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Abstract—Power systems with high penetration of wind power
usually require long-distance transmission to export windpower
to the market. Inter-area oscillation is an issue faced in Ing
distance transmission. Can wind generation based on doublffied
induction generator (DFIG) help to damp oscillations and hav?
In this paper, a control scheme is developed for the DFIG with
rotor side converter to damp inter-area oscillations. The IFIG is
modeled in Matlab®/Simulink utilizing its vector control scheme
feature, and inner current control and outer active/reactive power
control loops are modeled and designed. A two-area systemah
suffers from poor inter-area oscillation damping along with a
wind farm in the area that exports power is investigated. A
damping controller is designed and time-domain simulatios
are used to demonstrate the effectiveness of the controllefhe
major contributions of the paper are as follows: 1) Built a wind
farm inter-area oscillation study system based on the clagsl
two-area four-machine system, 2) Established that in vecto
control scheme, active power modulation can best help to dam
oscillations, 3) Successfully designed a feedback contiel using
remote signals with good inter-area oscillation observaltity.

Index Terms—Wind Generation, Doubly Fed Induction Gen-
erator, Inter-Area Oscillation

I. INTRODUCTION

HE demand for renewable energy increases day by a4

via rotor speed adjustment and (b) reduced mechanicakstres
imposed on the turbine. On the other hand, the fixed-speed
generator maintains a constant rotor speed. Though it negjui
simple power electronics interface, the fixed speed inducti
generator has a low efficiency of wind power conversion and
no ability to provide reactive power support. It also impose
tense mechanical stress on the turbine and requires complex
pitch control to maintain a constant rotor speed [3].

The doubly fed induction generator (DFIG) is a popular
type of variable speed generator used in wind generation.
Large wind farms are usually located at remote areas and long
distance transmission is involved in getting wind powerh®e t
market. With long distance transmission, oscillations esyle-
cially inter-area oscillations limit the power transfepedility.
When the penetration of DFIG-based wind generation is sig-
nificant, the damping of oscillations by controlling the @FI
becomes an important issue to be addressed. Hugjlat44]
used a Power System Stabilizer (PSS) in a DFIG with a rotor-
side converter to damp power system oscillations. The obntr
is based on Flux Magnitude and Angle control (FMAC) where
the rotor flux magnitude controls the reactive power/valtag
ile rotor flux angle controls the active power/torque. The
t system constructed in [4] does not exhibit inter-area

for the apparent concerns of energy shortage and glolt) q- Sy . :
warming. In Europe and US, legislative acts have been & scillation phenomenon. Since the stator voltage-oreeioie

forced for the increased usage of renewable energy. Wi ldx-oriented vector control is used widely in DFIG [3], [5],

generation is one type of renewable energy resource that investigation of the oscillatipn damping capabilityector
been the focus of renewable energy profile in states withngtroContrOI based D_FIG is of prac_uca_l value. Researches have no
ddressed the inter-area oscillation problems causeddiy hi

wind resources. California and Texas are the leading state’ rati £ wind i in 161, the DFIG trati
use wind energy and other states follow up. In MinnesotBc etration oh-wind generation. in [6], the penetratio

it is recommended that the renewable power penetration \‘?585 added to the classic inter-area oscillation test system
increased to 25% by 2025 [1] he authors have investigated the function of a supplementa

Based on the electrical topology, wind turbine generatogémpmg pon_trol Ioop_ added a_t rotor voltage point.
can be classified into the following four categories: [2]: The ObJeCt'Ve_ of this baper 1 o develqp a Cont_rol strategy
. . . . that can effectively damp inter-area oscillations in a powe
1) fixed-speed squirrel-cage induction generators, _.system. In addition, a full-order model in Matf@bSimulink
2) variable-slip (wound rotor) induction generators Wltis presented for the DFIG with vector-control based current

3) \\I/erlizgllz ;Ot(e);(;e;ésl}srcfe’ d asvnchronous generators cr?ntrol loops and active and reactive power control loops. A
. P y Y gene ' 'supplemental signal containing the inter-area osciltaiidor-
4) variable-speed generators with full converter intezfac

mation will be introduced into the control loops to enhance

Compared to a fixed-speed wind generator, the key &fe system damping. In this paper, decoupled vector control

vantages of the variable-speed generator are (a) its yabill:hemes and control loops are modeled including more detail
to extract maximum electric power at various wind speegse inner current control loops are also included. Activego
modulation and reactive power modulation are investigated
for their effectiveness on inter-area oscillation dampifibe
complete design of the damping controller design is present
The paper is organized as follows: Section | is the intro-
duction and it contains the research objective of the paper.
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Section 1l describes the DFIG model and vector contretherew, is the speed of the synchronously rotating reference
concept. Section Il presents the configuration of the teame, andw, is the rotor (shaft) speed. The model of a
system. Section IV presents the control loops and the contreound-rotor induction generator is different from that of a
strategy for damping inter-area oscillations through DR®Iih  squirrel cage induction generator in whief). and vg, are
rotor-side converter. The difficulties involved in the dgsare zero. In the case of a DFIG, the two variablgs andvg, are
also presented. Section V presents the simulation resadts @ontrollable via the rotor side inverter. The torque depebb

discussion. Section VI concludes the paper. can be expressed as
Il. DFIG MODEL AND VECTORCONTROL CONCEPT T — §B()\q idr — Admiqr) (5)
€ 2 2 m T m T

In this section, the dynamic model of the DFIG is presented _ _
by a set of mathematical equations. The configuration of'd'€T€Agm = Ags —igsLus AN Aam = Ads —iasLis. Agm @nd
grid-tied system with a DFIG and wind turbine is shown irf\m are called the g-axis and d-axis air gap flux linkages.
Fig. 1. The stator of the DFIG is connected to the grid with 10 Obtain & constant stator frequenoy, the sum of the
voltagew, and currenti;. The grid in turn supplies injection frequency of the injected rotor voltage or currenf and the
power to the rotor through a set of PWM converters. frequency_o_f the rotor (proportional to shaft speeg)should
equalw, giving

We = Wy, + Wy. (6)

. In the voltage equations (3) and (4), if we ignore the leakage
s P4+Qy resistance of the stator, it can be found that under steady, st
> 4, Will be in phase with),,, while vy, will be in phase with
Vs ToGrid N\ If wgs = 0, then Agm = 0. Therefore, the alignment of
the g-axis withu, is the same as the alignment of the air gap
flux with the d-axis of the reference frame.
The torque equation is now reduced to

3
Te =3 I_? Ad1niqr (7)

Cl J_ C 22
J —|—C J and the reactive powep, can be expressed in terms of the

rotor current as [8]

Wind Turbine Crowbar

2
PWM Converters 0. = gwe (Ljvi;jm _ /\dmidr) . )
From the expressions for the torque and reactive power, it
The DFIGs are wound-rotor induction generators with rot@an be seen that the rotor currents can independently ¢ontro
windings into which variable frequencw(, ), variable mag- real and reactive power. The rotor currents can in turn be
nitude AC voltages can be injected. This AC voltage wilontrolled by the injected rotor voltage. The currgptwill be
generate a flux linkage with a frequengy, if the rotor is controlled byv,. andis- will be controlled byva,. Thus, we
stand still. When the rotor is rotating at a spegd(due to the can control the active power by controlling, and reactive
wind turbine), the net flux linkage generated by the rotohwitPower by controllingv;-.
the injected voltage will have a frequeney + w,,. [3]. The
net flux linkage will be kept constant at 60 Hz at various wind I1l. CONFIGURATION OF TEST SYSTEM
speeds by adjusting the injection frequency. In this sttily,  The test system shown in Fig. 2 is based on the classic
tn‘_ne frame of analysis (oscillation) is restricted to ZQ(BIIdS. two-area four-machine system developed in [9] for interaar
Itis reasonable to assume that the wind speed remains cons§iillation analysis. Area 1 has two synchronous genesator
during this period and the mechanical torque is also_ consta@ach with 835 MW rated power and Area 2 also has two
The stator and rotor voltage equations of an inductioynchronous generators, each with 835 MW rated power.
machine are written in the following matrix form: All four synchronous generators are identical. In this pape

Fig. 1. Grid-tied DFIG wind turbine system.

v — . 4 AN s (1) the full-order model of the synchrqnous generators is used.
—abes 7 T8 abes dt The parameters of the steam turbine generators come from
v i i dAabcr' @) Krause’s classic textbooknalysis of Electric Machinery [7].

—aber "-aber dt The parameters are also shown in Table | of Appendix. In

The voltage equations of an induction machine in th&rea 1, a wind farm is connected to the grid. The wind farm
arbitrary reference frame (d-q) can be written in terms ef thpenetration is assumed to be 25% of Areai.&, the rated

currents as [7], [8]: exporting power level of the wind farm is 200 MW.
. dAgqs The transfer level along the tie line of the two areas varies
Udgs = Tslags + g +We X Aggs (3)  from 0 MW to 400 MW due to the variation of load levels
A g in the two areas. The inter-area oscillation is charactdris

Vagr = Trigg T i + (We — wr) X Aggy (4 the swing of the generators in Area 1 against the generators
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in Area 2 and the frequency of the oscillation is about 0.
Hz or 4.35 rad/s. In addition, there are local oscillation
present in the system at about 7.7 rad/s. The local osoifigti
are characterized as the swing of one synchronous gener:
against the other in the same area.
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IV. CoNTROL OFDFIG

In this section, the control loops around the rotor-sid °
converter of a DFIG are discussed in detail. The DFIGs rotc
side control usually consists of the inner current contoob,
and outer loops for active and reactive power control. Th, ¢ ]
type of control structure is also called cascade controliandy
widely used in inverter control of induction machines [10]% .|
The control loops can be designed independently since
bandwidth of the current control loop is much higher tha
those of the outer loops. ' 10’ 0’ 10

Frequency (rad/sec)

A. Inner Current Control Loop of DFIG Fig. 4. Bode diagram of 4. /vg, refation.

The inner current control loop senses the rotor currents and
feeds back suitable rotor voltages. From the voltage egpsti s ]
expressed in (3) and (4), the state space model can be abtafiés) = Kp + <+ and its response at the crossover frequency

as [6]: w. become<L (jw.) = Kp—jf—:‘. According to the frequency
, , domain design criteria, the phase margiof the compensated
p las lgs Ygs system is given by [12]
S| s | 2 A(we,wr) K B(we, wr) Vds |
di | tar Yar Var O (jwe)G(jwe) = 1£(—180 + )°. (10)
Tdr Ldr Vdr
Two PI controllers, one fron,,. to v, and the other fromi,, If ¢ = =180 + ¢ — ZG(jw.), then the controller parameters
to vy, are used to track the reference rotor current. K, and K; are given by
The DFIG has a natural oscillation mode of about 60 Hz
and a higher-than 60 Hz bandwidth for the loop means a fast K. — cosf (11)
response. The PI controllers are to be designed to have a 100 i |G (jwe)
Hz gain crossover frequency and a 90 degree phase margin K - sin Qw,, (12)

[11]. The open loop frequency responses of the DFIG are
plotted in Figs. 3 and 4.

The plant has a transfer functiofi(s) and its frequency The parameters of the Pl controllers are shown in the Ap-
response atv. is G(jw.). Assume a Pl controller with pendix.

|G(jwe)l
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B. Active Power and Reactive Power Control of DFIG

Federal Energy Regulatory Commission (FERC) Order 6¢
requires the wind power plants to have the capability tommdnt b modulation
their reactive power so that the power factor falls withig3.
leading to 0.95 lagging range [2]. Therefore the capabibity
track PQ is a basic requirement for a DFIG system. Activ
power and reactive power (PQ) tracking can be achieved
two PI controllers as shown in Fig. 5. Due to the decouplin
nature of vector control, one can adjugt based onP and
vg based ony).

0.05

C. Damping Control of DFIG

Since the current loop is very fast and its bandwidth i
very high compared to the desired bandwidth of the dampil
control loop, there is no need to put a supplementary sigr | ‘ ;
at the current control loop. Instead, we propose to add > 1o » 20 2 %0
supplementary signal at the active power control loop. Sinc Freq (radis)
the mter-areg oscillation is _a phenomenon rellate_d to t.tﬂﬂ” I’OFig. 6. Open-loop frequency responses with P modulationGnabdulation
angle and active power, active power modulation is an effect
method for damping oscillations in power systems.

The rotor angle difference has a good observability of the
inter-area oscillation mode between the two areas [13].rohe
tor angle difference can be estimated from local measuresnen
(voltage and current) using the method of [13]. The anglé
difference signal can be obtained accurately using a sfate-
art Phasor Measurement Unit. In this paper, we assume that Var
the angle difference signal is available through eitherspha o+ 2 Cu
measurement technology or local measurement and estimatio : o

The open-loop frequency responses of two systems, one
with P modulation and a second witf) modulation are
compared in Fig. 6. The first system relates thenodulation
and the rotor angle difference and the second system remestid- 7-  The overall control structure of the DFIG with rotades converter
@ modulation and the rotor angle difference. It is seen that
the oscillation frequency is about 4 rad/s at which the first
system has a higher magnitude compared to the second.rdd/s and the other pair corresponds to an oscillation mode
control the first system, we will need a smaller gain whicht 7.74 rad/s. The later oscillation mode is a local osdiat
is preferred since it avoids controller saturation. Thus tinode characterized by one generator oscillating agairest th
frequency responses confirm that the active power modulatiether in the same area. The second pair of poles has the
is a good choice for damping inter-area oscillations. Thekl associated zeros close-by on the left half plane. Therefore
diagram of the overall system including the controllers tired  is impossible to move the second pair of poles to further left
DFIG with rotor side converter is shown in Fig. 7. The best option is to move the closed-loop poles as close to

The root locus diagram of the open loop system is shoWhe zeros as possible.
in Fig. 8. The open loop system is unstable since there areA simple proportional controller cannot do the job due to
two pairs of complex poles on the right half plane. One paihe fact that the two oscillation modes (root locus) will reov
of poles corresponds to the inter-area oscillation mode7& 4in opposite directions according to the root locus diagram.
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20 : left plane. It is found that the first pair of poles correspend

to the inter-area oscillation mode which has a frequency of

151 . 1 4.73 rad/s. The second pair of the poles corresponds to an

C@ oscillation mode with a frequency of 7.74 rad/s. Apparently

10 1 the selected input signal (rotor angle difference) is nfetative

o in damping the second oscillation mode since the poles are

® 1 very close to the zeros. To enhance the damping of the inter-

® area oscillation mode, a pair of complex zere$)(05+;0.77,

® | notated as 1 in Fig. 10) is added in the left plane close to the

ni @ | poles. These zeros cause the closed-loop poles move to the
& @\ left plane when the gain increases. To make the controller

o) \ | proper, two real poles (-6.7,-62.5) on the left real axisase

- \ added. To make the second pair of closed-loop poles move to

-1 e ‘ 1 the corresponding zeros as fast as possible, two pairs o$zer

| poles (—0.62+6.64- notated as 2 and 1.24+459.01- notated

2 s o - o 0 5 » as 3inFig. 10) nearby are added. The controller desigagll (
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Imag Axis
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Fig. 8. Root locus diagram for the open loop system o (1+0.17s+ 1,3232)(1 + 0.028s + 0.15282)
47 1+ 0.155)(1 + 0.0165)(1 + 0.03s + 0.1125%)”

Moving one mode to the left plane means moving the other 1he root locus diagram of the compensated systeim P>
mode to the right plane. The order of the open-loop systemi§s&/S0 shown in Fig. 10.

high so a more complicated controller is required. The desin
is simplified by considering the dominant zeros and poleg.on
The transfer function of the approximate system is given b

(14)

Root Locus

S

i c o |
P (54 0.177 + j8.32)(s + 4.22 4 j14.5) | — , ‘\ |
(s — 0.209 + j4.79)(s — 0.15 & j7.67)(s + 6.5 + jl((:)l-.g; A R
The frequency response of the approximate sysfers . <\
compared with that of the original system (Fig. 9). It is see, _ .
that the phase angles are the same over the frequency ranc: o ; ! ier-area oscllaton mode
1

100 rad/s. However, there are magnitude differences betwe" L |
the two. Compensating with a gaink = 0.56 will make the (
frequency responses @tk and the original system the same -« 8

as ShOWﬂ in F'g 9 local oscillation mode
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The gain that corresponds to maximum damping of the
inter-area oscillation mode is computed from the root locus
diagram as 2.0. The final damping controller designed isrgive

by
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Cdamping =2 .
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V. SIMULATIONS AND DISCUSSION

-180 &= L

w’ ] 101( v o’ Time-domain Simulations are performed on the test system
in order to show the effectiveness of the damping control.
Fig. 9. Bode plots of the original system and the approxinsgstem The system operates under steady state for 0.1 second with th

power transfer between the two areas at 400 MW. A temporary
For the approximate lower order systdmk, we now design three-phase fault occurs at Bus 3 at 0.1 second and is cleared
a controller that can move the two pairs of unstable polesdo tsubsequently at 0.1 second. Figs. 11 and 12 show the dynamic
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responses of the synchronous generators and the DFIG wl
there is no inter-area oscillation control. In Fig. 11, thkative
angle differences, rotor speeds and electric power expoetd
are plotted. In Fig. 12, the rotor speed, mechanical torqt
electric torque and terminal voltage of the DFIG are platter % 1 2 3
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It is seen that the system exhibits low-frequency osaillai
. N . n ~1.005 q
whose amplitude increases with time and eventually theegyst 2
becomes unstable. . A Py =
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w ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Fig. 14. Wind turbine generator dynamic responses with lsnpentary
2 1 2 3 4 5 6 7 3 9 10 damping control. (a) speed of DFIG rotor, (b) mechanicafjder, (c) output
2 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ P and @ of the DFIG (P is above curve)), (d) terminal voltage magnitude
31 ] of the DFIG.
5
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o2 2 v 0 et 8 % ™ and 2) with damping control. The plots are shown in Fig. 16

where dashed lines correspond to the first scenario and the
solid lines correspond to the second scenario. From ths,plot
05} ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ . Wwecan observe the effectiveness of the designed contioller
damping out the 0.7 Hz inter-area oscillation. Meanwhile th
Fig. 12. Wind turbine generation dynamic responses withupplementary Other oscillation mode tends to damp out as well. Compared
damping control. (a) speed of DFIG rotor, (b) mechanicafjter (c) output tg the originally unstable case, the modified system becomes
(I;?r?edg,:?g_he DFIG (7 is above curve), (d) terminal voltage magnitude giapie with the addition of a supplementary control loop.
The enhanced stability can further help to improve transfer
Figs. 13-15 show the dynamic responses of the synchrong@pability and move more wind power to the market.
generators, the induction generator, and DFIG damping con-This paper has demonstrated that with proper control,
troller with the auxiliary damping control added for activdDFIGs have the capability to damp inter-area oscillations.
power modulation. Existing industrial practice is to have PSSs for damping
The dynamic responses of the rotor angles are plottedcillations in synchronous generators. In Mid-contingrea
together for the two scenarios: 1) with no damping contrdbower Pool, PSSs are required for every synchronous gener-
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Fig. 16. Rotor angle dynamic response comparison (sol&slicorrespond
to the dynamic responses for the system with damping cordaited lines
correspond to the dynamic responses for the system witreupihg control).

ator with 100 MVA and above rating [14]. Since the future

power system will consist of synchronous generators with a
significant percentage of wind generation, both synchrenouz]
generators and wind generators should be equipped wi}&

oscillation damping devices to improve system damping.

VI. CONCLUSION

tion. The control scheme also contributes positive dampuing
the other critical oscillation mode. Time domain simulago
demonstrate the effectiveness of the control.

APPENDIX

Parameters of the induction generator:
H = 5s,r; = 0.00059 pu , X5 = 0.4161 pu, r, = 0.00339
pu, X;s = 0.0135 pu, X;,. = 0.0075 pu.

Control loop transfer functions:
Current control loop:

Cia = Ciq = 0.0352 4 6765,
PQ control loop:
Cp=Cp=1+1

Parameters of the synchronous generator in the test syseem a
listed in Table I.

TABLE |
SYNCHRONOUS GENERATOR PARAMETERS

Rating: 835 MVA

Line to line voltage: 26 kV

Power factor: 0.85

Poles: 2

Speed: 3600 r/min

Combined inertia of generator and turbine: H=5.6 s

rs = 0.00243€2,0.003 pu X;s = 0.1538€2,0.19 pu

X, = 1.457Q,1.8pu Xg = 1.457Q, 1.8pu

r;ql = 0.00144%2, 0.00178pu r}d = 0.00075£2, 0.000929pu

X[pq1 = 0.6578Q,0.8125pu X/, = 0.11650, 0.1414pu
Thaz = 0-00681€2,0.00841pu 7}, = 0.01080%2, 0.01334pu
X]ign = 0.076020,0.0939pu X/, ; = 0065779, 0.08125pu
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