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Wind energy is increasing penetration levels on utility grids as more wind turbines are
being installed. As the penetration of wind energy increases, there is motivation for wind
turbines to actively control their power output to meet power set points provided by grid
operators and assist with frequency regulation. This paper focuses on the development of
a novel wind turbine control system that is capable of varying the turbine’s active power
output upon receiving Automatic Generation Control (AGC), or power set-point, command
signals to meet the system operators needs in below and above rated wind speeds. The
turbine is de-rated to reach the set-points by achieving a higher than optimal tip speed ratio,
storing additional inertia in the rotor which can be used to assist in frequency regulation
by providing a primary/inertial response to fluctuations in grid frequency.

Nomenclature
153 blade pitch angle
Cp Power coefficient
A tip speed ratio (TSR)
Q generator speed
Ty generator torque
AGC automatic generation control

BPF band-pass filter
CART3  3-bladed Controls Advanced Research Turbine
DEL damage equivalent load
ERCOT  Electric Reliability Council of Texas

LPF low-pass filter
NREL National Renewable Energy Laboratory
Proted rated power of the turbine

TSO transmission system (grid) operator

I. Introduction

Wind power installed capacity is experiencing a rapid growth rate, as in 2010 worldwide capacity grew

by 23.6% [1]. Wind energy provided only 2.5% of the global electricity supply in 2010, but countries such as
Denmark, Portugal, Spain, and Germany have high wind penetrations, producing 21%, 18%, 16%, and 9%
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of their electrical energy from wind turbines, respectively [1]. The transmission system operators (TSOs)
in areas with high wind penetrations have increased interest in wind turbines providing grid services such
as meeting power set-points and providing automatic grid frequency regulation services, both done through
active power control (APC).

Conventional electricity generators are typically required to provide active power control through several
different regimes. These generators are capable of meeting the TSOs automatic generation control (AGC)
commands, or power set-points, which are used to balance electrical supply and demand. The conventional
generators are also usually required to automatically react to fluctuations in grid frequency to provide
stability during transmission or generation faults. Any synchronous generator on the grid inherently provides
inertial response by ‘bogging down’ and producing extra power extracted from the spinning inertia when
there is a shortage of power supply. Many of these generators also have governors that increase or decrease
power output temporarily when there is a decrease or increase in grid frequency. For more detail and further
information of inertial, primary, and AGC response, see [2] and [3].

Historically, wind power has not provided grid regulation services, as most large scale modern turbines
are de-coupled from the utility grid via their power electronics. Increasing wind penetrations on some grids
has pushed the TSOs to set new requirements for wind turbines to provide active power control services.
Such requirements include meeting AGC power set-points and reacting over a limited time frame to grid
frequency events [4, 5, 6, 7, 8]. A schematic showing the interconnection of the TSO, utility grid, wind plant
controller, and individual turbines can be seen in Fig. 1.

APC for wind turbines is
now an active area of research
in industry and academia. GRID

Reference

. Commands
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a primary /inertial response to RLANRAT
grid frequency. Here we focus '
on the control system at an
individual turbine level that

directly receives AGC com-

mands and measures the grid Figure 1. A schematic showing the interconnection between the TSO, or grid

frequency. operator, AGC power reference commands, the grid frequency, the wind plant

This paper is organized as controller and the individual turbine. The wind plant controller receives the
follows. Section II describes AGC commands and translates grid frequency into a change in power output
and sends commands to the individual turbines. This paper focuses on the

the development of the control control system of an individual turbine. Figure used with permission from [9]

system. Section III presents
selected simulation results highlighting the capability of the control system. Section IV provides concluding
comments and discusses the ongoing work to be included in the final paper.

II. Control System Development

In this section, we briefly overview the goals of traditional wind turbine control systems and explain
the development of a wind turbine controller that can meet AGC command signals and assist in frequency
regulation by providing a primary/inertial response. First, the AGC baseline control system development is
described by dividing the operation into below-rated-speed and rated-speed operation. We then explain the
augmentation of this control system to be capable of reacting to frequency events via primary control.

The power available in a uniform wind field is P, = §pAv3, where P, is the power [W] of the wind with

air density p [kg/m?3] and wind speed v [m/s] passing through the swept area A [m?] of a rotor disk that
is perpendicular to the wind flow [10]. The wind turbine blades can only capture a fraction of the power
available from the wind. The fraction of captured power to available power is referred to as the power
coefficient C,,(3, ), which is a function of the tip-speed ratio (TSR) X and the collective blade pitch 8. The
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TSR is the ratio of the tangential velocity of the blade tips divided by the wind speed perpendicular to the
rotor plane. A characterization of a wind turbine’s power coefficient C), is shown as a contour plot in Fig. 2.
The primary goal of traditional wind turbine

Cp, for CARTS Turbine control systems is to maximize power extraction in

0.45 order to maximize profitability. This is done by
maintaining the maximum power coefficient C,,. by

0.4
keeping the blade pitch angle at 8, and controlling
— 035 the generator torque to maintain the optimum tip
:_ 0.3  speed ratio A,. To do this, the commanded gen-
l% 025 erator torq.ue Ty is set to l?alance the steady-state
02 aerodynamic torque according to
0.15 )
2 ‘ = 0.1 T = KLy
0 2 4 6 8 10 1 C (5 A )
Collective Blade Pitch, BC [Degrees] K, = *pARB p P, *(
2 A>(-3]\/vg€0/l"3

Figure 2. A characterization of the power coefficient C) .

of the 3-bladed Controls Advanced Research Turbine Wwhere NgeaT is the generator speed to rotor speed
(CART3) rotor. The dotted lines represent the tip- gear ratio (i.e., a constant greater than unity), Q
speed ratio \. and the collective blade pitch 5. that are is the generator speed, p is density of the air, A

maintained in below-rated conditions, resulting in the . ¢ f th t R is th t di
power coefficient C,.. The operating point C,. is not 1S Swept area o € rotor, 18 € Totor radius,

located at the maximum power capture point for this and (ﬁ*7)\>«-) are typically the blade pitch and TSR,
parti‘cular turbine so that the higher TSR will cause th‘e respectively, where the power coefficient Cp* oc-
turbine to .reach rated speed F)efore rated power, as is curs [ ] Tt can be shown that this generator torque
common with large-scale turbines. . .

control law will balance the aerodynamic and load

torques to regulate the speed of the turbine to the optimal TSR in steady-state conditions [11].
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Figure 3. A block diagram of the control system including the baseline AGC power reference controller,
primary/inertia controller, and wind speed estimator. The saturation blocks ‘Satl’, ‘Sat2’ and ‘Sat3’ have
saturation limits of +0.257,4tcq, 0 — 1, and 0 — P.4¢cq, respectively. All low-pass filters (LPF) are first-order and
the band-pass filter (BPF) is second-order.

Once the wind turbine is operating at rated power, the primary goal of traditional control systems is to
regulate the turbine power at the rated level. This is done by pitching the blades to shed extra aerodynamic
power so that the turbine maintains rated speed. The generator torque is either held constant at the rated
level, or controlled inversely proportional to generator speed to maintain rated power [12]. The blades are
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pitched using a gain-scheduled proportional-integral (PI) control system that pitches the blades in reaction

to generator speed error |

]. This type of blade pitch control system is used in this study and comprises

the ‘Pitch Control’ block seen in Fig. 3.

A. Wind Speed Estimator

An estimator is developed to esti-
mate the effective wind speed over
the turbine rotor, and therefore the
power available in the wind. A
steady-state lookup table is used
to provide these wind speed esti-
mates, depicted in Fig. 3 as the
‘Wind Speed Estimator’ block. The
wind speed lookup table is gener-
ated based on a power coefficient
parametrization Cp(A, ), such as
shown in Fig 2. For the C}, data and
turbine model used in this study,
there is a unique wind speed for a
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Figure 4. The performance of the wind speed estimator compared with
the hub height wind speed during simulations with above and below

rated turbulent wind files.

given rotor speed €14, blade pitch 3,
and high-speed shaft torque 7ygg
while operating at steady state. By using sensors to measure these turbine states, the wind speed can be es-
timated by using a lookup table of Ves = f(€y, 8, THss). The simulated output of the wind speed estimator
for above and below rated turbulent wind files is plotted against the hub height wind speed in Fig. 4.

Since V.4 is based on a lookup table of steady-state values, the estimate is more accurate when the
turbine is operating at rated speed. This can be seen in Fig. 4 when the wind drops rapidly below 10 m/s
and the turbine drops below rated speed. The errors induced during below-rated speed operation do not
affect the controller performance in this study, since the wind speed estimate is only used to generate the
torque command in rated-speed operation. The AGC command is set to 100% power for the simulations in
which Fig. 4 was generated. The wind speed at which the turbine enters below-rated operation decreases
when a lower AGC power reference is commanded. The power available in the wind is calculated based on
the estimated wind speed and low pass filtered at 0.1 Hz to remove sensor noise and avoid high frequency
actuation of the torque control system since the wind speed estimate is only used to capture a specified
fraction of the power available from the wind.

B. Torque Control System Description

The torque control is divided into three separate sections, below-rated speed AGC torque control, rated
speed AGC torque control, and the primary/inertial torque control. The primary goal of the AGC torque
control systems is to track a power command signal from the transmission system operator. This signal may
be an absolute power set-point or a delta command signal, which specifies a percentage of the power available
in the wind to capture. This study focuses on reacting to a delta command signal, but the control system
architecture is fully capable of receiving either type of command signal. A schematic of the control system
developed for this study can be seen in Fig. 3. The control system is designed to be capable of receiving
AGC power reference commands of any form, including step commands which are considered for this study.
The torque control system is turned off when the rotor speed is spinning below 20% of rated speed.

1.  Below-Rated Speed AGC Torque Control

The control system de-rates the power of the wind turbine in below-rated speed operation by varying the
generator torque to obtain a sub-optimal TSR. In this region of operation the blades are kept at 8, due
to the pitch control system that operates to prevent the turbine from exceeding rated speed. A method of
de-rating the turbine in this manner was presented in [13] and [14], where the turbine operates at a higher
than optimal tip-speed ratio. There are two rotor speeds that can achieve a particular de-rated power level
for a given wind speed, as seen in Fig. 5 for wind speeds of 7 and 9 m/s. The controller tracks the higher of
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these speeds so that there is more inertia stored in the rotor. This allows the primary/inertial component of
the controller to react to an under frequency event by extracting some of the additional inertia and slowing
the turbine down to operate at a higher power coefficient, as described in section 3 below. Though this
method is presented in [13] and [14], these studies focus on the primary/inertial controls with a constant
power AGC signal from a power electronics viewpoint and do not consider practical turbine speed limitations

and interactions between the torque and pitch controllers.

It can be seen in Fig. 5 that for each constant de-
rated power level, a different torque feedback gain
K 4cc must be used to control the generator torque
as Tg = K acc$?, as shown for the ‘Max Power’ and
‘80% Power’ trajectories. A lookup table is gen-
erated to determine the appropriate feedback gain
K scc for a given delta AGC power command signal.
The feedback Kagc gain is then low-pass filtered,
as seen in Fig. 3, to avoid rapid torque actuation
which will excite the turbine natural modes.

2.  Rated-Speed Operation AGC Torque Control

Once the turbine reaches rated speed the blade pitch
actuator becomes active to prevent rotor overspeed.
To meet the AGC power set-point when operating
at rated speed, the torque can be commanded to be
the AGC absolute power command divided by the
rated speed. The AGC absolute power command
can be calculated from the AGC delta set-point if
the power available from the wind is known. The
wind speed, and hence available wind power, is esti-
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Figure 5. Various steady-state power capture curves for
given wind speeds (V) at 8.. The ‘Max Power’ curve
is the trajectory of the turbine that achieves Cj. for
each wind speed by controlling the generator torque to
be 74 = K*Qg. The ‘80% Power’ curve is the trajectory
that leaves 20% overhead power via rotor speed control

and can be achieved by controlling generator torque
as T4 = KSO%QE. The black curve shows the turbine
trajectories during transitions between 100% and 80%
power at a constant wind speed of 7 m/s, which are
labeled points A and B, respectively.

mated by using the technique described in section A
above. The available power from the wind is satu-
rated at the rated turbine power, and therefore the
ratio of extracted power to rated power does not ex-
ceed the AGC delta command in steady-state operation. The AGC power command is low-pass filtered
to avoid rapid torque actuation. The AGC power command can be tracked more rapidly than the power
command when in below rated-speed operation where the feedback gain Ko must be changed slowly to
avoid large power spikes, as will be shown in section III below.

Generator Torque (7g) Control

29 > OLIPIE > (.)2 tPrimary:
b Z
Deltacmq K STPE K SWITCH
® > Look » cmd: SN b4 T
, ookup | 0.005 Hz i 9 > OLIPI.I: >+ > Sat2 N Il}atfat 5
CMD Satl R | e—— N +J-_ .1 Hz imi
*—> a » LPF » X
> 0.1Hz g -
> State Reset )

B <>B*> on

Figure 6. A detailed schematic of the generator torque 74 controller block in Fig. 3. The switch is triggered
when the blade pitch is at a value above (B« which also triggers the state reset of the low pass filters.

The AGC torque controller switches into rated-speed operation when the blades are pitched above (,, as
seen in Fig. 6. Because the output of the below-rated and rated torque controllers are not equal, a bumpless
transfer technique is used to reset the states in the low-pass filters at either input of the switch shown in
Fig. 6. The low-pass filters are implemented in state-space &; = A;x; + Bju;,y; = Cix; + Dyu,;. Because the
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low-pass filters are first-order, the C; terms are scalar and the D; terms are 0. Upon switching from channel

_ Jiyi)

i to j the state of channel j is reset to z; = e where f;(-) is either % or yiQf] depending on whether

)

g
the low-pass filter of K4g¢ or P.,q is being reset, respectively. The output of the switch is low pass filtered
to further reduce high frequency torque actuation.

3. Primary/Inertial Response

There is motivation for wind turbines to provide frequency regulation services when a frequency event occurs
on the grid. Over-frequency events may occur due to a loss of load and under-frequency events may occur
due to a loss of generation. Since it is easier for a turbine to reduce power output due to an over-frequency
event, we focus on under-frequency events, which requires the turbine to be de-rated so overhead power is
available.

A droop curve is often used to parameterize the change in power output of a conventional generator
governor due to a change in grid frequency. Here we use a static droop curve to synthesize a primary
response in the wind turbine by converting measured grid frequency to a desired percentage of change in
rated power of the turbine. For this study, a droop curve with a 5% slope is used to generate the primary
Prated (6OHZ - fg?"id)

0.05 60H z
using dynamically shaped droop curves that become more aggressive (steeper) with higher rates of change

of frequency can effectively improve the primary/inertial response without significant increase of damaging
loads on the turbine [15], but dynamic droop curves are not considered during this initial study.

The primary power reference Py, imary, is split using a low-pass and band-pass filter, with the lower cutoff
frequency of the band-pass filter equal to the cutoff frequency of the low-pass filter. The low-pass filtered
component of P, imary is normalized to the percentage of available power from the wind and added to the
AGC delta power command. The band-pass filtered component of Ppyimary is divided by the low-pass filtered
rotor speed to acquire a perturbation torque command Tppimary that is added to the AGC torque control
system command, as seen in Figs.3 and 6. The primary torque command is saturated at 25% of the rated
torque and is turned off when the rotor speed is 20% of the rated speed.

power reference Ppyrimary = and is saturated at +0.25P,qcq- A study has shown that

ITI. Simulation Results

Simulations were performed with the FAST wind

turbine response simulator developed at the Na- Varying Cutoff Frequency f, of K .
tional Renewable Energy Laboratory (NREL) Na- 80

tional Wind Technology Center (NWTC) [16]. The 70 — Pgen 1,=0-05 Hz |
FAST simulator uses blade element momentum the- e P o §70-01 H2

ory to test aeroelastic models of a wind turbine . 60 mumP . ,=0.005 Hz 1
with stochastic turbulent wind inflow files [16]. The i 50 P avall HH |
turbine model used in this study is the NREL 5 Pace cmd

NWTC 3-bladed Controls Advanced Research Tur- 5 40

bine (CART3) for which P,qeq is 600 kW. The & 300

CARTS3 is a physical turbine on the NWTC site 15}

that is equipped with many sensors and has a com- 20

puter capable of implementing custom control sys- 10

tems. All feedback signals used for the wind speed . ‘ | ‘
estimator and control system described in this paper ? 00 200 300 400 500 600
are available on the CART3. Time [s]

The design of many of the filters for this con- .
trol system were intuitive with respect to the im- ¥i8uwre 7 The effects of changing the K pp cutoff fre-
quency during constant, below-rated winds (5 m/s) as

plications of the cutoff frequency and were designed the AGC power command signal is varied from 90% to
conservatively to avoid rapid actuation of the gener- 80% and back to 90%.

ator torque. The design of the K ppr low-pass filter

provided particularly interesting tradeoffs. Simulation tests were performed under constant, uniform, below-
rated wind of 7 m/s where the AGC command signal was stepped from 90% to 30% and back to 90%, as
seen in Fig. 7. As the K pp cutoff frequency increases, the torque actuates more rapidly and provides a
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large power dip and spike after the power command decrease and increase, respectively. A cutoff frequency
of 0.005 Hz was chosen due to the rate of response and lack of excessive power overshoot.

Simulations were also performed un-
der stochastic turbulent wind fields to 20 ‘ ‘
analyze the damage equivalent loads 15 E%ﬁri‘;‘r’;ﬂ;”mﬁ‘r’n";ﬁ?t ]
(DELs) induced on the turbine compo- 10/| =] Tower Side-Side Moment I

DELs Normalized to 100% Power Capture

. Il Low-speed Shaft Flex
nents for varying levels of constant AGC
delta set-points. The results of these 0 l:ll:’ =
simulations can be seen in Fig. 8. It 5 I D I D I D D
can be seen that reducing the power — °
set-point below 100% reduces the blade 1 so% 80-60-80% 60% 60% wiPrimary 0%
flap and tower side-side bending mo-
ments while slightly increasing the tower Figure 8. The induced damage equivalent loads on turbine com-
fore-aft bending moments. The fluctu- Ponents from above rated turbulent wind fields. The AGC delta
ations of the low-speed shaft flex were command remained constant at the specified power level, except
i . p in the ‘80-60-80%’ case, in which the AGC delta command was
increased with lower AGC delta power stepped from 80% to 60% and back to 80% for equal intervals

commands, which should be addressed in of the simulations. The primary torque control system was only
future work. active in the ‘60% w/Primary’ case.

% Change in DEL

Simulations were also performed to
analyze the response of the primary component of the control system, as seen in Fig. 9. A frequency
reference signal measured from a generator fault on the Electric Reliability Council of Texas (ERCOT) grid
is passed through the turbine droop curve to generate the primary command signals. The turbine was
simulated with an above-rated turbulent wind field and with a constant AGC command signal so that the
variation of output power due to the primary response can be seen more clearly.

The control systems is also tested during a simulation performed with a turbulent wind field that is near
the rated wind speed of the turbine, as seen in Fig. 10. The same ERCOT frequency reference of Fig. 9 is
used to generate a primary power command. The AGC delta power command is stepped from 70% to 90%
and back to 70% at time 200 s and 400 s, respectively as an example command in response to the frequency
event.

IV. Conclusions and Ongoing Research

This paper presents a novel wind turbine control system that is capable of de-rating to meet AGC com-
mand set-points and provide primary response to assist in grid frequency regulation. There is an increasing
demand for wind turbines to provide these services to support grid stability, particularly in areas of high
wind penetration. The initial results from the developed control system are very promising. The controller
successfully tracks the AGC power reference commands. The wind speed estimator works well when the
turbine is operating at rated speed, which is when the wind speed estimates are used. The control system
de-rates the turbine by over-speeding to a sub-optimal tip speed ratio when operating below rated rotor
speed. This allows extra rotor inertia to be extracted in an under-frequency event while raising the steady-
state power for primary control. When the turbine is operating at rated speed, the blade pitch controller
successfully maintains rated speed while the torque is controlled to track the power reference. The transition
between the below-rated speed and above-rated speed torque controllers is handled smoothly by using a
bumpless transfer teqnique.

Additional on-going research results will be included in the final paper. Attempts will be made to reduce
the drivetrain damage equivalent loads induced by de-rating the control system, as shown in Fig. 8. Adding
a rate limiter to the output of the ‘K Lookup’ block of Fig. 3 will also be analyzed. It can be seen in Fig. 7
that a larger power spike occurs when increasing the AGC delta command using the same low-pass filter. It
may be useful to implement rate limits on K 4qc, with a lower magnitude rate limit being applied on the
positive side.

Research on providing active power control with wind turbines will be continued in the future. The
presented control system achieves the design goals, but can still be improved. Future studies may explore
using an adaptive controller to determine the appropriate values of Kagc. Field tests of this control system
will be conducted on the CART3 to show the functionality of the control system on a physical wind turbine.
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Figure 9. Simulation results for an above-rated wind field with a constant AGC delta command of 70% and
a droop curve of 5% to show the primary/inertial response of the control system. A generation fault on the
grid occurs at roughly 125 s where the grid frequency decreases rapidly. The decline in frequency is arrested
by the inertia of the grid and is recovered slightly by the system primary response. The TSO AGC command
increases the active power of generators on the grid, which is the reason for the frequency recovering to 60 Hz.
Frequency event data is provided courtesy of Vahan Gevorgian (NREL).
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Figure 10. A simulation of the turbine and control system under turbulent winds showing AGC and primary
capability. The AGC delta power commands are stepped from 70% to 90% and back to 70% at time 200 s and
400 s, respectively. The same frequency reference and 5% droop curve of Fig. 9 is used to generate the primary
power command. The control system switches to below-rated operation when the blade pitch saturates at f3«,
or 3.7 degrees.
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