: Vector control model of the rotor-side converter. 0 (t>tr+1tR)
t—Dr )
Vv =MaxR|1—-
reme ( tir— bR

3 Wind Speed Modeling where

tir: start-up time (s)
We utilized mathematical formulas to describe the tor: cut-off time (s)
variation of the wind speed, and built three different wind tr: stop time (s) o
speed models. These models are detailed described in the MaxR: intensity of gradation wind (m/s)
following:

17

3.1 Fitful Wind 16

= 15
The mathematical formula to build the model of the fitful § 14
wind is described as equation (22). In this work, the base 2.,
wind velocity is 15m/s. The start-up time and variation .
cycle are 5s and 6s, respectively. The intensity of the fitful
wind is 2m/s. The speed variation of the fitful wind is o 5 EEN 20 25
shown in Figure 4.

Fig. 5: Speed variation of gradation wind.

0, t<tic
Ve = { Vcos, tic <t <tig+tc
0, t>tg+ig (22) 3.3 RandomWind
_ MaxG 1_ 5 tic The mathematical formula to build the model of the
Veos = —5 cos E_E T random wind is described as equation (24). The base
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wind velocity is 15m/s. The intensity of random wind is 4.1 Dynamic Responses of the DFIG under
3m/s. The speed variation of the fitful wind is shown in Fjtful Wind Action

Figure 6.
VN = VwRan(—1, 1) cog et + @) (24)  The dynamic responses of the DFIG generation system
where under a fitful wind action are shown in I':igu.re 8. The
VN intensity of random wind (m/s) active _power Output_ of the DFlG is shown in Figure 8(a)
Ran(_l’ 1) random Samp"ng value (range between The wind Spe.ed arrives at ma.X.|mUm Speed 17m/s at 8s at
~1to1) which the active power output increases to 3.85MW. Due

to the temporary wind speed variation, the rotor speed
shown in Figure 8(c) reduces after increasing and goes
back to original speed 1.2pu because of the pitch angle of
wind turbine adjusted accordingly. The variation of the
active power output is therefore temporary and settles
down at the original power output 3.6 MW. The
controlled pitch angle of wind turbine to maintain
constant power is shown in Figure 8(d). The pitch angle
adjustment results in wind energy conversion under the
maximum security. In Figure 8(b) the variation of the
reactive power output followed the wind speed fluctuation

Time (sec) is pretty small. The zero-reactive-power control in the
. . . ac-to-ac converter keeps the reactive power output near
Fig. 6: Speed variation of random wind. zero regardless of the wind speed fluctuation. The

voltages at bus B4160 and B22.8 shown in Figure 8(e)

and 8(g) maintain at 1pu. The currents at bus B4160 and
4 Simulation Results and Discussion B22.8 shown in Figure 8(f) and 8(h) vary with the wind
) .. speed fluctuation. The DC link voltage also varies with

The mathematical models of a 3.6 MW DFIG and itS yhe wind speed fluctuation, but the variation is not
converters are derived. This system consists of a doubly,pious as shown in Figure 8(i). While the wind stops

fed induction generator with a four-quadrant ac-t0-aCchange all of the output variables eventually revert to
converter based on IGBTs connected to the rotor W'”d'”goriginal values.

and the stator winding directly connects to power
systems. The rotor of the wind turbine is coupled to the
generator shaft with a gear box.

The overall system structure of the DFIG-based wind  + o:
generation system connected to a power system is shown s 02
in Figure 7. The output voltage of the DFIG is 4160V, ... "
which is increased to 22.8kV by a step-up transformer Z,, g st g b o
and connected to a power system through a 20km !
transmission line. The power system’s rating voltage is
161kV which is dropped to 22.8kV by a step-down T fmeceo T dmecen

transformer. Based on these models, the effects of wind (a) active power output (b) reactive power output
speed fluctuation on the operation characteristics of DFIG )

connected to a power system are studied by dynamic
simulation.

S 5

»

Pitch (deg)

=
= IZ_/\/\k
H

>

5 10 15 20 25 5 10 15 20 25
Time (sec) Time (sec)

4160V/22.8kV 22.8kV/161kV 161kV .
60MVA (c) rotor speed (d) pitch angle
1. 1.5
B22.38 L | !
gﬂ; 0.5 g 0.5
Wind z 0 Ea
Turbine e 505
-1 -1
Fig. 7: Overall system structure of the DFIG-based wind "% % P B R S
eneration system connected to a power system. e
9 y P y (e) bus B4160 voltage (f) bus B4160 current
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Time (sec)
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(h) bus B22.8 current

20 25

6500 ~ "

5 10 15
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(i) dc-link voltage

20 25

Fig. 8: Dynamic responses of the DFIG under the fitful
wind action.

4.2 Dynamic Responses of the DFIG under

20 2!

Time (sec)

(a) active power output

Y
Iy}

F

Pitch (deg)

[ - -

wr (pu)

iy

5 10 15
Time (sec)

(c) rotor speed

20 25

“

Vabe-B4160 (pu)
= . & o =
Lo o~ i

)

10 15
Time (sec)

(e) bus B4160 voltage

20 25

0.

0.2!
0.1

Wi g

-0.1

Q (Mvar)

-0.2

5 10 15
Time (sec)

(b) reactive power output

20 2.

12

5 10 15
Time (sec)

(d) pitch angle

20 25

Iabc-B4160 (pu)
=, 8 o ~
LG o h o~

5 10 15
Time (sec)

20 25

(f) bus B4160 current

Gradation Wind Action
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The speed variation of the gradation wind studied here " =
linearly increase from 12m/s to 16m/s in 5 seconds. The
dynamic responses of the DFIG generation system under
the gradation wind action are shown in Figure 9. The
original wind speed and active power output are 12m/s
and 3.05MW, respectively. While the wind speed
increases to 16m/s at 10s, the active power consequently
increases to 3.95MW and then goes back to 3.6 MW
because of the pitch angle adjustment as shown in Figure ;
9(d). The pitch angle approaches to 0 degree when the
wind speed is below the rated wind speed (14m/s) of the
DFIG to take advantage the wind energy by the optimalFig. 9: Dynamic responses of the DFIG under the
windward angle and generate the maximum output powergradation wind action.

When the wind speed arrives at 16m/s, the pitch angle is

adjusted to 10.5 degrees to keep the output power at

rating and avoid an overload. The rotor speed also varies .

with the wind speed fluctuation. Although the wind speed4-3 Dynamic Responses of the DFIG under

has changed from 12m/s to 16m/s, the rotor speed showRandom Wind Action

in Figure 9(c) reduces after increasing and goes back to

original speed 1.2pu because of the pitch angle controlThe speed variation of the random wind studied here is
The reactive power output is shown in Figure 9(b). Theshown in Figure 6, which randomly varies between
zero-reactive-power control in the ac-to-ac converterl2.3m/s to 17.6m/s. The variations of active power, rotor
keeps the reactive power output near zero regardless afpeed, and pitch angle drastically vary with the wind
the wind speed fluctuation. The voltages at bus B4160speed change are shown in Figure 10(a), 10(c), and 10(d),
and B22.8 shown in Figure 9(e) and 9(g) maintain at 1pu.respectively. The wind speed arrives at maximum speed
The currents at bus B4160 and B22.8 shown in Figurel7.6m/s at 5s at which the active power output increases
9(f) and 9(h) vary with the wind speed fluctuation. The to 3.85MW. The rotor speed changes around to the
DC link voltage varies with the wind speed fluctuation, original speed 1.2pu because of the pitch angle of wind
but the variation is not obvious as shown in Figure 9(i).  turbine adjusted accordingly. The pitch angle adjustment

ks i
TR Yo

10 15
Time (sec)

20 25

(i) dc-link voltage
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results in wind energy conversion under the maximum5 Conclusions

security. In Figure 10(b) the variation of the reactive

power output followed the wind speed fluctuation is This paper studies the control of active and reactive power
pretty small. However, the zero-reactive-power control inof the doubly fed induction generator connected to a
the ac-to-ac converter attempts to keep the reactive powepower system. The direct control of the active and

output near zero under wind speed fluctuation. Thereactive power of the DFIG by the stator current provides
voltages at bus B4160 and B22.8 shown in Figure 10(eglobal asymptotic regulation in presence of the stator
and 10(g) maintain at 1pu. The currents at bus B4160 angurrent reference variation. Simulation results show
B22.8 shown in Figure 10(f) and 10(h) vary with the wind control of active and reactive power causes DFIG works
speed fluctuation. The DC link voltage varies with the on active power in addition reactive power and

wind speed fluctuation much obviously under the randomconsequently voltage maintain constant under variable

wind action as shown in Figure 10(i).
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Fig. 10: Dynamic responses of the DFIG under the random [9]

wind action.

wind speed operation.
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