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Abstract—This paper proposes a method to control the output
power of a wind farm with the aim of improving the transient sta-
bility of a multi-machine power system. Doubly fed induction gen-
erators (DFIG) are considered for the variable speed wind farms.
The variation of the frequency of the DFIG terminal bus is used
to modulate the torque reference and thus the output power of the
DFIG in the post-disturbance condition. This in turn modifies the
electrical power of the nearby alternators and causes improvement
of stability. The proposed control technique is validated in WSCC
3-machine 9-bus system and IEEE 16-machine 68-bus system. The
study is carried out in PSCAD/EMTDC as well as in MATLAB
platforms.

Index Terms—Doubly fed induction generator, field-oriented
control, power system, transient stability, wind power.

I. INTRODUCTION

HE environmental impacts and diminishing reserve of

fossil fuel is forcing the power system planners across
the globe to look for increased use of renewable energy. Until
now, wind energy is the cheapest of the commonly used re-
newable sources and hence its percentage share in the total
power generation is increasing considerably in many countries.
To begin with, fixed speed wind turbines and squirrel cage
induction machines were used for wind power generation.
Subsequently, doubly fed induction generator (DFIG) were
introduced which uses power electronic converters in its rotor
circuit to enable operation in both sub-synchronous and super
synchronous speed regimes extracting maximum power from
wind [1]. Permanent magnet synchronous machines can also be
used for generating wind power, though this requires converters
of higher capacity which makes it a costlier option.

Wind power generation is variable in nature due to variability
of wind speed. Grid integration of this variable power in in-
creasing capacity raises concern about its impact on the stability
of the power system [2]-[6]. On the other hand, the possibility
of the use of DFIG-based wind generation for overall system
damping, voltage support and short term frequency support have
also been investigated [7]. A power system stabilizer (PSS) for
DFIG is proposed in [8]. A damping controller for DFIG using
bacterial forging technique is introduced in [9]. Studies are car-
ried out to improve the transient stability of the DFIG based
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power system with the use of battery storage unit [10]. A de-
coupled control strategy has been proposed in [11], where the
grid side converter (GSC) acts as STATCOM and the DFIG be-
haves like a fixed speed machine during disturbance, to improve
the system stability. To improve the grid robustness two algo-
rithms were proposed in [12]. The first algorithm is based on
primary frequency control with filtered split controller and the
other is referred to as torque speed controller which uses the
pitch controller for improving the active power control of wind
generator.

In this paper, a method is proposed to control the output
power of a DFIG based wind farm for a short time span during
the post-fault condition with the aim of improving the transient
stability of the system. This is achieved by modifying the ref-
erence for the electromagnetic torque of the DFIG depending
on the frequency of its terminal bus. As a result, variation of
wind power takes place in such a way that it helps to restore the
balance of mechanical and electrical power of the nearby alter-
nator(s), thus causing an improvement in the transient stability
of the system. The effectiveness of the proposed controller is
verified for constant as well as variable wind speed conditions.
The proposed method is also tested considering multiple wind
turbine-generators (in a wind farm) experiencing the same
wind profile at some time lag. PSCAD/EMTDC simulator is a
standard tool used for electro-magnetic transient program and
has been used for studying grid connected wind generator in
[13]-[16]. In the present work also, the simulation is carried
out in PSCAD/EMTDC as well as in MATLAB platforms. The
systems used for the study are WSCC 3-machine 9-bus system
and IEEE 16-machine 68-bus system.

II. MODEL OF THE WIND FARM AND POWER SYSTEM

The wind farm is formed by a number of wind turbines and
generators connected in parallel. However, in this paper, the
wind farm is represented by an aggregated model.

A. Modeling of the Wind Turbine and the DFIG

The wind turbine and the DFIG rotating mass is represented
by the two mass model [17]-[20] as shown in the following:

dw, 1

F — E [kshetw + CshwelB(wt - wr) - Te] (1)
de w

djf = weap(w —wr) 2)
dwt 1

E — E [Tm - kshgtw - CshwelB (Wt - LU»,«)} . (3)

Here w, and w, are the rotor electrical and mechanical speeds,
respectively, 8y, is the shaft torsional angle, H; and H, are the
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turbine and the generator inertia, respectively, k,p, and Cyj, are
the shaft stiffness and damping coefficient, respectively. T}, is
the mechanical torque of the wind turbine which is a function of
wind velocity (V,,,) [17]-[21]. T is the electromagnetic torque.
Under unsaturated and balanced condition, the stator and the
rotor circuits of the DFIG are represented by [17]-[19], [22]
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L
(Los—L) . y e /
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where w5 is the electrical base speed, w is the synchronous
speed in per unit, Vy; and V,, are the stator d-axis and g-axis
voltages, respectively, Vg-and V. are the rotor d-axis and ¢-axis
voltages, respectively, 74, and ., are the stator d-axis and g-axis
currents, respectively, L, is stator inductance, R, is the stator
resistance, L,., is rotor inductance, R, is the rotor resistance,
and T, = L,./R,. Also, ¢/, and e’q are the equivalent d-axis
and g-axis source voltage behind transient impedance defined
as

8:1 = WSLm (iq’r‘ + Kmr'r i’qs) (8)

elq = *wsLm (idr + Kmrrids) (9)
where i4,, and iy, are the rotor d-axis and ¢-axis currents, re-
spectively, Kypr = Ly /Lpr, and Ly, is the mutual inductance.
Also

L'=L, —L%/L,,. (10)
The electromagnetic torque 7 is given by
T, = (eyiqs + elids) [ws. (11)

The aggregated wind farm is connected to a load bus (bus
“m”) of the existing power system through a double circuit
line and a transformer having combined impedance (r + jz)
as shown in Fig. 1 [23]. In Fig. 1, n, is the gear box ratio, P,
and (J, are rotor active and reactive power, respectively, and
RSC stands for rotor side converter. The terminal of the ag-
gregated DFIG is considered as a new bus “n”. Suppose, the
load connected to the bus “m” in the original system (without
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Fig. 1. Connection of DFIG to the system load bus.

wind farm) is (Pr,, + jQpr,,). It is assumed that some local
load (Ppe; + jQpg¢) is present along with the wind farm. So,
this local load is also considered to be connected to bus “m” as
shown in Fig. 1 [24]. The value of this local load is considered
such that under rated wind speed, the DFIG would supply this
additional load as well as the losses in the connecting line and
transformer. This assumption is made so that the power flow
in the original network and the generation of the existing alter-
nators remain almost unchanged (only small variations due to
wind speed variability) under steady state condition. This en-
sures that the effects of wind power integration observed are
solely due to the interaction during transient conditions.

Total active and reactive power delivered by the DFIG to the
grid can be expressed as

Pdg - Ps + PGSC - Vdsid.s + Vvqsiqs + Vdridr + Vvqriqr
(12)

ng = Qs + QGSC = ‘/qsids - Vdsiqs~ (13)
P, and @, are the stator active and reactive powers. Pgsc
is active power flowing out of the GSC. The GSC is operated
at unity power factor thus making its reactive power (Qgsc)
equal to zero. During fault, the rotor of the DFIG is short cir-
cuited through an external resistance (crowbar), thus making
the DFIG operate as a singly excited machine. This is called
the fault ride through operation [25], [26]. For a realistic simu-
lation, the crowbar is made active after a 5-ms delay from the
instant of the occurrence of the fault and is removed from the
circuit after a similar time delay when the fault is cleared.

B. Modeling of Synchronous Machines and the Network

The synchronous machines are represented by the flux decay
model [27], [28]. Static exciters represented by one gain and
one time constant are considered along with each alternator [27].
The generator and the exciter dynamics of an /m machine system
is given by

do;
E:wsAwmizl,...,m (14)
dAw,,
2H; d‘: = P, — P, —kp,Aw,,, i=1,....m (15
’ dEQ1 _ _,T,di 7
doi ™ gt ‘T’:ii g
+ (lfi’ — 1) Vicos(8; — 6;) + Eyq,,
zy
i=1,....,m (16)
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dEyg, .
TAi dt = 7Efdi +(‘/refi *W)KAU i=1...,m
a7)

P, = E, Visin(§; — 0;)/xy,;
+0.5 (1/% - 1/3:;) V2sin2(5; — 6;), i=1,.....,m
(18)

where 4 is the angular position of the rotor, Aw,; is per unit
speed deviation of the rotor, H is the inertia constant, kp is
damping coefficient, P, is mechanical power input, x4 and
are d-axis and g-axis synchronous reactance, x/; is d-axis tran-
sient reactance, I, is the g-axis voltage behind 7, Ty, is the
d-axis open circuit time constant, E¢4 is the exciter voltage, K 4
and T4 are the gain and time constant of the exciter, V' is per unit
terminal voltage of the machine, and 4 is its angle. The transmis-
sion lines are represented by equivalent 7 structure. The loads
are considered to be of constant impedance type.

PSCAD/EMTDC being an electromagnetic transient simu-
lator, it includes the machine dynamics (alternator, exciter, and
DFIG) as well as network dynamics. Equations (1)—(13) de-
scribing DFIG are used by PSCAD/EMTDC simulator as can be
found in [22]. The flux decay model of the synchronous machine
is used. The internal node of the synchronous machine is in-
cluded in the network as an additional bus which is connected to
the generator terminal bus through the d-axis transient reactance
() as per the standard practice [27], [28]. Hence, the dynamics
due to this 2, is also included along with the network in the
PSCAD simulation. Though the fast dynamics of the network
are usually neglected for transient stability studies [27], [28],
here it has been included to start with because of the presence of
the power electronic converters of the DFIG which are switched
at higher frequencies as described in Section III. However, sim-
ulation is also carried out considering only the lower frequency
(electro-mechanical) dynamics and neglecting the higher fre-
quency dynamics using MATLAB platform and the results are
compared with the PSCAD results in Section V-A.

III. MODIFICATION OF THE CONTROL STRUCTURE
OF DFIG FOR STABILITY IMPROVEMENT
A. Field Oriented Control Structure of DFIG [1], [29]-[31]

The d-axis of the synchronously rotating reference frame is
considered to be oriented along the stator (or bus “n”) voltage
V,, and the g-axis is leading the d-axis. Hence

Vis = Vi, and Vg = 0. (19)

The d-axis and g-axis components of the stator flux (/) are

¢ds - Lssids + L'mid'r (20)

¢qs = Lssiqs + Lmiqw (21)
With orientation as in (19), for a sufficiently low R

¢ds =(0and qu = ¢s~ (22)

Rearranging (11) and using (20)—(22), the electromagnetic
torque can be expressed as a function of d-axis rotor current

L, .
Te - - (L—ss> ¢qs7fd'r- (23)

By rearrangement of (13) and (19)—(22), the stator reactive
power can be expressed as a function of g-axis rotor current

L, Vas \ . Pys
Qs - ( Lss ) lgr — Vds L:s .

(24

It can be seen from (23) and (24) that 7, and @ can be in-
dependently controlled by i4, and i,,, respectively. Using these
relations, the field oriented control (FOC) of the DFIG rotor side
converter becomes as shown in Fig. 2 [1], [29]-[31]. In Fig. 2(a),
the reference torque is obtained for maximum power extraction
from wind using the relation [18]

T

— 2
Eref — KOI)t Wy if wy < Wreated

= Tepnpea if Wr > Wryey (25)
where K, in p.u. is given by
Kopt = 0.5pmR*C,., win/(ApiSB)- (26)

Here Tt.,,., is the rated torque and w, . , is the rated DFIG
speed. Sp and w;p are the base power and the base speed of
the wind turbine, respectively.Cy, .. is the maximum value of
the coefficient of performance of the wind turbine €, when
the pitch angle (3) = 0°, Ay is the tip speed ratio when
Cp = Gy, [19]. The €}, — A curve used for this study is
taken from [32]. However, the method proposed in this work
has been tested with wind turbine having other €, — A charac-
teristics like that given in [18] and [ 19] also and the performance
of the proposed model has given satisfactory result. As shown
in Fig. 2(a), the reference of the d-axis rotor current (Igqyef) is
compared with 74, and the error signal is passed through a P-I
controller to generate the rotor d-axis voltage reference (vgy,., )-
In Fig. 2(b), the reference for stator reactive power (Qs,,,) is
taken equal to the amount of reactive power to be supplied by
the DFIG. The g¢-axis rotor current reference {I,ver), obtained
from Q.. by (24), is used to get the g-axis rotor voltage refer-
ence (vgr,,, ) through a P-I controller. The parameters of the P-I
controllers of Fig. 2(a) and (b) are obtained using the pole-zero
cancellation technique with the knowledge of the DFIG param-
eters as per the usual practice [31]. Now, d-¢-0 to a-b-¢ trans-
formation on vg, . and vy, gives the rotor phase voltage ref-
erences which are used as the modulating signals in PWM to
generate the switching pulses for the RSC.

Similar to RSC, the stator voltage orientation is considered
for the control structure of GSC also. This enables the decou-
pled control of active and reactive power flowing through the
converter. The DC bus voltage is taken as the control variable
and by maintaining this voltage constant it is ensured that the
GSC allows bi-directional flow of active power between the grid
and the RSC (and subsequently the rotor) via the dc bus as per
the demand of the RSC. On the other hand, the reactive power
flow is controlled such that the GSC is operated at unity power
factor.

The pitch controller increases the wind turbine blade pitch
angle to reduce the mechanical power extraction whenever the
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Fig. 2. (a) d-axis control block. (b) g-axis control block.

wind speed (thus w,) exceeds the rated value, to keep DFIG

active power output Py, = Prgged.

B. Modification of Field Oriented Control of the RSC

Following a disturbance (say a 3-phase short-circuit fault),
the electrical power of the synchronous generators undergo
some change (mostly due to changes in the bus voltages).
However, the mechanical power has a larger time constant and
does not change so quickly, thus resulting in some imbalance
of the mechanical and electrical powers of each synchronous
machine. So the relative rotor angle (§) and the frequency of
the synchronous machines undergo some excursion [following
(14) and (15)]and may even become unbounded causing tran-
sient instability. If the power system consists of a wind farm,
then the total power generation is the sum of the output of the
synchronous generators and the wind farm. So a change in the
output power of the wind farm is expected to cause changes in
the output powers of the synchronous generators. Therefore,
during a system disturbance, some changes in the output of
the synchronous generators can be effected by controlling the
output of the wind generators. Now, if this change/variation
of the synchronous generator output takes place in such a way
that the imbalance of its mechanical and electrical powers
(caused by the disturbance) gets reduced then this will cause
improvement in the transient stability. Off course the effect
of this change will be more prominent if 1) the penetration of
the wind farm is high and 2) the fault takes place at a location
electrically not too far away from the wind farm.

With this background, a method is proposed in this paper
to vary the output power of the wind generator (DFIG) during
the post-fault condition in such a way that the balance of me-
chanical and electrical power of the nearby synchronous gener-
ators is restored, which helps to retain the synchronism. In the
field oriented control of the RSC of DFIG, shown in Fig. 2, the
electromagnetic torque (7,) can be controlled by changing the
torque reference T, without affecting the reactive power [1],
[29]1-[31]. Since the change of rotor speed (w,) is slow (due to
inertia), a change of torque immediately results in a change of
DFIG output power. This is achieved by introducing an addi-
tional control block (ACB), shown in Fig. 3, for modifying the
torque reference, which is made active only for a short duration
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Fig. 3. The d-axis control structure for RSC with proposed modification.

just after the fault clearance. As the ultimate aim of the modi-
fication of T, , is to oppose the imbalance of mechanical and
electrical power of the nearby synchronous generators, it is re-
quired that the input variable to ACB should carry the informa-
tion about that imbalance. The frequency of the DFIG terminal
bus (Fpg) can be one such variable because the imbalance of
mechanical and electrical power of the synchronous generators
results in excursion of the synchronous machine rotor angle and
frequency, which in turn influences the frequencies of the nearby
buses (including the DFIG terminal bus). Hence, the frequency
of the DFIG terminal bus (Fpg) is measured and used as the
control signal for the ACB which is kept operative only for a
short time span after the fault is cleared and the crowbar is re-
moved.

The measured frequency, I'n¢, contains high frequency os-
cillations due to network dynamics (60 Hz) which are elimi-
nated by a low-pass filter (LPF). The corner frequency of the
LPF is set at 10 Hz so that the low frequency electro-mechan-
ical transients (0.5-2 Hz) are retained. A lead lag compensator
is used to compensate the phase lag introduced by the LPF [27].
The parameters of the lead-lag compensator are calculated on
the basis of the required compensation. The lead time constant
and the lag time constant are taken as 1 s and 0.818 s, respec-
tively. The filtered signal { fp¢ ) thus obtained is passed through
a P-I controller and the output of the P-I controller (AT,) is
added to T, to get the modified reference torque 77 . The
proportional gain of the P-I creates damping torque and the inte-
gral part of it will influence the synchronizing torque. Excluding
ACB, the remaining portion of the control structure shown in
Fig. 3 is same as the one shown in Fig. 2(a). Using T, . as the
torque reference vqy, . is obtained. The g-axis control structure
remains unchanged as in Fig. 2(b) which provides vy, ;. Using
d-g-0 to a-b-c transformation on vg,_, and vy, , the rotor phase
voltage references are obtained, which are used as the modu-
lating signals in PWM to generate the switching pulses for the
RSC. This proposed control scheme is termed as modified field
oriented control (MFOC).

To summarize the choice of the controller, it can be said that

» Disturbance like fault gives rise to imbalance in mechan-

ical and electrical power of the synchronous generators
which results in excursion of rotor angle and frequency.

* Controlled variation of wind generator output during a dis-

turbance may effect changes in the nearby synchronous

1odedos
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generator output power thus reducing the imbalance and

aiding transient stability.

*  Wind generator (DFIG) output power can be controlled by
controlling its electromagnetic torque (7). For this, the
torque reference (Te,.,) is to be modulated.

* For modulating the DFIG T, such that it finally result in
reduced imbalance of mechanical and electrical power of
nearby synchronous generators, the control variable should
carry information of the imbalance.

+ The frequency of the DFIG terminal bus (Fpg ) can be one
such variable because the excursion of the synchronous
machine rotor angle and frequency (arising due to the
imbalance of mechanical and electrical power of the
synchronous generators) influences the frequencies of the
nearby buses (which include the DFIG terminal bus).

* However, Fpg contains high frequency oscillations due
to network dynamics which are eliminated using low pass
filter and the resulting phase lag is compensated using a
lead-lag compensator.

* Thefiltered signal ( fpc ) is passed through a P-I controller.
The integrator provides the synchronizing torque which
helps to improve transient stability.

It may be noted that because of the presence of the integrator (of
the P-I controller) in the ACB and frequency being the input, the
output of the ACB (AT, ) will keep on increasing or decreasing.
However, here the ACB is made active only for a small duration
(tmroc) in the range of 0.5 s-2 s after fault clearance and the
subsequent removal of the crowbar and is made inactive after
that time span. As a result, the torque reference changes during
that short time span (¢mroc ), but the change is not too high to
endanger system stability. This has been illustrated with exam-
ples in Sections IV-A and IV-B. Once the ACB is withdrawn
after {mroc, Te,., 1S maintained in accordance with (25) only
without being modified by AT . On the other hand, as far as the
objective of influencing the first swing stability is concerned,
keeping the ACB active for 0.5 s—2 s is adequate. It is obtained
from further study (results discussed in Section IV-C) that a du-
ration of tyrroc = 0.7 s for the ACB to remain active results in
maximum improvement of stability in case of the WSCC 3-ma-
chine 9-bus system.

It is to be noted that during the application of the ACB (i.e.,
for the 0.7 s after the fault is cleared and crowbars are removed),
the maximum power tracking does not take place as the aim is
to improve the system stability condition. However before and
after the operating period of ACB the maximum power point
tracking algorithm has been followed.

IV. IMPROVEMENT OF TRANSIENT STABILITY
IN THE 3-MACHINE 9-BUS SYSTEM

An aggregated wind farm model of capacity 100 MW (20
units of rating 5 MW each [18]) is integrated with the WSCC
3-machine, 9-bus system as shown in Fig. 4 [27]. The power
base is considered to be 100 MVA. The result shown in this
section is obtained in the PSCAD/EMTDC platform. The dis-
turbance considered is a 3-phase short-circuit fault in one of the
load buses which gets cleared after a time .;. The maximum
value of £.; for which the relative rotor angles of the alternators
remain bounded (synchronism is maintained) in the post fault
system is called the critical clearing time (CCT). Clearly, CCT

o
ONG),
Ot
©}

@_ld__ Load -_l.@
Loa ®i

@
%Genl

Fig. 4. WSCC 3-machine 9-bus system with DFIG connected to bus 8.

gives an indication of the transient stability margin of a power
system for a given operating condition. The P-I controller pa-
rameters used in the ACB of MFOC (Fig. 3) are denoted by
(Kp)mroc and (K7 )uroc. Their values can be obtained from
offline study. These values remain same for a particular wind
farm location irrespective of the fault location and wind speed.
In case of the 9-bus system with wind farm located at bus 8§,
these values are (Kp)mroco = —1 and (K1)mroc = —2500.

A. Study With Constant Wind Speed

At first, the wind speed is considered to be constant at 13.95
m/s and the corresponding generated power is 80 MW (80% of
rated power, the penetration level as defined in [24] is 20.25%).
The wind farm is connected to bus 8 and a fault is considered
at bus 5 at time ¢ = 0.5 s. The CCT is found by carrying out
repeated simulations with increased values of fault clearing time
(te;). The value of CCT obtained when the RSC of the DFIG is
controlled using FOC is 475 ms.

To investigate further, the variation of 7, of the DFIG with
time is shown in Fig. 5(a) (by broken lines) for the case of a
fault of duration ¢,; = 476 ms (>CCT of 475 ms) when FOC
is used. Now the simulation is repeated considering the same £,
(= 476 ms) but with the RSC being controlled by MFOC. The
corresponding plot of T¢_, is also shown in Fig. 5(a) by solid
line. The fault is cleared at ¢ = (0.500 + 0.476) s = 0.976 s.
and the crowbar gets removed att = (0.9764-0.005) s = 0.981
s. So the ACB is kept active for the duration of 0.981 s to 1.681
s (Since tyroc = 0.7 s).

It can be seen from the figure that during this period 7, ,
gets reduced due the effect of ACB. The variation of the d-axis
rotor voltage reference (vg,,.,) is shown in Fig. 5(b) for both
FOC and MFOC. Similarly, the variation of the electromagnetic
torque (T.) and active power output (P, ) of the DFIG for both
the controls, FOC and MFOC, are shown in Fig. 5(c) and (d),
respectively. It can be observed that in case of control using
MFOC, T, gets reduced following the reduction of T, during
the period when the ACB is active. As a result, Py, also gets
reduced during this period. This reduction in P4, causes an in-
crease in the power output ( P,) of the nearby synchronous gen-
erators. The mechanical power of the synchronous generators
(P,,) having a larger time constant remains almost constant and
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Fig. 5. (a) Variation of T, (b) variation of vas_, (¢) variation of T, and
(d) variation of active power output ( Pa, ) of DFIG for the wind farm connected
at bus 8 and fault at bus 5.
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Fig. 6. Variation of alternator relative rotor angle (521) for the wind farm con-
nected at bus 8 and fault at bus 5.

hence the value of (P,, — P.) gets reduced. Following (14)
and (15), this results in the decrease of oscillation of relative
rotor angles of the synchronous generators and maintains syn-
chronism. To verify this, the variation of the relative rotor angle
d21(= 62 — &) for the two cases (i.e., control using FOC and
MFOC) are shown in Fig. 6 for t,; = 476 ms. d2; is the rotor
angle of alternator 2 relative to the rotor angle of alternator 1
(taken as the reference). Since, £.; is greater than the CCT (475
ms) for the case of control with FOC, the system becomes un-
stable in this case as indicated by the unbounded &5;. On the
other hand, d2; remains bounded when MFOC is applied, thus
indicating a stable system. In fact, the value of CCT increases
to 486 ms in this case.

It may further be observed from the plots of Fig. 5 that the
variation of T, and P, of the DFIG for the case of control using
FOC (dotted line) become oscillatory beyond time ¢ = 2 s. This
is because the system becomes unstable beyond time { = 2 s
for this case, as shown in Fig. 6. Naturally all the variables of
the system (including DFIG variables) get affected. It may also
be noted that it is important to withdraw the MFOC (by making
ACB inactive) and revert back to FOC after a short duration
(tmroc). Otherwise, the ACB will continue to cause a drop in
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Fig. 7. Variation of DFIG terminal bus filtered frequency (fpc ), frequency of
generator 2 ( fa») and frequency of bus 7 { f7) for control with (a) FOC and (b)
MFOC for the wind farm connected at bus 8 and fault at bus 5.

TABLE I
COMPARISON OF CCT FOR FOC AND MFOC (CONSTANT Vir-)

DFIG at | Fault at CCT (ms) Improvement
(Bus) | (Bus) | MFOC FOC in CCT by
MFOC
5 486 475 11 ms
8 6 556 536 20 ms
8 386 383 3 ms
5 463 449 14 ms
6 6 536 522 14 ms
8 380 366 14 ms

P44 which may lead to instability. The variation of the filtered
frequency (fpg ) of the DFIG terminal bus which carries the in-
formation of the imbalance of mechanical and electrical power
of the nearby synchronous generators is plotted in Fig. 7 along
with the frequency (fg2) of synchronous generator 2 terminal
bus (bus 2) and the frequency of bus 7 (f7), next to bus 2. For
both FOC and MFOC with a fault at bus 5 (f.; = 476 ms) it can
be observed that during the active region of ACB, the variation
of fpg is similar to the variation of fg2. Similar study is car-
ried out for different fault and wind farm locations and the CCT
values are shown in Table I. It can be seen from the table that
MFOC causes improvement of CCT in all the cases.

B. Study With Variable Wind Speed

Now, the wind speed is considered to be varying between
11-18 m/s following a profile [33] as shown in Fig. 8. The power
generation for this range of wind speed varies between 40% and
100%. The corresponding penetration level varies from 11.25%
to its maximum of 24.1% (rated wind speed is 15 m/s). The
profile shows the variation of wind speed over a time window
of 100 s. Study is carried out considering the DFIG at bus 8 and
the fault at buses 5 and 6.

Here, one additional factor that influences the initial condi-
tion is the instant of occurrence of the fault. To explain this, let
us consider four points A, B, C, and D on the wind profile. It
is clear from Fig. 8 that the values of the wind speed and/or its
gradient at these four points are different. For example, at point
B the wind speed (V,,5) is minimum (for this window of the
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Fig. 8. Wind profile.

TABLE 11
COMPARISON OF CCT FOR FOC AND MFOC (VARIABLE Vi)

DFIG | Fault | Wind | PSP | CCT(mg) | Improve:
& fault | ins- Velocity
location | tants (m/s) 12:0;31 MFOC | FOC (li/[CF%tg
DFIG A Via =14.5 2222 155 112 43 ms
at bus B Vs =11.0 11.25 338 309 29 ms
8, fault C Ve =14.5 22.22 442 400 42 ms
atbus 5 D Vp=17.1 24.10 314 283 31 ms
DFIG A Vi =14.5 22.22 160 123 37 ms
at bus B Vg =11.0 11.25 342 305 37 ms
8, fault C Vwc=14.5 2222 484 418 66 ms
at bus 6 D Vp=17.1 24.10 321 285 36 ms

profile) with slope of the plot being positive whereas at point D,
the wind speed (V,,p) is having maximum value (with respect
to the other three speeds) with slope of the plot being negative.
The wind speeds at points A and C (V,, 4 and V¢, respectively)
are equal but the wind speed has a negative slope at point “A”,
whereas it has an upward slope at point “C”. Hence, fault taking
place at time instants corresponding to each of these points ac-
tually give rise to different operating conditions even when the
wind farm and the fault locations are the same. At point B, the
DFIG operates in sub-synchronous region whereas at the other
three points it operates in super-synchronous region.

To establish this further, the CCT is computed (and shown in
Table II) for all the above-mentioned cases when the RSC of
the DFIG is controlled using FOC. It can be seen from the table
that for a fault in any particular bus, the CCT values for the four
instants of fault occurrence (“A”, “B”, “C”, and “D”) are totally
different. So, during this study, all these four points are consid-
ered (one at a time) as the instant of fault occurrence to validate
the generality of the observations. Now the modified controller
(MFOC) is used and the CCT values are computed and shown in
Table II for all the above-mentioned cases. It can be seen from
the table, that in all the cases, there is an improvement in the
CCT when MFOC is used. For example, when the DFIG is in
bus 8 and the fault takes place in bus 5 at instant “A”, the CCT
with FOC is 112 ms whereas the CCT with MFOC is 155 ms,
giving an improvement of 43 ms. Similarly, when the fault takes
place at bus 6 at instant “C”, there is an improvement of CCT
by 66 ms when MFOC is applied.

To verify the result, the case with a fault at bus 5 at instant
“C” (Ve = 14.5 m/s) with t,; = 401 ms is considered. The

3
Az.
-]
1 :
Ho 1 1 1 1 1 I.: IA )
38 385 39 395 a}o) 40.5 41 415 42
! : a
15¢ ACB» ACB €&————— ACBimctive —>
’?, inactive .,qcﬁve " B T AL
S
e

Fig. 9. Variation of different DFIG variables—(a) electromagnetic torque
(T.), (b) active power output (P4, ), and (c) electrical speed (w,.) for the case
of fault at bus 5 at instant ‘C’ in the wind profile and DFIG at bus 8.

variation of the electromagnetic torque (7 ) of DFIG under this
condition is shown in Fig. 9(a) for both the controls of the RSC
of DFIG, i.e., FOC and MFOC. The FOC cases are shown with
dotted lines and MFOC cases are with solid line. It can be ob-
served that the application of MFOC results in a decreased T
as compared to the case when FOC is used. As explained be-
fore, this is caused by the action of the ACB (in case of MFOC).
The variation of the rotor speed (w,) and active power output
(Pg44) of the DFIG for the two cases—control using FOC (dotted
line) and MFOC (solid line) are shown in Fig. 9(b) and (c),
respectively. With the reduction of 7, due to the application
of ACB, w, starts increasing. However, the change of w, is
slow and the ACB is active only for a short time. Hence the
increase of w, does not reach any alarming level. It can be seen
from Fig. 9(c) that Py, becomes less in case of MFOC during
the operation of ACB. As a result of this reduction of Py,
the power output of the nearby synchronous generators become
higher (during active ACB) as compared to the case of control
using FOC. This can be observed from the plots of variation
of the output power of synchronous generator 3 (P,.3) shown
in Fig. 10(a). This increase in F.3 in case of MFOC [contin-
uous line in Fig. 10(a)] reduces the difference in the mechanical
and electrical power of the synchronous generator 3 and thus
improves the stability of the system. The plots of relative rotor
angle d3; for the same condition are shown in Fig. 10(b) for both
FOC and MFOC. From the figure it is observed that §3; becomes
unbounded indicating instability when the RSC of the DFIG is
controlled by FOC whereas d3; is bounded (system stable) when
MFOC is applied. The action of the ACB of MFOC stops d31
from being unbounded and improves stability. This is in accor-
dance with the fact that the CCT for system with FOC is 400 ms
(<t = 401 ms) but the CCT for system with MFOC is 442 ms

(>tcl)~

C. Effect of Change of tmroc

The variation in the duration of applying the MFOC (tyroc)
has an impact on the improvement in stability of the system.

1odedos
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Fig. 10. Variation of synchronous generator variables—(a) active power output
of generator 3 (P.3) and (b) relative rotor angle (§s1).

Fig. 11. Wind profile (low penetration level).

TABLE IV
COMPARISON OF IMPROVEMENT IN CCT USING MFOC
FOR DIFFERENT PENETRATION LEVEL

TABLE III

COMPARISON OF CCT FOR A VARYING tmMroc

DFIG & Sviﬁ Improvement in CCT by MFOC (ms)
fault FOC turoc turoc turoc turoc turoc
location =05s | =0.7s | =1.0s | =12s | =15s
(ms)

DFIG at 112 31 43 43 43 36
bus 8, 309 27 29 29 29 29
fault at 400 33 42 40 40 40
bus 5 283 29 31 30 30 30

DFIG at 123 27 37 35 35 30
bus 8§, 305 28 37 28 27 27
fault at 418 55 66 58 58 58
bus 6 285 28 36 34 33 30

DFIG & Fault Wind Penetra— lmprovement
fault location | instants | SPed | tion level in CCT
(m/s) (%) by MFOC
DFIG at bus 8, |—a2—1 115 | 12.50 10 ms
fault at bus 5 B2 8.0 3.00 8 ms
C2 11.5 12.50 14 ms
DFIG at bus 8, A2 11.5 12.50 15 ms
fault at bus 6 B2 8.0 3.00 13 ms
C2 11.5 12.50 8 ms
20 .
‘Wind speed at wind turbinel
18 Wind speed at wind turbine2 |

Study is done by varying the #mroc and finding the corre-
sponding CCT for variable wind speed with an aggregated
model of the wind farm. The study has been carried out for
all values of tyroc between 0.5 s and 2 s at a gap of 0.05 s.
However, here some of the distinct points are shown in the
Table III. It can be observed from the result that the CCT
improves for all the cases though the maximum improvement
is obtained for tproc = 0.7 s.

D. Study With a low Penetration Level

To check the effectiveness of the modified control at a lower
penetration level a wind profile of the same nature as previous
(Fig. 8) is considered, but with a variation in wind speed of 8-15
m/s (Fig. 11). The study is carried out considering fault at three
different instants (one at a time)—"A2”, “B2”, and “C2” marked
on the wind profile. The wind speed at “B2” is 8 m/s (penetration
3%) with a positive wind speed gradient. The wind speed at
“A2” and “C2” are both 11.5 m/s (penetration 12.5%), though
the gradient of wind speed is negative at “A2” and positive at
“C2”. The DFIG operates in sub-synchronous region at all three
points. The improvement in stability using MFOC (in terms of
increase in CCT) is computed for the three fault instants and
tabulated in Table I'V.

It can be seen from the results that the application of MFOC
still causes improvement in transient stability, though the range
of improvement obtained is 8 ms to 15 ms, which is less as com-
pared to the case when the penetration level is between 11.25%
and 24.1%. This is because with higher penetration, there is

20 30 40

70

Fig. 12. Wind profiles experienced by the two wind turbines.

scope for larger change in P, (and hence P,) by the application
of MFOC.

E. Study With Variable Wind Speed (Split Wind Farm Model)

A wind farm of hundreds of MW capacity consists of a large
number of wind turbines which are distributed in an area. Nat-
urally, the wind speed experienced (and hence the mechanical
torque, Ty, ) at a particular instant is different for each of these
turbines. To include this condition in the study, the wind farm is
now represented by two aggregated turbine-generator sets each
having a rating half (50 MW) that of the wind farm. Also, it is
considered that the two turbines are experiencing wind speed of
the same profile (Fig. 8) but with a delay (of 8 s) as shown in
Fig. 12. Here the profile is shown for the span from 20 s to 70 s.
The delay is set on the basis of the assumption that it is the time
in which the wind crosses the distance between the two aggre-
gated wind turbines.

1odedos
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18 T
TABLE V Wind speed at
CoMPARISON OF CCT FOR FOC AND MFOC (VARIABLE Vi) 17}~ wind turbinel ,
; 161 --...... Wind speed at !
DFIG . . CCT (ms) mprove- wind turbine2 i
& fault Wind Velocity ment in = 15 I
: (m’s) MFOC | Foc | CCTby s :
location MFOC €1 : .....
DFIG Vixi =145 Vixo =16.4 180 163 17 ms > T
atbus | Vur =17.02 | V=114 | 327 | 327 | Oms Br., Sl [ e b i TR
8, fault | V,,=13.8 | V=162 212 187 25 ms 12+ ! .
atbus S [ Vp =150 | V=160 | 228 | 177 | 5lms |i-
DFIG Vixi =14.5 Vix: =16.4 184 168 16 ms |
at bus Vi1 =17.02 | Vyy, =114 332 332 0 ms
8, fault Vni =13.8 Viza =16.2 216 205 11 ms
atbus 6 | V=150 [ Vuw2=16.0 230 220 10 ms

Four vertical lines marked as X, Y, Z, and W, are drawn on
the wind profile to identify the four different fault occurrence
instants considered here. The points of intersection of the fault
instant lines with two wind profiles are X;, X, for instant “X”,
Y1, Y forinstant “Y”, Zy, Z» for instant “Z”, and W1, W5, for
instant “W” as shown in Fig. 12. At instant “X”, the wind speeds
experienced by the wind turbine 1 and wind turbine 2 are V,, x1
and V,, x2 (corresponding to points X; and X3, respectively).
It can be seen that at the instant “X”, both the profiles have neg-
ative slope. On the other hand, at instants “Y” both the profiles
have positive slope and at instants “Z” and “W” one profile has
upward slope and the other has downward slope. Study is car-
ried out considering these four cases (one at a time) as the fault
occurrence instant.

The DFIG and fault locations are considered as in
Section IV-B. The P-1 controller parameters (Kp)ymroc and
(K1)mroc used in the MFOC for both the DFIGs are kept at
—1 and —2500, respectively, as in the case of aggregated wind
farm model.

First the CCT is computed for the above mentioned cases
with FOC and the values are shown in Table V. Then CCT is
calculated for the same cases but now with MFOC and values
are shown in Table V. It is seen from the table that with the
introduction of MFOC in the DFIG, CCT increases for most
of the cases indicating improvement in system stability. The
highest improvement is found to be 51 ms for a fault at bus 5 at
the instant “W”.

It may further be observed from Table V that only in the case
of fault at instant “Y”, there is no improvement in stability. A
more detailed investigation reveals that the wind speed at the
instant “Y” on the wind profile is already very high (17.02 m/s)
and has a positive slope as viewed from the further zoomed
in plot of the wind profile (Fig. 13). Hence, the wind speed
increases in the fault and post-fault durations resulting in an
increase in w,. Now, the negative values of (K p)mroc and
(K1)mroc in the structure of MFOC causes a decrease of Py,
and further increase in w, well above the rated speed of wind
farm-1. In case of a fault of larger duration, this increase of w,
results in instability of the DFIG itself. However, if the con-
troller parameters are changed to positive values (K p)mroc =
1 and (K1)mroc = 20000 (only for the case of fault at instant
‘Y’), an improvement in the system stability is observed (13 ms
for a fault at bus 5 and 2 ms for a fault at bus 6).

However, the focus of this work is to elaborate the effective-
ness of the proposed MFOC in causing improvement in transient

TG

A0.2 ACB ’ ’ .\/*'
S of  [letve: ACB inactive _¢

58 59

6 time (s) 61
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Fig. 14. Variation of electrical torque (7%) of (a) DFIG1 and (b) DFIG2 for
wind farm at bus 8 and fault at bus 5 at an instant “W” in the wind profile.

stability and not modifying the controller parameters adaptively
for few extreme cases like the instant “Y” in the wind profile.
It should also be noted that even for this extreme case, the sta-
bility condition does not deteriorate with the use of the negative
valued controller parameters (improvement in CCT is 0 ms and
not negative in Table V). On the other hand, for all other cases
shown in Table V, there is considerable improvement in the tran-
sient stability condition.

To verify the result, the fault at bus 5 at an instant “W” is
considered. The plots of T, of the two DFIGs are shown in
Fig. 14(a) and (b) for the system with FOC and with MFOC.
The fault duration is taken as 178 ms, which is more than the
corresponding CCT (177 ms) with FOC.

It can be seen from the figure that in case of DFIG controlled
by FOC, the torque becomes oscillatory indicating instability of
the system while it approaches a steady value with the applica-
tion of MFOC which indicates a stable system. The modification
in T, is slightly different for the two DFIGs as the wind speeds
and slopes of wind speed variation experienced by the corre-
sponding turbines are different.

V. IMPROVEMENT OF TRANSIENT STABILITY IN IEEE
16-MACHINE 68-BUS SYSTEM
A. Reduced Model for Study in Large Systems

Until now, all the simulations were carried out in PSCAD
which includes the machine dynamics (alternator, exciter and
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DFIG), network dynamics and the dynamics of the converter
controllers. However, for a system with large number of buses,
the computational time will be very high if all these dynamics
are considered. For transient stability study, it is customary to
neglect the dynamics of the transmission network and the stator
of the synchronous machines and represent them by algebraic
equations [27], [28]. Similarly, the dynamics of stator and rotor
of the DFIG can be neglected and they can be represented using
the algebraic equations obtained by equating the left hand sides
of (4)—(7) to zero [1], [2], [21]. The inner loop current con-
trollers of the rotor side converter of the DFIG (the P-I con-
trollers in Fig. 2) are fast [30] and hence can be neglected.
Therefore, it is assumed that the rotor d-axis and g-axis currents
are equal to Ig,rer and Ioyef, respectively. Also, the time con-
stant (7) for the DFIG rotor current can be expressed as [29],
[30], [33], [34]

oL,,

R,

T =

L2
, whereo =1 — <Tzrr‘> . (27)

For the DFIG considered in case of the 9-bus system, the values
of ¢ = 0.0246,L,, = 0.0027H, R, = 0.0014€2. The time
constant found using (27) is 7 = 48 ms. This is small enough
as compared to the electro-mechanical transient (0.5-2 Hz) and
hence it is reasonable to neglect the rotor transients.

The rotor voltage and the stator current are obtained by
solving the stator and rotor algebraic equations. The dynamics
of the grid side converter of the DFIG is also neglected. With
these assumptions, the simulation of the system involves the
solution of a set of differential and algebraic equations (DAE)
which is carried out as in [27] and [28]. This study with the
reduced order model (ROM) of the system is carried out in
MATLAB. To verify the validity of simulation results consid-
ering all these assumptions, results obtained in the 9-bus system
using the ROM are compared with those obtained earlier with
full order model (FOM) using PSCAD/EMTDC. The plots of
relative rotor angle d2; of the alternators and DFIG electro-
magnetic torque (7,) for the FOM and the ROM are shown
in Fig. 15. The plots are obtained for the case when the wind
farm (represented by single aggregated wind turbine-DFIG)
with FOC is connected to bus 8 and a fault of duration 400 ms
takes place at bus 5 at the instant corresponding to point “C”
in the wind profile of Fig. 8. It can be seen from the figure that
the variation of d5; in the two cases are almost identical. The
variation of T, of DFIG are also similar, though, there is some
additional high frequency oscillation in case of FOM which is
making the plot appear thicker. This is due to the stator and
rotor dynamics and do not interfere with the electro-mechanical
transient involved in transient angular stability. The plots of
891 for a fault at bus 5 at an instant “B” at single aggregated
wind farm with MFOC can be seen in Fig. 16. The variations
are again almost similar as in the previous case. Therefore the
ROM of DFIG can be used for transient stability study without
much loss of accuracy.

B. Results in the 68-Bus System

The IEEE 16-machine, 68-bus system [35] is shown in
Fig. 17. The power base is considered to be 100 MVA. The
wind farm capacity used for this study is taken as 500 MW
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Fig. 15. Comparison of plots for full order and reduced order model with FOC
for DFIG at bus 8 and fault at bus 5 at “C” in wind profile.
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Fig. 16. Comparison of §2; for full order and reduced order model with MFOC
for DFIG at bus 8 and fault at bus 5 at “B” in wind profile.

Fig. 17. IEEE 16-machine 68-bus system.

(penetration level is 2.75%). At first, the wind farm is consid-
ered to be connected at bus 28. For studying the effect of the
DFIG on system stability, a three-phase short-circuit fault is
considered in a group of closely located buses as shown below
[36]. This group is denoted here by Gr-1.

Gr-1: 1,2, 3, 17, 18, 25, 26, 27, 28, 29, 53, 60, 61

This choice of fault location is based on the fact that in a large
power system, the effects of a disturbance at a particular location
are prominent on the nearby buses. The system is simulated in
MATLAB with a reduced model of DFIG. The study is carried
out considering constant as well as variable wind speeds with
both aggregated and split wind farm model as in Section IV.
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For the case of a fault (of duration 287 ms) at bus 28, at
an instant corresponding to point “B” in the wind profile of
Fig. 8, plot of DFIG electromagnetic torque (7. ) is shown in
Fig. 18(a) both for FOC (dotted line) and MFOC (solid line). In
this case, single aggregated wind farm is considered. The CCT
for control with FOC is 286 ms. It is seen from Fig. 18(a) that the
MFOC reduces T, during the active region of MFOC. The cor-
responding variations of DFIG speed (w,) and its active power
output (Py,) are shown in Fig. 18(b) and (c) respectively. Be-
cause of the slow change of w, the reduction in Py, is quite
appreciable in Fig. 18(c) during the action of ACB. The vari-
ation of the relative rotor angle (g_1) for the two cases (i.e.,
control using FOC and MFOC) are shown in Fig. 19. Here dg_1
is the rotor angle of synchronous generator 9 (nearby bus 28)
relative to the rotor angle of synchronous generator 1 (taken as
the reference). It can be seen from Fig. 19 that the system loses
its synchronism for the first case (control with FOC) while it re-
tains its synchronism in case of control with MFOC. This is due
to the reduction in P4, which ultimately reduces the excursion
of rotor angles of nearby alternators and improves the stability.
The CCT with MFOC actually increases to 345 ms.

Study is continued by putting the DFIG at bus 16 and consid-
ering the fault in the group of closely located buses (Gr-II) as
follows [36].

Gr-1I: 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 27, 56, 57, 58, 59

The values of K p and K7, the P-I controller parameters in the
structure of MFOC, for 68-bus system, are as shown in Table VI.
These values remain same for a particular wind farm location ir-
respective of the fault location and wind speed as before. As
in Section IV-C here also the study has been carried out for
all values of typoc between 0.5 s and 2 s at a gap of 0.05 s.
Table VI indicates the values of ¢tyroc Which give maximum
improvement in stability in terms of CCT for two different lo-
cations of wind farm in two different groups of buses. Some of
the comparative result of CCT both with FOC and MFOC for
these groups is tabulated in Table VII for variable wind speed in
single aggregated wind farm only. The fault instants are consid-
ered as in Section IV.B. It can be observed from the table that
there is always an improvement in stability with the introduc-
tion of MFOC. The highest improvement in CCT is found to be
67 ms with a fault at bus 28 at an instant “C” (in Group—I).

VI. CONCLUSION

A method to improve the transient stability condition of
multi-machine power systems by utilizing the power injection
from wind farms is discussed here. To achieve this, a modifica-
tion is proposed in the controller of the rotor side converter of
the DFIG. The input torque reference of the DFIG is modulated
using a feedback of the frequency of its terminal bus which
ultimately results in modification of the output active power of
the wind farm during the post fault condition. The impact of
this variation of the wind power on the excursion of the rotor
angles of the nearby alternator(s) helps to improve the transient
stability condition of the system. A short duration of operation
of the MFOC is sufficient for the improvement in first swing
stability. The impact of the modified controller is observed both
for constant wind speed and variable wind speed and the study
is carried out in a 3-machine 9-bus system and 16-machine
68-bus system using PSCAD/EMTDC and MATLAB.
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Fig. 18. Variation of different DFIG variables—(a) electrical torque (7% ), (b)
rotor speed (w,}, and (c) active power, Py, for a fault at bus 28 at instant “B”
in the wind profile.
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Fig. 19. Variation of synchronous generator relative rotor angle (8o —1).

TABLE VI
P-I CONTROLLER PARAMETER AND tyroc USED FOR 68-BUS SYSTEM

Group Kp K; turoc (8)
1 10 15000 2.0
11 -10 -10000 0.7
TABLE VII

COMPARISON OF CCT FOR FOC AND MFOC (VARIABLE Vi)

Fault Group Fault CCT (ms) lmli)rrlo(\:/ér?em
instants at (Bus) | MFOC | FOC by MFOC
A 1 28 319 284 35 ms

11 15 325 322 3 ms
B I 28 345 286 59 ms
il 15 335 326 9 ms
C I 28 338 271 67 ms
il 15 330 325 5 ms
D 1 28 270 264 6 ms
11 15 325 321 4 ms
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