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Optimization of Short-term Overproduction
Response of Variable Speed Wind Turbines

Miifit Altin, Member, IEEE, Anca D. Hansen, Thanasis K. Barlas, Kaushik Das, Member, IEEE, and
Jayachandra N. Sakamuri, Member, IEEE

Emphasis in this article is on the optimization of the short-
term overproduction response of variable speed wind turbines
for synthetic inertia provision or fast frequency control. The
short-term overproduction response of wind turbines plays a
crucial role in the enhancement of the resilience of future power
systems with low inertia especially during large frequency
disturbances. Novel optimization approaches employing the
genetic algorithm are proposed to maximize the released energy
from the wind turbine during its overproduction period
considering the electrical and mechanical constraints. Based on
the optimization results, the article identifies and analyses a set of
relevant aspects to be taken into account by power system
operators and wind turbine developers in the process of
designing the synthetic inertia provision or the fast frequency
control. Additionally, the impact of the short-term over
production response on the wind turbine structural loading is
analyzed through a set of aeroelastic simulations to further
investigate aerodynamic limitations.

Index Terms—wind energy integration, heuristic optimization,
wind energy, power generation control, short-term
overproduction, genetic algorithm, inertial response.

I. INTRODUCTION

HE installed wind power over the world in 2016 had the

capability of suppling approximately 4.7% of the global
electricity demand [1]. Accordingly, in order to reduce the
greenhouse gas emissions, the wind power is expected to be
capable of producing 50% of Europe’s electricity demand by
2050 through the green energy policies, technology
improvements, and infrastructure investments [2]. Due to this
sustainable increase of wind power, the fossil-fueled power
plants and nuclear power plants are planned to be shut down
[3]. This aspect raises serious concerns regarding the stability
and security of supply of future power systems with high
levels of wind power.

In order to sustain the stable operation of power systems,
the grid code requirements and ancillary services are
elaborated worldwide for wind power plants (WPPs) and wind
turbines (WTs) [4]. These requirements and services in
general are similar to those typically provided by the
conventional power plants (CPPs). Accordingly, some of these
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requirements are designed not to destabilize the power system
to where WPPs are connected. However, the planned gradual
displacement of CPPs due to the increasing wind penetration
levels might require new services or requirements which
imply important considerations for the frequency stability of
power systems. Beside that fact, power systems get closer to
their stability margin, and their inertia is drastically reduced
unless specific control actions are considered. In this respect,
recent studies have shown that there is a need for detailed
specifications of the control actions from WPPs for the
frequency stability [5], [6]. The focus in these studies is
mainly on the assessment of the short-term response of WTs
by the fast frequency control [6], also referred as synthetic
inertia [7]. For the short-term overproduction response, there
is no standard definition in the literature. In this study, short-
term overproduction response represents a temporary short-
term (i.e. duration less than 30 sec.) active power increase
which can be specified by a predefined step, synthetic inertia,
or fast frequency control.

The state-of-the-art shows that modern WTs [8] are not
capable of providing a short-term response without any
control effort following a grid frequency event. The
displacement of nuclear and coal-fired thermal power plants in
accordance, while installing more and more WPPs can create
critical operational scenarios where the power system inertia is
reduced both for islanded [9], [10] (e.g. Ireland, UK) and
interconnected power systems [11]. In future power systems
with high penetration of wind power, the low system inertia
may cause frequency instability and lead to load shedding or
generation disconnections [6]. In order to overcome these
challenges, WPPs can be utilized to provide a short-term
support such as fast and temporary frequency support through
proper controllers which comprehend frequency measurement
and event detection functionalities [6], [12]. Two types of
control methods are proposed so far, namely one which
enables a reserve power by down-regulating WTs [13] and
another one which provides additional power by operating the
WTs in overproduction mode [14]. In the first controller type,
the reserve power is kept by activating the pitch controller or
operating above the rated rotational speed to provide the
required amount of the power during the frequency
disturbance. However, in the second controller type, the short-
term overproduction response without any reserve allocation is
released from the kinetic energy of the WT. Several studies
regarding the inertial response contribution [14]-[19] have
shown that at wind speeds below rated, the short-term
overproduction period is followed by an underproduction
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(recovery) period, which can be characterized by a power drop
below the pre-event value. This underproduction can be
considerable especially at wind speeds below rated wind,
depending on the adopted control strategy, as depicted in [12].
There are challenges in order to provide the short-term
overproduction response of WPPs regarding the released
energy and the underproduction period. Therefore, this article
targets analyzing the optimization of the short-term
overproduction response of variable speed wind turbines
(VSWTs) with special focus on wind speeds below rated.

Several studies have investigated the short-term
overproduction response in order to analyze the capability of
VSWTs to support the frequency stability of power systems
[15]-[19]. In [15] and [16], the focus is on the relationship
between the released energy, rotational speed and electrical
torque of the WT while performing sensitivity analysis by
varying some key parameters such as the magnitude of the
applied power and the duration of the overproduction. Some
of the mechanical and electrical limitations of the WTs are
considered in these studies. In [17], a heuristic optimization
approach, namely the genetic algorithm, is used to tune the
parameters of the inertial response from all WPPs as an
aggregated response into the power system. However, in this
study the dynamics of the VSWT are not taken specifically
into account due to the system level approach with focus on
the geographically distributed WPPs. Furthermore in [18], the
convex optimization method is applied to maximize the
duration of the pre-defined additional power. In [18], similar
to [17] the VSWT dynamics are not represented in detail and
the predefined power reference value is a fixed value which is
independent of the frequency deviations obtained from a
power system. Finally, in [19] the shape of the additional
power during a frequency deviation is optimized using the
particle swarm optimization method. The study considers the
frequency dynamics of a power system as similar in [17] and
additionally the dynamics of the VSWT similar to the [18].
However, without considering the frequency measurements
such as the frequency and the rate-of-change-of-frequency
(ROCOF) during the frequency deviation, the results of the
tuning approach in [19] might be limited and difficult to apply
for various power system operating states and wind speed
conditions. Therefore, there is a need for an approach
employing an optimization method in order to further
investigate the short-term overproduction response of the
VSWTs considering its mechanical and electrical limitations
with power system frequency dynamics.

The objective of this study is to analyze and quantify the
short-term overproduction response of VSWTs by maximizing
the released energy with consideration of the mechanical and
electrical limitations and the frequency dynamics of a power
system. The genetic algorithm is employed as the optimization
method in three approaches. In the first approach, the duration
of the overproduction period is optimized for different pre-
defined active power setpoints of the WT. The second
approach includes both the active power setpoint and the
duration of the response in the optimization algorithm as two
decision variables. Furthermore, in the third approach instead

2

of keeping the active power setpoint as a constant value, the
optimization study is performed based on the measurements of
the frequency deviation and the ROCOF for a benchmark
power system. Finally, the contribution of the study is further
extended by analyzing the impact of the overproduction
response on the loading of the WT structural components.
This impact analysis has not been considered in the previous
studies.

The article is organized as follows. Section II briefly
describes the simplified WT model which is based on
extended IEC standard model. In Section III, the optimization
of short-term overproduction capability is presented for
various wind speeds below rated wind speed in three
aforementioned approaches. The impact of the short-term
overproduction on the WT loading is analyzed from an
aeroelastic simulation perspective in Section IV. Finally,
conclusive remarks are reported in Section V, where the track
for future work regarding the short-term overproduction of
WTs is also suggested.

II. SIMPLIFIED WIND TURBINE MODEL FOR OPTIMIZATION
STUDIES

The common practice regarding the modelling of WTs is to
represent the response of the WT with a required level of
accuracy and details relevant for power system integration
studies. Generic models of WTs and WPPs have been
developed recently in the IEC 61400-27 standard [8], [20],
[21], having an aim to represent the WT’s behavior for short-
term voltage stability studies. As these models do not include
wind speed variability and WTs’ aerodynamic features, they
are not appropriate for frequency control studies, such as
inertial response or short-term frequency support. In [22], an
extended version of the IEC 61400-27 model is introduced
including the wind speed variability, a simplified aerodynamic
model as well as its coupling to the mechanical model, which
is essential in order to account adequately for the dynamics
and the limits of the rotor speed. With this extension, the
model can be further used in the investigation of the short-
term overproduction response [16].

In this present article, a simplified WT model is developed
based on the extended and detailed model described in [22] in
order to be used with an optimization method while keeping
the relevant aerodynamic and active power control
performance. The detailed and simplified models are depicted
in Figure 1, respectively. Notice that the reactive power
control and the WPP controller related models are removed in
the simplified WT model, as the focus in this work is on the
active power/frequency control capability of the WT. NREL
SMW reference WT data is employed for aerodynamic and
mechanical models [23]. The rated power of the WT is 5 MW
and the WT parameters are given in Appendix. The following
assumptions are made for the simplification procedure:
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Fig. 1. Wind turbine (a) detailed [22] and (b) simplified models

e The 2-D lookup tables for the aerodynamic efficiency and
the maximum power point (MPPT) table are replaced by
polynomial functions as result of the MPPT curve fitting
in the overproduction region, as illustrated in Figure 2a
and Figure 2b, respectively.

e The 2-mass mechanical model in the detailed WT model
is replaced by a single-mass model, as the stiffness and
damping of the shaft are not relevant for the focus of this
study.

e The pitch controller is removed in the simplified model
since the focused wind speed region is below rated wind
speed (i.e. where the pitch angle is kept constant to its
optimal value).

e Active power control dynamics are simplified and
represented as a first-order filter not to increase the
computation time of the optimization algorithm.

e The wind speed is assumed constant during the
overproduction period. Notice that in this study the focus
is only on wind speeds below rated.

The aerodynamic model in Figure la, calculates the
aerodynamic power of the turbine (P,.,,) using the pitch angle
(), the tip-speed ratio (1) and the power coefficient (Cp). Cp is
an interpolated value from the predefined 2-D lookup table to
calculate P,.,, [23]. VSWTs operate at the optimum value of
Cp (peak value of the curve fitting in Figure 2a) before the
overproduction response. When the overproduction is enabled,
the operating point is shifted to the left due to the reduction in
A. After the overproduction period, the Cp reaches again its
optimum value by the action of the MPPT control. Therefore,
the focused region for this optimization study is the left half
plane of the Cp curve in Figure 2a with respect to constant
wind speed and optimal 6. In the simplified model, this curve
fitting for the Cjp is applied in the overproduction region of the
WT and the obtained polynomial function is included in the
new aerodynamic model (Figure 1b).
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Fig. 2. (a) Curves fitting for Aerodynamic Cp and (b) MPPT blocks used in
simplified wind turbine model

All these simplifications are done in order to increase the
speed of the optimization process while keeping the focus on
the relevant dynamics for aerodynamic and mechanical
models. The comparison between the simulation results during
WT’s overproduction period for the simplified and the
detailed model is presented in Section I'V.

III. OPTIMIZATION OF SHORT-TERM OVERPRODUCTION
CAPABILITY

In this section, the optimization of the short-term
overproduction response of the WT using the genetic
algorithm (GA) is presented. GA is well established method in
the literature based on the mechanism of natural selection to
constitute search and optimization procedure [25], [26]. It can
produce high quality solutions because it is independent of the
choice of the initial configuration of the problem. The optimal
solution is sought after from a population of solutions using
random process. A new generation is created by applying to
the current population the three following operators:
reproduction, crossover and mutation. Moreover, GA has the
advantages that it can be manage nonlinearities and provide
the global optimum. Since the WT model and the dynamics of
the short-term overproduction response are non-linear with
both continuous and discrete variables, the GA is selected in
this work in order to effectively solve the optimization
problem. As investigated in [18], the traditional linear
optimization methods can be used by linearizing the simplified
WT model, however the response of the linearized model is
not accurate enough for the whole operating range of the
overproduction response. Additionally, different variations of
WT model and overproduction response can be easily handled
with the GA. The flow chart of the GA employed in this work
is presented in Figure 3.
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Fig. 3. Flowchart of GA for short-term overproduction response

In this work, GA is utilized to maximize the energy (E,.,)
during the over-production period (AT,,.). The objective
function and constraints for the GA are defined as follows and
the illustration of the variables is given in Figure 4:

maximize E, =AP (0).AT, (1)
1) P (t P {
sbeerso 2@ 1 [ Pu= P 0 o
dt ToH @y (1)
d(F., (1)
= (B AL (0= Py ()T 3
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Pinfz‘ I
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Fig. 4. Illustration of objective function and constraints

where AP,,,, is the additional active power during AT,,.,, ®gen
is the generator speed as the output of the mechanical model
(Figure 1b), Py, is the aerodynamic power as the output of
the aerodynamic model (Figure 1b), H is the total inertia of the
WT, R is the WT blade length, and V,;, is the initial wind
speed. Equations from (2) to (4) describe the simplified WT
model in Figure 1b. Equation (2) represents the drive train of
the WT as a single mass model (Figure 1b) which describes
the equation of motion. Equation (3) is for the simplified
active power control, and the calculation of P,,, is given as

Equation (4). Furthermore, Equations (5)-(7) are the
mechanical and electrical limitations considering minimum

generator speed (w,,;,,), maximum generator torque (7,,,,), and

the generation of the optimum power according to MPPT

(P,pr). Additionally, the optimum power constraint limits the

drastical decrease of the active power of the WT just after the

release of the overproduction in order to reduce the negative
impact on the power system. Finally, Ty is the time constant
for the active power control response of the WT.

The aforementioned parameters H, R, and V,,; have
influence on the overproduction response of the WT. H will
affect directly the deceleration of the turbine. R does not have
large impact on the deviations of P,,,. However, R influences
indirectly H value such that large WTs have long blades
causing large turbine inertia. Finally, V;,;, determines the initial
operating point of the WT and thus considerably influences
the overproduction response which will be seen in the
optimization results.

This optimization problem is generic and can be applied to
any type of WTs. Notice that the objective function can have
two decision variables, i.e. additional active power (AP,,..)
and duration (AT,,,) of the overloading. In order to solve the
optimization problem by applying GA, three approaches to
maximize the energy (E,,.,) during the over-production period
are considered as follows and the illustration of these
approaches is given in Figure 5:

e Approach 1 — assumes that AP,,, is predefined with
respect to practical reasons (e.g. according to power
system operators’ requirement) and only AT, is
optimized for various AP,,,, values.

e Approach 2 — optimizes both AP, and AT,,., variables.
In this approach, AP,,.,, which represents the additional
power on top of the initial active power value, is kept
constant during AT,

e Approach 3 - employs the frequency deviation (Af) and
ROCOF (df/dt) as inputs to the optimization algorithm
using the inertial response control described in [14]. The
optimal values for AT,,.. and the control parameters (K,
and K) of this control are identified to maximize E,.,p. Af
and ROCOF values are defined based on the validated
power system model for a real disturbance described in
[24]. [

Overproduction l

APgyer input D_ Simpilified Eover
—
— WT model | g contraints
Approach 1 _ {ru_vev_ A /_ _____________ g
Mi 3
2
APoyer 1 J:I_ . simpilified | Eover 5
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e <
Approach 2 L AToer =3
_____________________________ z
Overproduclicnl 3
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— 7/ WT model | g contraints
Approach 3 L ATowr &,

Fig. 5. TIllustration of optimization approaches for short-term overproduction
response of wind turbines
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The optimization results from these three approaches
quantify particularly the short-term overproduction capability
of the generic WT in terms of the optimized variables and the
over-production profile (i.e. active power and duration) for
different wind speeds.

A. Optimization of AT,,.. with various predefined AP,,,,,

As mentioned above, the Approach 1 maximizes E,,., by
optimizing AT, while AP,,, is kept constant during the
optimization at a predefined value between 0.01 to 0.3 pu
(SMW base). The optimization results (i.e. overproduction
period versus power overproduction set points) are given in
Figure 6a for different wind speeds. According to these
results, it is clear that the maximum energy which can be
extracted out of the WT within the defined constraints (5)-(7)
is achieved for the wind speed of 7m/s (Figure 6b). It is also
worth noticing that the pattern of the optimized results is
similar in Region 1 (i.e. wind speeds from 6 m/s to 9 m/s) to
maximize E,,.. However, close to the rated wind speed
(Region 2) the drop in the optimum power is very steep due to
MPPT curve (Figure 2b) and the P,, constraint limits E,,,,.
This conclusion is quite interesting as one would expect to
extract more energy at higher wind speeds even within the
defined constraints. Accordingly, any control attempt
demanding a large energy during very short overproduction
duration should be designed carefully due to the high active
power reduction of WTs when the overproduction is released
(i.e. recovery period).

B. Optimization of AT,,.. and AP,

For Approach 2, both AT,,, and AP,,, are assumed as
decision variables in the optimization algorithm. The results
presented in Table 1 are consistent with the results in the
Approach 1, namely the maximized energy extracted out of
the WT is achieved for the wind speed of 7m/s. Notice also
that the maximized energy for the wind speed of 7m/s is
slightly increased due to the selection of AP,,., as a decision
variable. Furthermore, Approach 2 shows that the maximized
energy is obtained for durations less than 5 sec. If AT,
increases to obtain the same amount of energy, the constraints
will be violated (i.e. longer AT,,., less E,,,) and hence an
optimum solution will not be achieved.

TABLEI
APPROACH 2 OPTIMIZATION RESULTS (Py,:=5SMW)
Wind Speed AP, AT, E,.r
(m/s) (pu) (s) (pu.s)
10 0.104 1 0.10
9 0.246 3 0.74
8 0.287 3 0.86
7 0.252 4 1.01
6 0.246 3 0.74

ATover (8)

0.15 0.2
APgyer (pU)
(a)
Wind Speed 7 m/s

= APgver=5%
APover=10%
APoyer=15%)

0 5 10 15 20 25 30

Time (s)

(b)
Fig. 6. (a) Optimization results of approach 1 for different wind speeds and
(b) Active power output (in SMW base) of wind turbine at 7 m/s

C. Optimization of Inertial Response Parameters K;, and Ky
With AT ,yer

In Approach 3, the signals (ROCOF and Af) which are
employed in the inertial response control [14] are used as
inputs to the optimization algorithm and the parameters K,
and Kj; depicted in frequency controller in Figure 7, namely
the derivative gain and the droop gain respectively are
optimized. The inputs in the optimization algorithm, presented
in Figure 7, are obtained from the power system model
described and validated in [24].

"+ APgyer

Overproduction

02

5 10 15 20 25 30
Time (s)

Fig. 7. Inertial Response [14] Implementation with Af and ROCOF Signals

Time (s)

Based on these signals, the decision variables (K;,, Kj; and
AT,,) are optimized and the results of Approach 3 are
compared with the other two approaches in Figure 8a. The
optimization results in Approach 3 showed that ROCOF signal
has higher impact on the optimized response than Af signal.
Due to the high value of ROCOF signal at the beginning of the
frequency deviation (Figure 7), K;, is more determinant than
K, in the optimized response. The optimization results for the
three approaches are similar, i.e. the shape of the maximum
energy extracted out of the WT is similar at the different
considered wind speeds. All three approaches indicate that the
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maximum energy during a short-term overproduction of a WT
can be extracted at the wind speed of 7m/s. The same results
are obtained at 7 m/s wind speed for a generic 2 MW WT
model. Therefore, it can be concluded that the medium wind
speeds are optimal for the short-term overproduction
independent of the size of the WT.

In Figure 8a, a comparison between the results of the
Approach 1, Approach 2 and Approach 3 are shown in terms
of the maximized energy (E,,.,). The differences between the
approaches are due to the AP,,., response (i.e. a predefined
value or a frequency dependent variable) and convergence
tolerance of the GA. Furthermore, in Figure 8b, the simplified
model used in the optimization study is verified with the
detailed model at 7 m/s wind speed. The discrepancy between
the simplified and the detail models is the minimum value of
the active power after the overproduction due to the
simplification of mechanical model.
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Fig. 8. (a) Optimization results of proposed approaches in terms of E,,.,. for
different wind speeds and (b) Active power output (in SMW base) of wind
turbine at 7 m/s for proposed approaches

IV. IMPACT OF SHORT-TERM OVERPRODUCTION ON WIND
TURBINE LOADING

The optimization study of the short-term overproduction is
performed by employing the generic simplified model of the
VSWT with the full scale converter. As mentioned in the
modeling section, this model represents the performance of the
VSWT for power system studies without considering the
aeroelastic model of the WT structural components. Therefore,
the aeroelastic code HAWC2 is employed in order to analyze
the impact of the short-term overproduction on the structural

loads. The HAWC2 (Horizontal Axis Wind turbine simulation
Code 2™ generation) is a Blade Element Momentum (BEM)
based tool using a multi-body dynamics approach [27]. An
open loop simulation is performed to run the HAWC2 and to
obtain the loading of the structural components. For the open
loop simulations, the baseline power controller in HAWC2
[28] is bypassed and the prescribed generator torque profile in
time series is introduced as an input to the HAWC2 code in
order to obtain different overproduction power (AP, = 2.5%,
10%, and 30% of available power) for different
overproduction periods (AT,,.- = 30s, 9s, and 4s), respectively.
These three cases have been simulated as the open loop for a
constant wind speed of 7 m/s. The results of the impact
analysis are shown in Figure 9a in terms of active power
performance and the calculated ultimate loads in Figure 9b.
Under the constant wind speed, especially the 30%
overproduction case results in considerable increases in tower,
yaw bearing, and main bearing bending moments, mainly in
the side-side/roll directions.
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Fig. 9. (a) Active power output (in SMW base) of wind turbine for different
overproduction setpoints and (b) Ultimate load (i.e. base loading as 1)
comparison of these cases at 7 m/s

The loading results show that the active ramp down rate
should be limited not to increase the stress at the tower base
and the yaw. Furthermore, the amount of the active power
overproduction and its duration should be considered with the
ramp-down rate of this active power response. This limitation
can be included in the optimization algorithm as a new
constraint and in the active power control loop of the detailed
VSWT model as an extension of this work.
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V. CONCLUSION

In this article, optimization of the short-term
overproduction response of variable speed wind turbines
considering electrical and mechanical constraints is described
and investigated in detail. The released energy during the
overproduction response is maximized using the genetic
algorithm with special focus on wind speeds below rated
value. Accordingly, different optimization approaches are
introduced by investigating the overproduction profile based
on either the duration and the overproduction power setpoint
or the inertial response parameters related to the frequency
deviation and the rate-of-change-of-frequency. The proposed
approaches are showing consistent results in terms of the
maximized energy. Furthermore, the impact of the short-term
overproduction on the wind turbine loading is analyzed
through a set of open loop aerolastic simulations.

The results have shown that the maximum energy can be
extracted depending on the overproduction power setpoint, the
duration of the overproduction, and the operating conditions of
the wind turbine for different wind speeds. Additionally, it is
seen that for different wind turbine sizes, the optimum energy
is released around the same wind speed region. Looking at the
impact of the short-term overproduction on the wind turbine
loading, it has been seen that the ramp down rate of the active
power after the overproduction is crucial for the structural
loading.

This work can be used as a starting point in the design of
the synthetic inertia provision or the fast frequency control
from variable speed wind turbines for power system operators
and wind turbine developers.

VI. APPENDIX

TABLEII
NREL SMW WIND TURBINE PARAMETERS [23]
Rating SMW
Control Variable Speed
Rotor Diameter 126 m
Cut-In, 3 m/s,
Rated, 11.4 m/s,
Cut-Out Wind Speed 25 m/s
Rated Tip Speed 80 m/s
Rotor Inertia 35444067 kg.m”
Generator Inertia 534 kg.m’
Gear Ratio 97
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