IEEE Open Access Journal of

@%s  power and Energy

Received 14 June 2021; revised 27 October 2021, 5 February 2022, and 26 April 2022; accepted 5 May 2022.
Date of publication 29 July 2022; date of current version 22 February 2023.

Digital Object Identifier 10.1109/0AJPE.2022.3194865

Active Power Control of DFIG Wind Turbines
for Transient Stability Enhancement

STAVROS KONSTANTINOPOULOS™! (Member, IEEE)
AND JOE H. CHOW 2 (Life Fellow, IEEE)

1Grid Operations and Planning Group, Electric Power Research Institute, Palo Alto, CA 94304 USA
2Department of Electrical, Computer, and Systems Engineering, Rensselaer Polytechnic Institute, Troy, NY 12180 USA

CORRESPONDING AUTHOR: S. KONSTANTINOPOULOS (skonstantinopoulos @ epri.com)
This work was supported in part by the Engineering Research Center Program of the National Science Foundation (NSF) and the

Department of Energy (DOE) under NSF Award (EEC1041877) and in part by the Center for Ultra-Wide-Area Resilient Electric Energy
Transmission Networks (CURENT) Industry Partnership Program.

ABSTRACT This paper proposes an adaptive Dynamic Power Reduction (aDPR) scheme for Type-3 Wind
Turbine-Generators (WTGs) to enhance transient stability of synchronous generators (SGs), with benefits of
increasing transfer limits on already fully loaded transmission paths. The scheme consists of three components
to deal with a fault close to a SG. Initially, the WTG curtails its active power to a predefined level to act as a
dynamic brake for the SG. Then the controller monitors the rate of change of frequency to adaptively ramp the
WTG back to its original power output while minimizing the WTG pitch and rotor motion. Finally, to reduce
the risk of second-swing instability, the converter uses its reactive current to damp SG power swings. The
aDPR scheme can be classified as a remedial action scheme and is enabled if its action can ensure transient
stability. To demonstrate the effectiveness of aDPR and to benchmark it against other WTG active current
and frequency feedback control techniques, a single-machine infinite-bus system with one WTG is utilized.
Next, an aDPR enabled WTG is integrated in the NPCC 68-bus system. Finally, the aDPR controller’s ability
to prevent transient instability is demonstrated on the two-area system.

INDEX TERMS  DFIG, transient stability, renewable energy, wind turbine, remedial action scheme, active

power control.

I. INTRODUCTION

NCREASED renewable energy source (RES) penetration

will have profound impact on the reliable operation of
future power systems. The current practice of renewable
generation operating at maximum power generation, while
providing a few grid support functions, such as low-voltage
ride-through (LVRT) [1], [2], will soon be untenable. This
paper further discusses the benefits of enabling active and
reactive power control of RES, utilizing their low-inertia
characteristics and fast-acting converters. Also motivated by
fast control actions to achieve synchronization [3], this paper
deals with transient stability enhancement by enabling a
Type-3 WTG to perform fast active power control and act as
a dynamic brake. Thus, in contrast to the increase of active
power generation by the WTG to regulate against frequency
drops [4], [5], this paper examines active power reduction to
decrease the acceleration of a synchronous generator (SG)
close to a severe fault. The WTG power then is recovered
via an adaptive ramping scheme, achieved by estimating

the acceleration of the SG using a phase-locked loop
filter.

Transient stability is determined by the swing equation of
the synchronous generator (SG)

2H@ = Py — P — Dw (1

where H is the inertia, o the machine speed, P,, the mechan-
ical input power, P, the electrical output power, and D the
damping constant of the SG. When the SG is subject to
a short-circuit fault, w accelerates and may cause the SG
to be unstable. To restore transient stability, a control can
either reduce P,,, like fast-valving [6], or increase P, through
controls employed on the network side. The latter can involve
fast excitation system control, Flexible AC Transmission Sys-
tems (FACTS) controllers [7], plant tripping [8] and braking
resistors [9].

In this paper, we develop an active power control scheme
for the WTG to provide transient stability enhancement by
increasing the P, term of the SG without needing expensive
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FIGURE 1. Single-machine infinite-bus and wind-turbine system.

network transmission enhancement. The motivating scenario
is the single-machine infinite-bus (SMIB) system shown in
Fig. 1, in which the SG on Bus 1 is already transmitting the
largest allowable amount of power to the infinite bus for a
specific Critical Clearing Time (CCT). The problem to be
investigated is, if a nearby quality wind site is to be utilized
for a WTG installation and the additional power is to be
transferred to the infinite bus. We investigate whether the new
WTG can utilize the same transfer path to provide power to
the infinite bus, without lowering the CCT of the SG subject
to a severe disturbance such as a short-circuit fault near Bus
3 and cleared by removing one of the lines connecting Buses
3 and 2 (Fig. 1). The first-swing stability of the SG can be
enhanced if the WTG control can increase the P, extracted
from the SG when the SG is accelerating.

Various open- and closed-loop active power control
schemes have been proposed by researchers. The Low Volt-
age Power Logic (LVPL) function provided by WTG man-
ufacturers [10] can provide transient stability improvement
with active power limitation. However, with the recom-
mended settings, if the voltage recovers immediately after a
fault, the transient stability benefits can be minimal. Ref. [11]
examines active power current curtailment of wind plants,
based on simulation derived sensitivity factors. Beneficial
reactive power injections are determined with a similar
approach. The authors demonstrate the superior performance
of coordinated curtailment compared to the LVPL function.
Ref. [12] utilizes a zero dynamics approach for transient
stability improvement utilizing wind farms. Ref. [13] uti-
lizes reinforcement learning for wide-area transient stability
control using WTGs. During disturbances, [14] uses a fre-
quency feedback control implemented in the torque command
of the WTG to adjust its active power output. Ref. [15]
proposes a supplementary active power controller for tran-
sient stability enhancement, using a derivative filter. In [16]
fuzzy logic nonlinear/adaptive current limiters are used to
enhance the transient stability of a SG-photovoltaic-WTG
system. Ref. [17] implements a Proportional Integral (PI)
WTG rotor speed deviation feedback in the electrical torque
command of the WTG to operate it as a motor to absorb
power from adjacent accelerating generators in disturbance
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conditions. In [18], the authors utilize linear feedback con-
trol for active and reactive current transient stability control.
The reactive current gain is calculated to maximize active
power and ensure a valid equilibrium point for the PLL.
The active power feedback utilizes PI feedback of the PLL
frequency with a deadband. The controls mentioned above
either directly control the converter active power current
output or change the WTG torque command. These con-
trols can demand large injections or extractions of energy
from the WTG rotor, which may cause large undesirable
speed deviations. However, the proposed design in this paper
achieves transient stability improvement while minimizing
pitch actuation and rotor speed deviation. Ref. [19] exam-
ines the effect of active power injections of WTGs, on tran-
sient stability by utilizing the Extended Equal Area Criterion
(EEAC). Based on the derived conditions, active power set-
points are calculated for each swing, ensuring transient sta-
bility improvement.

The proposed adaptive Dynamic Power Reduction (aDPR)
controller adds the power reduction control to the WTG
power-order setpoint input, thus allowing the turbine blades
to pitch and regulate rotor acceleration. The proposed control
consists of three parts: (1) a dynamic power reduction scheme
for the WTG to act as a braking resistor to slow down the
SG acceleration, (2) an adaptive ramping control back up
to the WTG’s original power level, and (3) a damping con-
troller using the converter’s reactive current output to min-
imize subsequent power swings. The design here accounts
for the wind hub rotor dynamics to optimize the blade pitch
angle and rotor speed deviations. To illustrate the benefits
of the proposed approach, a comprehensive comparison to
the LVPL and frequency feedback control [14] is included.
In addition, the applicability of the proposed control scheme
in a multi-machine power system and the two-area system is
demonstrated.

The remainder of the paper is organized as follows.
Section I describes a generic Type-3 WTG model and
Section III the proposed aDPR control. Section IV illus-
trates the performance of the aDPR scheme in a SMIB
system (Fig. 1) and compares it against other methods.
Section V extends the testing to the NPCC 68-bus system and
Section VI to the two-area system.

Il. TYPE-3 WTG MODEL

The block diagram of the Type-3 WTG model and its controls
based on [10] is shown in Fig. 2. The model of each block is
described as follows.

1) WTG ROTOR DYNAMICS

The rotor dynamics of a one-mass WTG model repre-
senting the hub, gearbox, and induction generator rotor is
modeled by

1 Priech — P
Ad)GZ _< mech G) (2)
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FIGURE 2. WTG active power control loops and aDPR
integration. The reactive power control of aDPR is shown
in Fig. 6.
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where Awg is the rotor speed deviation from the nominal
speed wg, Pecn 1s the wind power captured as mechanical
input power to the rotor, Pg is the active power output of
the induction generator and H, is the inertia constant of the
rotor mass. The mechanical power input P, to the rotor is
determined by the aero model.

2) AERO MODEL

The aero model determines P,,..; as a nonlinear function of
the wind speed and the pitch angle based on a measured wind
power conversion table [10]. An example two-dimension
power surface can be found in [21].

210

3) PITCH ANGLE DYNAMICS
Using the error functions

Berrl = KipACUGla Eerr = Perr = Porg — Pset 3)
where 8.1 is the angle error due to the rotor speed deviation,
Awg is the rotor speed deviation from the reference speed,
P, is the power command error towards the setpoint P,
and E,;, is the energy error towards the power setpoint. The
pitch angle 6 is controlled by

|
0= T_[ - 9+Kpp AwGt+Serri +KpcPerr +KicEerr:| “4)
P

where T), is the pitch angle time constant, K, and K, are
the proportional-integral (PI) gains of the WTG’s rotor speed
deviation from the reference speed, respectively, and K),. and
K. are the PI gains, respectively, for the power error towards
the set-point.

4) POWER COMMAND DYNAMICS
The active power command P,,4 is computed from
. 1
Porg = T_( — Porg + 0c(KpirgAwg + 5err2))
pc
Serr2 = KitrqAa)Gl 5
where K, and Kj,, are the PI torque command gains,

respectively, for the speed deviation and 7). is the time
constant of the power command.

5) REFERENCE SPEED DYNAMICS

The reference WTG rotor speed wye is obtained from the
nonlinear differential equation optimized with respect to the
active power output Pg [20]

1
(1.2 = ) if PG > 0.46
Tiw
. _1
Bref =1 —(—0.75P% + 1.59P¢ (6)
dw
+0.63 — rer) if Pg < 0.46

where Ty, is the reference speed dynamics time constant.

6) CONVERTER DYNAMICS
The active power part of the converter current I, output is

computed as
1 [P
Ip _ < ord Ip) 7)
Tager \ Vi

where T4, is the converter time constant. The Phase-Locked
Loop (PLL) angle y, tracking the converter or point-of-
interconnection bus angle 6, is modeled as [25], [26]

Y = KpipVi sin(@ — y) ®

where V; is the bus voltage magnitude and K, is the PLL
control gain. In addition, y is an estimate of the terminal bus
frequency.
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In low-voltage conditions, the LVPL logic and current
limiting function shown in Fig. 4 [10] can be activated with
a time constant 7, by the filtered terminal voltage dropping
below V. The LVPL calculates the limit applied on 1, and
recovery is dictated by a ramp rate limit rr, which is enforced
even if the voltage recovers, until the plant reaches steady
state. The limits are subject to tuning in order for certain
voltage ride-through or transient stability specifications to be
met.

In the phase II generic models [22], freezing P,,4 and the
T,q integrator, when a voltage dip is detected, was intro-
duced. We will introduce this integrator freeze for the time
I, takes to recover due to the slow current ramping that will
be enforced in later sections, as it allows the pitch controller
to actuate more effectively and makes the comparison of
the controls more illustrative. In our proposed design, the
LVPL controller is replaced by the aDPR. The models were
implemented in the Power System Toolbox [24] as described
by [25], [27], which is utilized for dynamic simulation and
linear analysis.

lll. THE aDPR CONTROLLER INTEGRATION

The implementation of the aDPR as a control block in the
overall active power WTG control is shown in Fig. 2. The
three components of aDPR in the context of Fig. 1 are
described as follows.

7) DYNAMIC POWER REDUCTION

The basic feature of the aDPR is the fast reduction of the
active power output level to Pp,4ke, which could be 10-50%
of the pre-fault active power output level presented in [28].
After the fault is cleared, the power is ramped back up to the
pre-fault power level at a constant rate of Pygp. The control
is shown in Fig. 3 and enumerated in Algorithm 1.

Upon the detection of a fault condition indicated by low
voltage at the point-of-connection bus, the internal state (inte-
grator) of the aDPR is reset to Ppqr.. As the fault is cleared,
the output of the integrator is increased at a rate of Prgyp.
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Algorithm 1 aDPR Control Logic
if Fault On Condition then

Pser = Pora = Pprake, Pord =0, Wref = Wref(
else if Transient Condition & Py.; < Pgero then
Wref = Wref()
if y < O then
Pord - Pset - Pmmp

elsg )
Pord = Pset =0
end if
else;
Py Zf(Pordy WG, Wref, Serr)
end if

If SG acceleration is sensed via the monitoring of ¥, the
ramp is paused, via setting the input of the integrator to zero.
The ramp has an upper limit at the original power set-point.
When that point is reached, or the system settles to steady
state before that, the aDPR control is deactivated. The derived
output set-point and power command, denoted as Pger—apPR
and P,,4—aDPR, are then used in the pitch and power command
loops. Specifically, the power command loop is overridden
by the aDPR command, while the pitch control loop utilizes
the dynamics of eq. (4), while utilizing the aDPR derived
quantities.

By running back the WTG output, additional electrical
power will be demanded from the SG, thus speeding up
the deceleration of the SG rotor. In this sense, the concept
is similar to the LVPL, except that the power reduction
and subsequent ramping is commanded through P,; and
Pger. In contrast, the LVPL directly commands the converter
output current, [,, to achieve fast response, without any
internal mechanical or electrical variable considerations. The
proposed power reduction goes through the setpoint/power
command, which allows the pitch controller to actuate more
effectively, achieving smaller Awg deviation than the LVPL.
In addition, curtailment through the power command reduces
significantly output power oscillations caused by voltage
fluctuations, especially when the WTG is connected to a weak
and stressed system in contrast to the LVPL that was observed
to introduce oscillations [23].

8) ADAPTIVE RAMPING
The efficacy of the ramping control can be improved by
sensing the acceleration of the SG which the controller is
stabilizing. With fast WTG power reduction, the synchronous
machine will experience a faster deceleration. As soon as
acceleration is observed, the ramp freezes in order to not
exacerbate the rotor acceleration and cause second-swing
instability. The switching logic is implemented by setting the
input of the integrator in Fig. 3 to zero.

This pause can be triggered by measuring the SG rotor
speed. However, doing so requires transmitting the SG
speed to the WTG controller through some dedicated
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FIGURE 6. aDPR ramping profile for adjacent bus 3-phase fault.

communication link. In this work, the second derivative of
the PLL angle ¥ can be used as a local estimate of the Rate
of Change of Frequency (ROCOF) of the WTG bus, which
correlates well with the SG acceleration. For illustration, the
acceleration of the SG and the second derivative of the PLL
angle, are presented in Fig. 5, for the SMIB system. The
two signals present high correlation, and most importantly
have common zero-crossings. The zero-crossing points are
relevant, since they are utilized by our control to initiate and
pause the adaptive ramp and alleviate the risk of second swing
instabilities.

To illustrate the first two components, the active power
ramping profile of the WTG is shown in Fig. 6 when the
disturbance event is applied on Bus 3 of the SMIB system.
At the onset of the fault on Bus 3, the WTG reduces the
active power output from 0.95 pu to 0.1 pu. When the fault
is cleared. The WTG power is ramped back up at a rate
of 0.9 pu/s. At ¢ about 1 s, ¥ becomes positive, triggering
the pause in the power ramp. The ramp restarts at ¢ about
1.4 s when y becomes negative. The ramp input stops when
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the WTG power reaches back to 0.95 pu, after which other
active power control takes over. Since the proposed active
power control is designed on an aggregate model of the
wind farm, when applied, it should be realized in the plant-
level controls. The control effort distribution will be based
on each WTG’s individual loading and its ability to reduce
its output to achieve the overall desired control objective.
In addition, the active power component of aDPR has two
tunable parameters, namely, Pprake and Pigpp. As with the
LVPL, these values were tuned via simulation, in order to
achieve the required transient stability margins.

9) REACTIVE POWER CONTROL COORDINATION
Because of the importance of reactive power support in the
immediate post-fault period, the WTG will be put in the
Q-priority control. Given the headroom created by the active
power curtailment of the WTG plant post-fault, reactive
power can be controlled to damp the SG swings without the
risk of the WTG being constrained by current limitations.
The reactive power control can be summarized as

. 1
Efy = ——(Efgema — Efa + up) 9
‘ Tider
Efdcmd = KVi(Vref -V (10)
Vref = KQi(Qord - 06) (11)

where Ef; is a voltage behind the reactance Xpp, Efgcma is
the voltage command, Vs is the synthesized voltage refer-
ence, O, is the reactive power command, V; is the terminal
voltage, Qg is the reactive power output, up is an input for
damping control, and Ky; and K; are the terminal bus voltage
and reactive power regulator gains, respectively.

The reactive power command dynamics are modeled by

. 1
53 = == (Vieg — 53) (12)
T,
54 = Vigg — 83 (13)
. 1
52 = (Vg — 53 — 52) (14)
Ty
. 1
Qord = F (Kiv54 + Kpyso — Qord) (15)
c

where s4 integrates the error of the filtered regulated voltage
s3 towards the reference. The regulated voltage is filtered
by a transducer with time constant T;. V,y, is the reference
voltage. Ky, K;, are the PI gains that dictate the reactive
power command Qqrg. The proportional part of the control is
filtered by a time constant Ty . The reactive power command
dynamics have a time constant 7.. A PI damping control up
is implemented as shown in Fig. 7. The input is y, the PLL’s
estimate of frequency, which is passed through a low-pass
filter with a time constant 77 p. The integral gain K; and the
proportional gain K, are tuned to provide positive damping
for the SG swing mode [21], while still supporting the voltage
in transient conditions. The parameter values are given in the
Appendix. The proportional gain of the control provides a fast
reactive power injection immediately after the fault is cleared,
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The output of the PI controller is then superimposed to
synthesized Efycmq as depicted in Fig. 7. The damping control
signal is limited to £0.5 pu. Finally, Q priority is assumed,
so if the total current exceeds the limit, , will be curtailed
accordingly.

If the power ramp was tuned appropriately, the second
swing of the SG rotor angle should be well damped. If the
second swing reached the same peak angle value as the
first, the system would go unstable (in the marginally sta-
ble case). This highlights the importance of effective damp-
ing of the power swings. Alternatively, one could tune
the ramping of the WTG to a lower value and alleviate
this second swing problem. However, prolonged curtail-
ment, despite the optimized design of the aDPR, will force
the rotor and the pitch to move significantly. We adopt a
PI design which for our purposes is sufficient. In cases
of multiple plants or if additional feedback signals are
available, more sophisticated design techniques can be
utilized.

For control tuning, various approaches can be carried out.
For our purpose we adopt a phase compensation design [21]
similar to one used for static var systems, which uses phase
lag to achieve good damping performance. In our design,
the required lag compensation at the swing mode frequency
is provided by the PI regulator by setting K,/K; = 0.1.
We then choose an appropriate gain using the root-locus tech-
nique. An example of the uncompensated and compensated
root-locus plots can be noted in Fig. 8.

10) CURRENT INJECTION

After all the control actions, the converter is interfaced with
the network as a current source with the terminal current
injection being [27]

. i0
1= (]p _j@) g +jﬂ (16)
Xpp Xpp

If a PLL is not present in the model, the angle used for the
injection (i.e. y) is the bus voltage angle.
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FIGURE 8. Root-locus plots around swing mode for
uncompensated and compensated system.

IV. SMIB AND WIND-TURBINE SYSTEM

The SMIB system with a WTG of Fig. 1 is used to show
that the aDPR control of the WTG allows additional power
transfer on an already congested transmission path from
Buses 3 to 2.

A. SYSTEM DESCRIPTION

The SG is connected via a transformer to a high-voltage bus.
Two parallel lines connect the transformer to the infinite bus,
modeling the bulk system. The limiting N—1 contingency
is a three-phase fault on Bus 3, followed by the tripping of
one of the two parallel lines. Now we consider the instal-
lation of a WTG plant. It would be desirable to utilize the
existing transmission infrastructure, avoiding extra invest-
ments. The aggregate WTG is thus connected at its point-
of-interconnection (Bus 4) to the high-voltage bus (Bus 3)
via a step-up transformer. A capacitor bank is added at Bus
3 for voltage support, due to the additional power transfer.
The two transmission lines have a reactance of 0.056 pu each,
on a 100 MVA base. The reactances of the SG and WTG
transformers are 15% on their respective generator bases. The
SG is rated at 991 MVA and is loaded to 90% (891 MW) of
its rating. It is equipped with a first-order excitation system
and a power system stabilizer. Additional data for this system
is provided in the Appendix. Without the WTG, the critical
clearing time (CCT) of the SG for this limiting contingency is
5.5 cycles. With the installed WTG plant supplying 200 MW
(95% of rating), the CCT deteriorates to 4.5 cycles due to
the additional flow to the infinite bus, with the WTG not
providing any active power control.

B. SYNCHRONOUS GENERATOR WITH WIND TURBINE
ON aDPR CONTROL

The aDPR is now applied to the WTG with parameters
Pprake = 0.1 pu and Pyp = 0.9 pu/sec. The SG response
due the limiting contingency with a clearing time of 6.3 cycles
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and terminal voltage for a 3-phase fault on bus 3.

is stable, as shown in Fig 9. The oscillations following fault
clearance subside in about 4 sec. During the first swing, the
suppressed power output of the WTG forces the SG to provide
additional active power to the infinite bus, including the share
previously supplied by the WTG.

Figs 9, 10 show the interplay between active power outputs
of the SG and the WTG. As the SG rotor angle § increases, the
SG power output would also increase. However, as the WTG
output power ramps up, the SG output power would decrease.
The SG rotor speed continues to decrease until about 1 sec
when @ = 0. At this time, the ramping of the WTG is paused.
Slightly after 1 sec, the output power of the SG drops to
near zero, even though § is higher than the infinite-bus angle,
which is fixed at 0°. This is due to the WTG supplying all the
line power flow by itself. The WTG power ramping would
restart when w reaches a maximum again at about 1.4 sec.

Figure 10 depicts the detailed WTG response for the
simulated fault. The WTG reaches the pre-fault output in
1.8 sec. The ramping is fast but yet would not put much stress
on the mechanical actuation (as shown later). The pause in
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TABLE 1. Comparison of CCTs for active, reactive and combined
aDPR controller components.

Active Basi Active Power Reactive Power DPR
Controls asie Control Damping Control a
CCT (cycles) 4.5 6 4.85 6.3
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FIGURE 11. Stability margin for various WTG output levels and
braking power levels. Solid lines—aDPR control; dashed
lines—without Q damping control.

ramping between 1 and 1.4 sec can be noted in the power
command plot. While the WTG active power is curtailed,
it is providing higher reactive power support to the grid,
and as a result reduces the variation of the WTG terminal
bus voltage. Finally, to highlight the efficacy of the active
power control of the aDPR’s design, we compare the CCTs of
the basic controls, aDPR using only the active power, aDPR
using only the reactive power damping controller, and aDPR
using all three components. The results are summarized in
Table 1. The damping control, when acting alone, provides
only 0.35 cycles of CCT improvement. As the active power
recovers immediately after the fault is cleared, the voltage
state is saturated attempting to support the voltage, leaving
little room for transient reactive power control.

C. STABILITY MARGIN FOR DIFFERENT RENEWABLE
PENETRATION LEVELS

To systematically assess the benefit of the aDPR control,
the CCTs for the same disturbance are computed for various
WTG output and P4 levels. For each case an aggregate
WTG with the described output is installed at the same
location, and the x-axis power output corresponds to 95% of
its rated power. The resulting CCTs are plotted in Fig. 11.
Note that without the aDPR control, the CCT decreases quite
rapidly. With the aDPR control, the CCT mostly improves as
the WTG output increases, particularly at low Ppqke levels.
This is to be expected given the decelerating mechanism
that the aDPR exploits. Even without the reactive power
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FIGURE 12. Reduced admittance representation incorporating
WTG effect.

damping control component, the CCT can be maintained for
Pprake < 40%.

D. SYNCHRONIZING TORQUE BENEFIT OF aDPR
The merits of the aDPR in improving the synchronizing
torque and hence the transient stability margin can be illus-
trated graphically using the equal-area criterion (EAC) idea.
To use the EAC, the post-fault system with one line between
Buses 2 and 3 removed is simplified with the WTG power
injection into Bus 3 modeled as a negative load Gy +jBwy =
(Pw +jOw)/ V320, where V320 is the initial voltage magnitude
on Bus 3 (Fig. 12a). Applying the Ward-Hale network reduc-
tion process [21], the circuit can be reduced to the system
depicted at the bottom of Fig. 12 where Bus 0 denotes the SG
internal voltage node behind the transient reactance X/, and
the negative load Gw + jBw represents the WTG injection.
Thus the total power flowing through the equivalent line
can be rewritten as

P =EV2G,cos8 + EjVaB, sin§ + GgE7  (17)

where G, + jB, = —1/(R. + jX.). Since the WTG is
represented by a negative load, G, must be negative to keep
the power flows between the two systems the same. Thus, the
equivalent dynamics of the reduced system are

2H& = Py, — EfVyGecos 8 — EjVaB, sind — GgEf - (18)

The two additional conductances represent the effect of
the WTG power injections first by increasing the effective
resistance between Buses 0 and 2 (angle dependent com-
ponent) and second by applying a direct shunt injection on
the internal node of the SG. This injection acts as an active
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FIGURE 13. SG power angle curve and equal area criterion
for 200 MW WTG full and curtailed active power output.

power ‘“‘bias” which has to flow through the transmission
line, effectively pre-loading it. Thus, the curtailment of power
reduces the value of Gy, i.e., decreasing the shunt injection
and improving synchronizing torque. This is captured in the
P — & curves of Fig. 13 of the circuit in Fig. 12(b), for 100%
and 10% WTG power output. Because of the WTG power
injection, these power curves do not start from the origin.
For example, if the WTG is supplying 100% of its rated
active power to Bus 2, the angle at Bus 3 is 6.5°, which is
equal to § although the SG is unloaded. This has the effect of
pushing the P — § curve down and reducing the area (A2 in
Fig. 13) between it and P,,, the rated SG power output, and
thus the synchronizing torque. When the WTG output power
is temporarily curtailed, the P — § curve rises to increase its
area between P,,, denoted by A3, and restore the synchroniz-
ing torque. In addition, during the active power curtailment,
the WTG can provide additional capacitive power, further
improving the synchronizing torque.

Also note that in contrast to the traditional P — § curve
which is symmetric about § — 63 = 90°, the curves in Fig. 13
does not exhibit the usual symmetry property. For further
illustration, the SG disturbance response is superimposed on
the power angle curves of Fig. 13. Initially, the WTG output
power is curtailed to 10%, thus, the response follows the 10%
WTG power P — § curve and gradually approaches the fully
loaded P — § curve as the WTG power is restored. As an
illustration, the acceleration of the SG is plotted for various
power braking levels in Fig. 14. The synchronization can be
noted to deteriorate as the braking power increases.

E. COMPARISON WITH OTHER ACTIVE POWER
CONTROL METHODS

The aDPR scheme is now compared to two other schemes
mentioned in Section 1. First, the LVPL scheme [10] limits 7,
directly. The ramp limit was tuned to 0.3 pu/sec to achieve
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FIGURE 15. Synchronous generator speed, rotor angle and
active power output for a 3-phase fault on bus 3, for various
control schemes.

a CCT of 6.2 cycles. Second, the connection bus frequency
feedback control of [14] is superimposed onto P,,. Only
the proportional part of the proposed PI control was used.
The integral gain of the control was not utilized as it did not
yield a higher CCT or better damping performance, while
resulting in longer zero active power output periods for the
WTG, resulting in more mechanical actuation. The maximum
achievable CCT (without severe reverse power flows into the
WTG) was 6.1 cycles. The gain for negative proportional
feedback was tuned to 377 pu-power/pu-frequency and is
activated for 2 seconds following the fault due to its very high
gain. To make the comparison between the controllers more
consistent, the wy,s dynamics are frozen. The SG responses
for these controls are shown in Fig. 15. The LVPL scheme
appears to have the worst damping performance, with oscil-
lations persisting up to 6.8 sec, while the feedback control
achieves the best damping of the swings. In addition, on the
downward swing, the LVPL causes negative power flow on
the SG, due to the prolonged curtailment and insufficient
swing damping.

The WTG responses are shown in Fig. 16. The feedback
control with the high gain ramps the power output down to
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FIGURE 17. Ip, LVPL Ip limit and WTG terminal voltage for
6.2 cycle fault on bus 3.

0% and back up to 100% twice. This action causes high
power extractions and injections into the WTG. The resulting
energy mismatches in the internal loops of the WTG are
evident, since the active power remains at its maximum for
a prolonged period in order to rectify these accumulated
errors. On the other hand, the LVPL gradually ramps up the
active power current, and the current limitation only comes
into effect on the third swing, as shown in Fig. 17. Finally,
the dominant component of the LVPL in this case is the
ramp limiter, which forces the WTG into a linear ramp back
to pre-fault set-point. However, in transient conditions, the
electromechanical swings of the SG will produce voltage
oscillations, which when multiplied by the linear active cur-
rent ramp of the WTG will produce oscillatory active power
injections, which in turn worsen the post-fault response of the
system.

Next the impact of these controls on the mechanical com-
ponents of the WTG is investigated. Fig. 18 shows the pitch
angle and the WTG speed deviation in the post-fault period.
The LVPL control forces the pitch angle to increase by 7° in
order to counter the rotor acceleration due to the active power
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curtailment. Due to the very slow ramping and oscillating
power output the pitch takes 5 sec. to settle.

On the other hand, the P,,; feedback does not force the
pitch to actuate in as wide a range, but uses the rotor inertia as
a buffer for exchange of power with the grid. However, due to
the rapid changes of power output, the pitch is forced to ramp
up and down until the transient controller is deactivated in 2 s.
These power exchanges result in the rotor taking 25 s to settle
back to its reference value. Comparatively, the aDPR requires
5° of pitch response, with a peak acceleration of 2%. This
is achieved by the faster power ramping and the curtailment
through the power command.

Finally, the effect of each control on the system’s voltage
profile are shown in Fig. 19. As noted, the aDPR active and
reactive power components achieve better voltage profile for
the transient period compared to the LVPL and for the first
swing compared to the frequency feedback. As a result, the
aDPR enhances the voltage ride-through capability of the
system.

V. NPCC 68-BUS SYSTEM

The NPCC 68-bus system [30] in Fig. 20 is used to test the
aDPR in a multi-machine setting. In this system, SG 9 on Bus
61 has a CCT about 5 cycles when one of the lines connecting
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it to the main system is faulted and cleared. A WTG rated
at 210 MVA with output of 200 MW is connected to Bus 29,
through a transmission line with a reactance of 0.1 pu and
a transformer with a reactance of 15% on the WTG base.
A load is added on Bus 28 to consume the wind energy, thus
increasing the loading on the lines connecting to the main
system.

The first disturbance being considered is a three-phase
short-circuit fault on Bus 29 and cleared by opening
Line 29-28. The CCT for this contingency is 4.2 cycles,
with the WTG operating without active power control. The
instability in this case is SG 9 separating from the system.
With aDPR the CCT increases to 7.2 cycles. Here the aDPR
uses the same parameters as the SMIB case. The genera-
tor response to the disturbance at 7.2-cycle clearing time is
shown in Fig. 21. Following fault clearing for the no aDPR
case, the SG 9 rotor speed does not return to 1.0 pu, resulting
in instability. Note that only 3 s of simulation is shown for this
unstable case. On the contrary, when the aDPR is activated,
the SG 9 power output persists above the steady-state value
for 1 s, allowing sufficient time for its rotor to decelerate.
Thus, SG 9 stays in synchronism. Fig. 22 shows the response
of the WTG with and without the aDPR. The active power
output in this case is curtailed for close to 3 s following the
fault.

To show that the aDPR control is applicable to other fault
conditions, the improvement in CCT for additional 3-phase
short-circuit faults is tabulated in Table 2. Three different
load placements are considered. The first column indicates
what line is tripped and which bus is the fault applied on. For
example line 29-28 means that the fault is applied on Bus 29.
The other columns indicate the bus with the load increase, and
the corresponding CCTs. The CCTs are in cycles and the CCT
values in parentheses are without aDPR. In all cases, Pprqke
is set to 0.1 pu. Overall, the aDPR offers good improvement
of CCTs across all cases, with an average of about 2 cycles.
In particular, those cases with CCT raised to above 5-6 cycles
are important because protective relays readily have such
capability.

We then consider an alternative scenario. The WTG is
placed on Bus 26, rated at 400 MW and supplying a 400 MW
load on Bus 27. The contingency considered is a three-phase
short-circuit fault on Bus 25, followed by a trip of line 25-2.
This forces the power from generator G8 to flow solely on line
26-27 that is also utilized by the newly installed WTG. The
SG speeds for the case, with and without aDPR, can be noted
in Fig. 23. The simulated fault persists for 19.5 cycles, which
is the CCT with the aDPR. With the basic control, the CCT is
16 cycles. The instability is due to two SGs (G8 and G9) sep-
arating from the rest of the system. The WTG’s response can
be noted in Fig. 24. Although the long CCT is not as crucial
for system planning as some of the faults listed in Table 2,
the CCT improvement is still considerable, especially for a
different type of transient instability in which a cluster of
machines separate from the system. The simulations demon-
strate that when an aDPR-enabled WTG is situated close to a
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FIGURE 21. Post-fault response of generator 9 with and without
aDPR.

remote SG with high power transfer towards the bulk system,
it can effectively improve its transient stability, due to the
effect the control has on its active power output. However, the
control should not be expected to improve the stability of SGs
located far away from the WTG, as the control’s effect will
be weaker, and due to the distance the control scheme might
not even actuate. The most beneficial locations for transient
stability from schemes such the aDPR can be determined via
simulation and appropriate studies.

VI. TWO-AREA SYSTEM

The third system for testing the aDPR is the Kundur two-area
system [31] shown in Fig. 25, with two of the 3 tie-lines
present to present a more stressed condition. The dispatch
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TABLE 2. CCT in cycles for different faults and load allocation
with aDPR (no aDPR in parenthesis).

Bus with Load Increase Bus 26 Bus 27 Bus 28
Fault Line 29-28 7.2 (4.5) 7.1 (4.4) 7.2 (4.2)
Fault Line 28-29 8.4 (5.1) 8.3 (4.8) 8.3 (44
Fault Line 28-26 11.1 (9) 10.9 (8.9) 12.5 (10.8)
Fault Line 26-28 9.8 (7) 9.7 (6.9) 11.6 (9)
Fault Line 29-26 8.7 (6.9) 8.6 (6.8) 9.6 (8.2)
Fault Line 26-29 9.2 (6.3) 9.1 (6.1) 10.6 (7.9)
Fault Line 26-27 11.6 (9.1) 11.4 (8.7) 12.7 (10.2)
Fault Line 27-26 16.9 (11.4) | 16.4 (10.7) | 19.3 (13.1)
Fault Line 25-26 19.9 (16.1) | 19.9 (15.3) | 19.8 (19.8)
Fault Line 26-25 11 (8.7) 10.7 (8.4) 12 (9.7)

is configured so Area 2 imports 400 MW from Area 1,
with 200 MW from the WTG plant connected through a
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FIGURE 24. WTG response for fault on line 25-2.

sub-transmission line and a transformer to Bus 5. With only
the WTG basic control, the CCT for a three-phase short-
circuit fault on Bus 5, followed by a loss of a tie-line between
Buses 5 and 6, is 5.1 cycles. The instability is Area 1 sepa-
rating from Area 2. In order to improve the CCT, the aDPR
control is enabled following the fault. For this control design,
we assume the availability of frequency measurements from
the boundary buses of both areas (due to observability of
inter-area mode). Thus we will utilize the relative frequency
of the two areas, namely, f = f5 — fg, for the aDPR control.
Thus, instead of ¥, df /dt is utilized.

The stable machine speed response for a 8.4-cycle fault
is shown in Fig. 26. The aDPR stops the rotor speeds of
Area 1 from further acceleration. During the disturbance, the
lower voltage at Bus 6 reduces the power demand of its load,
causing the rotor angles in Area 2 to advance. Thus the syn-
chronism between the two areas is maintained. The response
of the WTG is shown in Fig. 27. The aDPR ramp is tuned to
0.45 pu/s, due to the slow frequency of the interarea swing and
the strong probability of second swing instabilities occurring.
The PI gains have been tuned to 0.23 and 2.65, respectively.
Due to the slower oscillations, the tracking of the active power
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voltage for 8.4-cycle fault.

command is almost exact, especially when compared to the
SMIB case. In the meantime, the reactive power damping
controller is effective in damping out power oscillations on
the weak tie-line. To benchmark the synchronization capa-
bility provided by the aDPR, the WTG is replaced by a SG
of the same rating, equipped with a static excitation system.
In addition, a 100 MVA Static Var Compensator (SVC) is
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installed on Bus 5. The CCT achievable for this case is only
5.3 cycles.

VIl. CONCLUSION

In this paper, a novel aDPR control for WTGs is proposed
to enhance transient stability of SGs. The aDPR control con-
sists of three components. The power reduction and ramping
allows the WTG to act like a braking resistor to reduce the
SG acceleration immediately following a fault. The adaptive
ramping and damping control parts reduce the SG rotor decel-
eration and second-swing instability. In contrast to active
power controls that directly commands the converter active
current output, the aDRP control is implemented through
the WTG active power order and setpoint. In this manner,
the stress on the WTG rotor and blades is minimized by
the optimization built into the WTG operation. The aDPR
control is demonstrated on three systems. In each system,
the WTG active power can be loaded onto existing transmis-
sion lines, thus, reducing potential transmission infrastructure
investments, while the transient stability margin is improved.
Further work will be directed toward coordination of aDPR
control installed on multiple WTGs, to ascertain transfer
capability improvement over large regions of power systems
with high renewable penetration.

APPENDIX

SMIB SYSTEM PARAMETERS

The SG is represented by the transient model Parameters of
the model can be found in [28]. The WTG PI damping control
has parameters K, = 0.13, K; = 1.33 and low-pass filter time
constant T7p = 0.05 sec.

TWO-AREA SYSTEM

Parameters can be found in [31]. One tieline between buses
5 and 6 was removed and the impedance of each of the
remaining lines was set to 0.22 pu. Two power system sta-
bilizers with the machine speeds as inputs were tuned (lead
compensator design) for generators 1 and 3 to achieve inter-
area mode damping of 10%. Governors are also enabled on
all generators.
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