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Short-term frequency regulation is important for the safety and efficiency of
power systems based on wind generation units. However, unmodeled
dynamics and stochastic disturbances in wind speed and load present a
challenge for frequency regulation. This paper offers a frequency regulation
scheme that caters for doubly fed induction generator-based wind power units
requiring short-term frequency regulation. To this end, a data-driven additive
controller is cast into a stochastic framework. Since the survival information
potential (SIP) of a random variable has some advantages over information
potential, the SIP of frequency deviation is presented in order to simultaneously
evaluate droop control and inertial control. Thereafter, the optimal additive
control coefficient can be obtained using a particle swarm optimization
technique and an arithmetic mean filter. Finally, simulation results
demonstrate the effectiveness of the proposed approach over traditional
additive control strategies.
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Introduction

In recent years, doubly fed induction generator (DFIG) based-wind turbines have
been widely connected to power systems. With the increasing penetration of wind energy,
power system frequency performance tends to deteriorate when there are severe
disturbances, due to lack of inertia and primary frequency response. In this context,
wind power generation units are expected to provide inertial response and primary
frequency regulation. Moreover, analysis has been made of the system frequency response
of power systems with high penetration wind power (Ela et al., 2014; Ghosh et al., 2016;
Wu et al, 2018).

Frequency regulation plays an important role in maintaining the balance between
generation and load. The frequency response is usually classified into four kinds: inertia
response, primary frequency response (PFR), secondary frequency response, and tertiary
frequency response. Because wind turbine generation units can play an important role in
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mitigating the steady-state frequency deviation before any
this paper
investigating a control method for DFIG-based wind turbines

secondary frequency regulation, focuses on
for short-term frequency regulation support in power systems.

Some attempts have been made to investigate short-term
frequency regulation by DFIG-based wind turbines. These works
can be roughly classified under three categories: deloading
strategies, inertial control, and primary frequency regulation.

DFIG-based wind turbines participating in frequency
regulation need to operate in a suboptimal mode through
deloading. This is so a certain margin of spinning reserve or
headroom is always available to supply additional active power in
case of frequency contingency. A primary reserve can be obtained
by “balance” control, “delta” control, or “fixed reserve” control
(Wuetal, 2018). Zertek et al. (2012) employed a control strategy
to reduce the deloading margin, while providing the same
amount of power reserve for PFR. The governor droop and
the mechanical power reserve can be resolved to ensure that the
combined inertia and mechanical power reserves are equal to the
desired value.

With the increasing penetration of wind power in power
systems, system inertia will decrease. For this reason, it is
necessary to study inertial control methods. Ekanayake and
Jenkins (2004) present an inertial control strategy and
compare the responses of fixed-speed induction generators
and DFIGs.
controller and droop controller for a DFIG-based variable

Morren et al. (2006) investigate an inertial
speed wind turbine. Kim and Muljadi (2019a) explore the
dynamic possibilities of boosting the inertial response of an
energy storage embedded DFIG to enhance the frequency
nadir in the system. A capability-coordinated frequency
control scheme is presented for a virtual power plant in Kim
et al. (2019b).

To emulate the PFR of conventional synchronous generators,
droop control is also used in DFIG-based wind turbines, where
additional active power is provided based on the grid frequency
deviation. In Ackermann et al. (2012), the droop controller with a
fixed slope and a pre-defined dead band prevent system
frequency decline and minimize the steady-state frequency
deviation. In addition, the slope and dead band of a droop
curve can be adjusted in real-time according to the variable
wind speed, deloaded level, or rate of change of frequency
(ROCOF) value. Vidyanandan and Senroy (2013) improve
primary frequency response by continuously adjusting the
droop value of the wind turbine in response to wind velocity.
The droop parameter is varied by assigning decreasing values of
droop against increasing values of power reserve margin. The
root mean square (RMS) value of frequency deviations then
dramatically diminishes. In order to prevent large frequency
excursions and facilitate smooth recovery of the kinetic energy
of wind turbine generators, Garmroodi et al. (2018)propose a
time-variable droop characteristic for frequency support from
wind turbine generators. The frequency nadir following a
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contingency can be largely improved. At the same time, the
wind turbine generators can smoothly regain kinetic energy and
continue operating at the maximum power point. In Datta et al.
(2019), based on P-f sensitivity, a novel dynamic sectional droop
control is designed for DFIG-based wind turbines. The droop
control is divided into a highly sensitive region for low-frequency
deviation and a less sensitive region for higher frequency
deviation. Indeed, it is greatly beneficial to adjust the droop
coefficient in real time. Wang et al. (2020) propose an advanced
adaptive droop control method for DFIG operating under cyber
uncertainty, in order to improve the response speed of wind
turbines for frequency support. Yang et al. (2022) present an
adaptive droop control scheme with smooth rotor speed recovery
capability in order to improve the frequency nadir and minimize
the second drop in the frequency. A variable droop gain-based
control strategy is presented to maximize frequency support in Li
et al. (2018), in which the droop gains are adjusted based on
different rotor speeds. Nevertheless, the abovementioned time-
variable droop controllers do not take stochastic disturbance into
account. In practice, stochastic disturbances, mainly induced by
wind speed, are non-Gaussian rather than Gaussian distribution.
Topp-Leone Lindley distribution was thus introduced to model
wind speed in Jia et al. (2020).

In addition, some coordinated control strategies are
introduced that integrate deloading strategies, inertial control,
droop control, and so on. Thus, Ma et al. (2010)combine inertial
control, rotor speed control, and pitch angle control approaches
to a DFIG-based wind turbine participating in frequency
regulation. Zhang et al. (2012)propose a frequency regulation
strategy for DFIG-based wind turbines by coordinating inertial
control, rotor speed control, and pitch angle control. The
coordinated strategies between rotor speed and pitch angle
controls can be divided into low, medium, or high wind speed
modes. Margaris et al. (2012) present a frequency controller for
DFIG-based wind turbines by incorporating both inertial control
and droop control. Wu et al. (2019)present a coordinated control
strategy for frequency regulation at a wind farm. The inertial gain
and the droop gain are described by a parabolic function and a
linear function, respectively. The time-varying gains of the
inertial and droop control loops are determined based on the
desired frequency response time. Lee et al. (2016a), Lee et al.
(2016b) adjusts the gains of the inertial controller and droop
controller depending on rotor speed, so that a DFIG operating at
a higher rotor speed releases more kinetic energy. Compared with
a constant gain control scheme, the gains are proportional to the
kinetic energy stored in a DFIG-based wind turbine.
Accordingly, the frequency nadir can be improved, while
ensuring stable operation of all DFIG-based wind turbines. In
Zhang et al. (2012), a novel frequency regulation by DFIG-based
wind turbines is presented to coordinate inertial control, rotor
speed control, and pitch angle control. The gain in inertia control
is calculated through analysis of the worst-case scenario, rather
than on twice the total inertia constant of the DFIG-based wind

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.948185

Zhang et al. 10.3389/fenrg.2022.948185
A [ dhf. v T TT S
| { e(k) = ki (Af)+k; =) | ;
1 = 1

e(k

: Memory L ( ) >e (k) T :

: 7 e~ 1) :

il df . o

I == K Tuning |!

dt -1 e(k —

: Z e(k —L+2) algorithm :

1 5 1

' H Zi etk —L+1) : :
Af 1 1 1

1 STf +1 R*

1 .

E, Filter Additive control v

e mmmmmm e mm e mm i m e —— e

4

]

1

1

1

]

|

1

: Bma::‘:

! i

] T

1 ! J

1 1

1 i Bmin i

1 1 !

1 : H

[} 1 1

1 | i

1 i Af Pitch angle deloading ;

| N\, 7’

1

. Deloading strategy

FIGURE 1

Coordinated frequency regulation system.

turbine. Some scholars put forward power reference-based
short-term frequency regulation methods. Bao et al. (2021)
propose a hierarchical control scheme, which includes a wind
farm level coordination, plus a wind turbines/battery energy
storage system level coordination in active power outputs.
Yang et al. (2018) presents a dynamic frequency support
which the
deceleration period, and smoothly decreases the output of a

scheme, supplies constant power during
DFIG during the acceleration period. Kang et al. (2016)
present a stable adaptive inertial control scheme for a doubly
fed induction generator, in which the power reference is defined
in deceleration and acceleration periods respectively.

Short term frequency regulation is a challenge, due to
inevitable uncertainties, such as hypothesis simplification,
model linearization, time-varying and
The

controller, based on the nominal linear model, cannot

parameters,

stochastic ~ disturbances. traditional ~model-based
obtain satisfactory control performance when the operating
condition changes, stimulating the data-driven control
method to deal with the uncertainties with acceptable

online computation.
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The motivations for using the data-driven stochastic
controller for short-term frequency regulation, rather than the
traditional model-based controller, are as follows:

o It is difficult to build an accurate model for studying
model-based PFR methods
random disturbances, time-varying, and coupling in

due to non-linearities,

power systems. In addition, it could be expensive and
time-consuming to obtain an accurate model to
represent the system frequency response of a power

system with DFIG-based wind generation units.

Fluctuation of wind power affected by wind speed is
introduced into power systems. In particular, the wind
speed is not necessarily Gaussian. Hence, it is necessary to
investigate short-term frequency regulation under a
The
quantities estimated directly from the data can be used

stochastic ~ framework. information-theoretic
to design the frequency controller.

A data-driven controller is more appealing, due to the
advantages of a lighter computation burden and ease of

coding.
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FIGURE 2
DFIG-based wind turbine connected to grid.

The main contributions of this paper are as follows: 1)
Following the abovementioned coordinated short-term
frequency regulation strategy, this work proposes a new
frequency regulation strategy to deal with non-Gaussian
disturbances. It incorporates an improved dynamic additive
control method, where the droop control coefficient can be
tuned adaptively according to a real-time state. 2) The adaptive
additive controller is designed from a data-driven method, rather
than a model-based method, and the proposed optimal control
strategy is iteratively solved with high solution efficiency. 3) The
survival information potential (SIP) of the frequency deviation can
characterize its uncertainty well. Hence, the SIP of frequency
deviation is employed to construct the performance index for a
power system with wind power generation units. 4) A particle
swarm optimization (PSO) technique and arithmetic mean filter
are utilized to obtain the optimal additive control law.

The paper is organized as follows: A section on coordinated
frequency regulation presents an overall short-term frequency
controller architecture and illustrates DFIG-based wind turbine
model development. The section on additive control proposes a
performance index to evaluate PFR and inertial control
simultaneously, and then a data-driven additive control
methodology is presented. Afterward, the implementation
results of the proposed controller on a DFIG-based wind
turbine participating in short-term frequency regulation are
discussed under a section titled “Simulations.”

Coordinated frequency regulation

When a wind turbine is running in MPPT mode, although it
can capture maximal wind energy, it cannot continuously
increase the active power when system frequency changes
suddenly. It is thus necessary to use a deloading strategy to
store part of the active reserve capacity and hence continuously
provide active power for regulating frequency.
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Vector control technology is used to realize the decoupling
control of the active and reactive components of the wind
turbine. In this way, controlling the variable speed operation
of the wind turbine and providing reactive voltage support are
possible. However, because its speed is decoupled from the grid
frequency, the speed of the wind turbine itself does not change
significantly when the grid frequency changes. Therefore, the
supplementary frequency controller should be employed in order
to enable the wind turbine to provide additional system
frequency response.

The coordinated frequency regulation system shown in
Figure 1 integrates the deloading strategy, inertial control, and
droop control (Zhang et al., 2020). The deloading strategy
maintains a certain power reserve for frequency regulation.
The additional frequency controller, including the inertial
controller and the droop controller, can provide additional
power for the generator power reference. In this work, the
additive controller is designed under the framework of
stochastic control. A PSO method is employed to solve the
optimal additive control solution by minimizing the survival
information potential (SIP) of the frequency deviation.
Consequently, the coordinated control outperforms inertial or
droop control.

Wind turbine generator system

DFIG-based wind turbines are widely used on large-scale
wind farms and are connected to the grid as shown in Figure 2.
The wind turbine and the generator are connected by a
centralized mass mechanical transmission system. The
generator stator is directly connected to the network, while
the rotor side is connected to the grid through back-to-back
dual PWM converters (Lara et al., 2009). Both the stator and the
rotor can feed the grid. In this section, the DFIG-based wind
turbine is modelled.
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Wind speed model

The wind speed on a wind farm usually depends on certain
factors, such as the climate, topography and landform of the
local area. The Weibull distribution is generally used to
describe the probability density function (PDF) of the wind
speed. This is often used to reflect seasonal or annual wind
speed changes over a long time scale. Moreover, a large
amount of actual wind farm data is needed to represent
Weibull distribution during simulation analysis. Therefore,
a relatively simple combined wind speed model (Anderson
et al., 1983) will be used in this work to describe the random
and intermittent characteristics of wind speed in the
short term.

1) Base wind

The base wind reflects the change in the average wind speed.
During the operation of the wind turbine, the base wind always
exists. In considering the simulation analysis of the second-level
time period, the average wind speed can be taken as a constant.

1

Vb:k

where k is a constant.

2) Gust wind

Wind speed by nature is not always stable. A gust wind model
with cosine characteristics over a period of time can be used to
simulate this characteristic of wind.

0
t<t
gl
ngax 1 o) t_tgl T
Vg = 5 —cos2m T, ta<t<ta+T, (2)
t>tg1+Tg
0

where v, is the gust wind, vguax, t41, and Ty stand for the start
time of the gust wind, the amplitude of the gust wind, and the
period of the gust wind, respectively.

3) Ramp wind
The following ramp wind model is used to describe the
gradual change characteristics of wind speed:

0
t<tn
t—1,
Vy = Vrmax t <t<t, (3)
to—th
t>t,
0

where v, is the ramp wind, v, the amplitude of the ramp wind,
t,;1 the start time of the ramp wind, and ¢,, the start time of the
ramp wind.
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4) Noise wind

Even if the wind speed in the actual wind farm is maintained
near a certain average value, the wind speed value at each
moment is irregular, so a random component can be
superimposed on the average wind speed to reflect the
random fluctuation in wind speed.

Vi = Vimax - Rand (=1, 1)cos (w,t + ¢) (4)

where v, is the noise wind, and v, represents the amplitude of
noise wind. Rand (-1, 1) stands for a random number evenly
distributed between -1 to 1, w, is the average distance of wind
speed fluctuation between 0.57 to 27 (ras/s), and ¢ represents a
random number evenly distributed between 0 to 27.

By superimposing the above four wind speed models, the
following combined wind speed model is obtained to describe the
wind speed changes in the short term.

©)

VEV VgtV Yy,

Wind turbine model

The relationship between the mechanical power captured by
wind turbines from wind energy and wind speed (Kundur, 1994;
Lara et al., 2009) is:

p,=T,w = %pﬂRZUSCp (6)

where T, is the mechanical torque applied to the rotor, w; and v
are the angular speed of the wind turbine and the wind speed,
respectively, while p and R represent the density of air and the
length of blade, respectively. C,, is known as the coefficient of the
performance of the wind turbine, which can be calculated by

m(A-3)

C, = (0.44 - 0.0167p) sin| "
»= ﬁ)sm[15—0.3ﬁ

] ~0.00184(A - 3)B (7)
where 5 and A are the pitch angle and the ratio of the turbine
blade tip speed, respectively

_ Rw;

A ®)

v

Drive train model

The drive train of the DFIG wind turbine can be represented

by the following two-mass model (Ela et al., 2014; Ghosh et al.,
2016)

do, 1

dt =T (Tm _Te _Bwt)

» &)

where T, and B are the electromagnetic torque applied to the
rotor by the generator and the total friction factor of the DFIG
system, respectively, and /., stands for the combined rotor and
wind turbine inertia constant.
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FIGURE 3
PWM converter main circuit simplified model.

Converter model

In this work, the investigated DFIG uses two back-to-
back PWM voltage-sourced converters to connect to the grid:
(Crotor) and the grid-side
(Cyria). Both  Croor and Cgrg have an
independent vector control system. C,oor uses vector

the rotor-side converter
converter

control technology to decompose the DFIG rotor current
into decoupled active and reactive components, and the
control goal of the Cgig is to keep the intermediate DC
link voltage stable.

The simplified model of the main circuit of the PWM
converter is shown in Figure 3.

Assuming that §; is the switching function of phase i (i=a, b
or ¢), then S; can be expressed as follows:

S = { 1 i-phaseupperarm is on (10)

0 i- phaselower arm is on

The mathematical model of the voltage source PWM converter in
the three-phase static coordinate system is

Lc% ~ e~ Ry~ (S, LRA AL SC)UdC
Lc% = e, — R, — (sb - W)Udc
(11)
Lc% =e - R, - (sc - W)Uﬁ
cd;]tdc =i, — (Saiy + Spip + Scic)

where R, and R; are the AC side resistance and inductance of the
converter, respectively, e, ep, and e. represent the grid voltage,
and i,,1p, and i. stand for the AC side current of the converter.
Uy, is the DC side voltage.

In order to achieve decoupling control of active and reactive
power, the mathematical model of the converter in the three-
phase stationary coordinate system can be simplified in the dq
two-phase synchronous coordinate system through Park’s
Transformation.
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Diagram of the DFIG equivalent model in the dqg coordinate
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cos 0 cos(@——ﬂ) cos(9+—7r) F,
F, 2 3 3
F, |73 2 2 Fs
1 —sin6 —sin(G - 571) —sin(@ + 3”) Fe
(12)

where F,, Fg, and F¢ are coefficients in the abc three-phase
stationary coordinate system, and Fy and F, represent the
transformed coefficients in the dq two-phase synchronous
coordinate system.

According to Eq. 12, the mathematical model of the voltage
source PWM converter in the dq two-phase static coordinate

system is
dig
L—=uy— Ry +w.Li, —u
dt d d q — Ud
di, . .
LCE = Uy — Reig + weLcig — uy (13)
dUdC Uy Uu
C =i, - igg + —1i
dt (Udc W UL Y
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where iy and i, are the d-axis and g-axis components of the AC
two-phase current of the converter, respectively. Uy. and R,
represent the DC voltage and the AC side resistance of the
inverter, L. is the AC side inductance of the inverter, 1y and
ug are the d-axis and g-axis components of the AC side voltage of
the converter, respectively, and idg and igg stand for the d-axis
and g-axis components of i, respectively.

Generator model

In this section, the model of the DFIG is investigated under
the same basic assumptions as Kundur (1994). The induction
machine is controlled in a synchronously rotating dq-axis framer.
There is no magnetic coupling between the two-phase windings.
As shown in Figure 4, the stator and rotor voltage equations are

d
Usd = Rsisd - wzv/ + y/Sd
o dt (14)
. dv/sq
Ug = Riigy + woyy + a0
. d
Urg = Reipg — (we - wr)l//rq + Z;trd
(15)
, dy,,
Upg = Ryipg + (0, — )y, + I

where u,4 and ug, are the voltage components of the stator d-axis
and g-axis, respectively, u,q and u,; represent the voltage
components of the rotor d-axis and g-axis, respectively, is; and
isq stand for the stator d-axis and g-axis current components, and
irg and iy, are the rotor d-axis and g-axis current components,
respectively. Ry and R, represent the equivalent resistance of the
stator and rotor, w, and w, are the synchronous angular velocity
and the rotor angular speed, respectively, y; and y, stand for the
flux linkage components of the stator d-axis and g-axis,
respectively, and y,,; and v, are the flux linkage components
of the rotor d-axis and g-axis, respectively.
The stator and rotor flux linkage equations are

U Leisg + Liirg
{ Yy = Leisg + Lirg 1o
Vg = Linisa + Lyirg
R , 17
{ V= Lyisg + Lyiyg 17)

where L, is the mutual inductance between the stator winding
and rotor winding in the dq coordinate system, L, stands for the
self-inductance between the stator windings in the dq coordinate
system, and L, is the self-inductance between the rotor windings
in the dq coordinate system.

The active and reactive power on the stator side are

ps= _g (”sdisd + usqisq)

5 (18)
qs = _E (usqisd - usdisq)

and the active and reactive power on the rotor side are
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L
FIGURE 5
Units in a section.
3 . .
pr= _E (urdlrd + urqqu)
(19)
3 . .
qr = _E (urqlrd - ”rdzrq)
The electromagnetic torque equation is
3 . .
Te = Epn(l/lsqlsd - l//sdlsq) (20)

where p, is the pairs of poles of the generator.
The voltages behind the transient reactance of the stator
d-axis and g-axis (Kundur, 1994) are as follows:
L
Es= _weL_rV]rq
21
L (21)
Eq = weL_TWrd

Aggregated model

A large-scale wind farm usually consists of several hundred
units. When studying the frequency regulation strategy of the power
system with wind power, the equivalent wind farm model is usually
needed. First, all the units in a wind farm can be divided into several
sections, according to the wind speed. Then the units in the same
section can be equitably aggregated. As shown in Figure 5, the whole
wind farm is divided into M sections, and each section is composed
of dozens of wind turbines with the same capacity and specifications.

n units in the same section are aggregated, the equivalent unit
capacity is the sum of all wind turbine capacities of the same

group:

Seg =) S; (22)

where S.; and §; are the equivalent unit capacity and the capacity
of the ith unit, respectively. The ratio of the capacity of the
aggregated unit to the total capacity of the units in the section is
defined as the weight coefficient
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FIGURE 6
Relation of output power and speed.
S.
W;=— (23)
Seq

The equivalent unit still maintains the same power output
characteristics as a single unit. The equivalent principles of
rotor impedance, excitation reactance, stator impedance,
inertia time coefficient and other

constant, damping

parameters are as follows:

Xeq = iwixi (24)

i=1
where X is the parameter that needs to be aggregated, such as the
rotor resistance, the leakage inductance, and the viscous friction
factor.

According to the principle of equivalence above, the
aggregate model of a wind farm can be obtained, which then
lays a foundation for the study of a primary frequency regulation
strategy for wind farms.

A simplified model of a DFIG-based wind turbine can be used to
describe the generator’s mechanical torque according to the
incoming wind speed. Besides the rotor model, the drive train
model, and the induction generator model, the simplified wind
turbine model still includes the rotor speed controller represented by
the power-speed control curve and the blade pitch angle controller.

It is difficult to build an accurate physical model on
principles. However, it should be noted that a simplified
model can be used to investigate the dynamic characteristics
of the wind turbine generator system, or to perform small-
signal stability analysis (Margaris et al., 2012; Wang et al,
2018).

Deloading strategy

The frequency of the power system depends on the balance
between the power generation on the power generation side, and
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the load on the power consumption side. As shown in Figure 1,
the coordinated control system is designed for the DFIG based-
wind turbine to implement short-term frequency regulation.

A deloading strategy is needed to curtail the power output
earlier, in order that the droop control can respond to an under-
frequency disturbance. As shown in Figure 6, the unit will deviate
from the original MPPT mode in red to the sub-optimal mode in
green.

Deloading at low wind speeds

It can be observed from Figure 6 that when the wind speed is
greater than the cut-in wind speed (v;,) and less than the minimum
wind speed for starting the pitch angle (v;) control, the unit runs
along the AB segment in MPPT mode. To reduce the output power
of the unit, the operating point can be shifted to the left or right by
reducing or increasing the speed (de Almeida and Pecas Lopes,
2007). The right shift operating point is usually selected, because the
left shift curve can cause system instability (Lara et al., 2009). The
unit runs along A’B’, the pitch angle is zero, and the load reduction
can then be achieved only by increasing the speed. The deloaded
active power curve Pgoaded can be expressed as in Pourbeik et al.
(2013):

Pdelaaded = (1 - d%)Pm (25)

where d% is the deload margin.

Deloading at middle wind speeds

It is evident from Figure 6 that the unit operates at point C when
the wind speed reaches the maximum value v,. In order to ensure
the safe operation of the generator, the speed cannot be increased
further. However, it cannot achieve the ideal deloading requirement
only by overspeed. Therefore, when the wind speed is greater than v;
and less than v,, the unit runs along B'C’. It is necessary to start the
pitch angle control to further reduce the power and to store a
sufficient active power reserve for frequency regulation. The pitch
angle reference f3,, ; is expressed by Kundur (1994), as follows:

k; 1
By = o an)(b0 5 (7

where w,. is the synchronous speed reference, k;, and k; are the

(26)

proportional and integral gains, respectively, and T} is the pitch
time constant.

Deloading at high wind speeds

When the wind speed is v, it is no longer possible to
limit the power by increasing the speed. Therefore, when the
wind speed is greater than v, and less than v,,, the power is
reduced only by pitch angle control to perform load shedding
control.

Based on the above analysis, a complete wind power PFR
strategy can be obtained. As shown in Figure 6, the deloading
strategy stores a certain power reserve for frequency regulation.
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Additive control horizon.

Additive control

Additive control plays an important role in mitigating the
steady state frequency deviation before the secondary frequency
response. The variable additive gain can effect a compromise
between improved frequency response and reduced impacts on
the structural loading (Wu Z et al., 2018). It can be observed from
Figure 1 that the additive gain can be tuned online according to
the ROCOF value, deloaded level, or variable wind speed
conditions.

Conventional additive control

A variable speed wind turbine, controlled by a power
electronic converter, can adjust the active power flexibly
and controllably. As shown in Figure 1, the additional
frequency regulation incorporates the inertial control and
droop control. Although the droop control contributes less
at the beginning of a sudden frequency drop, the rotational
kinetic energy of the DFIG-based wind turbine is released
and converted to electrical energy. Consequently, the
power output can be increased, and the additional
frequency regulation can decrease the initial ROCOF
and the frequency nadir. The generator power
reference AP is provided by the inertial control and droop
control loop.

APf = APfl + Asz (27)

where AP and APy, are the output of the inertial and droop
control loop, respectively.

In order to realize the inertial response of the wind turbine,
the active power reference signal APy related to ROCOF is

df

APpy =Ky

(28)

where K is the inertial control constant. After a sudden change
in the load, the inertial control can quickly generate a response
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TABLE 1 Parameters of DFIG.
Parameter Value Unit
Nominal power 1.5 MVA
Line-to-line voltage 690 \4
Frequency 50 Hz
Stator Resistance 0.00706 p.u
Stator Reactance 0.171 p.u
Rotor Resistance 0.005 p-u
Rotor Reactance 0.156 pu
Magnetizing inductance 2.90 pu
Inertia constant 5.04 p.u
Friction factor 0.01 p.u
Pairs of poles 3 pair
Maximum pitch angle 45 deg
Maximum rate of change of pitch angle 2 deg/s
Nominal DC bus voltage 1,200 v
TABLE 2 Parameters of transmission line.
Parameter Value Unit
Positive resistance 5.29%107 Q/km
Zero-sequence resistance 1.61 Q/km
Positive inductances 1.40%107° H/km
Zero-sequence inductances 6.1%107° H/km
Positive capacitances 8.77*107° F/km
Zero-sequence capacitances 5251077 F/km

and suppress the rapid change in the frequency. The adjustment
time is generally several seconds.

In addition, the wind turbine can emulate the traditional
governor response for PFR. Droop control is introduced to adjust
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the active power output of the wind turbine according to the
frequency deviation. The power reference signal related to the
frequency deviation APy, is

APg, = L Af (29)
R

where the droop gain 1/R is the inverse of the droop slope R, and
A f stands for the system frequency deviation. A high droop gain
provides a large output from the droop control loop. The existing
droop control gain is usually fixed. Although the variable droop
control methods are presented in Vidyanandan and Senroy
(2013); Garmroodi et al. (2018); Li et al. (2018); Datta et al.
(2019); and Wang et al. (2020), these variable droop controllers
are a little conservative and do not consider stochastic
disturbances at all. In this work, the optimal additive control
gain can be obtained online, based on a novel performance index
discussed in the next section.

Survival information potential

The distribution of wind speed is usually non-Gaussian (Ma
et al., 2010). Furthermore, there are non-linearities in DFIG-based
wind turbines, and hence, it is necessary for an adaptive additive
controller to decrease the randomness of the output of the additive
control loop. The minimum error entropy (MEE) criterion has
been applied to the design controller and filter (Yin et al., 2009;
Guo et al,, 2019; Li et al., 2020), which outperforms conventional
criteria. when dealing with non-linearities and non-Gaussian
disturbances. The goal of the MEE-based control is to find a
control signal to ensure the PDF of the closed-loop tracking error
approach to a narrowly shaped normal distribution. In practice,
the entropy is replaced by information potential (IP), because the
IP can be calculated by a double summation over all samples
directly. Recently, SIP was employed to design filters instead of IP
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(Chen et al,, 2012; Zhang et al., 2016). SIP has some advantages
over IP, such as shift-variant properties, easy estimation from
sample data, robust measurement of uncertainty, and consistent
definitions in both continuous and discrete domains.

For a random vector X in R™, the SIP of order « is defined as
follows:

Su(X) = JRmF;"XI (x)dx (30)

+

where Fix(x) = P(|X|>x) = E[I(|X|>x)] is the survival
function of the random vector | X, and
RY ={x e R™: x = (x1,..., %), xi20,i=1...,m}.|X|>x

means that |X;| > x; and I(.) stand for the indication function
(Chen et al., 2012).

Adaptive additive control

In this section, an adaptive additive control method is

proposed for power systems with DFIG-based wind

Frontiers in Energy Research
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generation units. As indicated in Figure 7, the control horizon
at instant k is divided into R batches with L frequency deviation
data within each batch. For the j batch, the frequency deviation
data ej ()]i=1,...,L—1,L can be used to calculate the SIP of
the frequency deviation S, i» then the optimal additive gain in the
" batch, —1/R;, can be solved by minimizing Sa i

From instant k — 1 to instant k, there are R batches in which L
frequency deviation samples are collected. For each instant k, the

optimal additive gain =5 can then be smoothed by the following

R* (k)
arithmetic mean filter

(31

RZ_

R (k)

where the optimal additive gain 3- can be solved by minimizing
the SIP of order « of the frequency deviation obtained by the
collected frequency deviation samples in the j# batch.

In this work, the frequency deviation is scalar data case,
ie, m=1. As shown in Figure 7, based on the collected
frequency deviation samples in the j batch during [k - 1,k],
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the SIP of order a of the frequency deviation can then be
calculated by

R L L-i a
Sute) = ;(%) (Jeky] - Jewn]) 2

where e(k), = 0, (32) can be reformulated by

L
Se(e(k) = Y Ai(|et,)) (33)
j=1

where A; = () — (L),

Since the S, (e (k)) at e (k) ; = 0 is unsmooth, the « order SIP
of the frequency deviation is selected as the performance index to
design the additive controller. Moreover, let the order a = 2 in
this work.

The frequency deviation has played a vital role in
the of
performance, and so has the derivative of the frequency

assessment short-term  frequency regulation
deviation. Hence, the frequency deviation e(k) in Eq. 33 is

replaced by

e(k) = ki (Af) + k2<%> (34)
where k; and k; are the weights of the frequency deviation and
the derivatives of the frequency deviation. Consequently, the
optimal additive coefficient in the j* batch can be solved by
minimizing the following SIP of the hybrid term e (k) in S (2(K)).

Thus, the additive gain in the j batch can be solved by
minimizing S, (e(K)), using a particle swarm optimization (PSO)
technique (Dziwinski and Bartczuk, 2020). It can be observed
from Figure 1 that the frequency deviation time series reflects
influences from the ROCOF value, deloading level, and variable
wind speed conditions.

The PSO algorithm originated from the study of bird
predation behavior in nature. Each particle represents a
potential solution to the problem to be solved. Each
particle corresponds to an objective function value. The
current speed of the particle determines the direction and
distance of the particle movement. The speed varies with the
particle itself and other particles. The experience is

dynamically adjusted to achieve the individual’s

optimization in the solvable space.

In a D-dimensional search space, population X =

(X1, Xz,...,X,) consists of n particles. The D-dimensional
vector x; = (X1, Xp2s - . ., xip). is the position of the ith
particle in the D-dimensional search space, and also

represents a potential solution to the problem of calculating
the value of the objective function corresponding to each particle

position X;. The velocity of the ith particle is
Vi= (Vi,Via,...,Vip)T, the individual extreme value
P; = (Pi, Py, ..., Pip)’, and the population extreme value P, =
(Pg1, P2, ., Pgp).
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For the ith particle, the position at the time is determined by
the position and velocity at the previous time:

=Xk vE (35)

where the velocity of the particle at time k, V¥, is calculated by

fo = wVf"1 + clrl(PbES,,,» - xf‘) + czrz(GbES, - xf) (36)
where w is the inertia weight, ¢; and c, are individual learning
factors and social learning factors, respectively, and r; and r,
represent random numbers distributed in 0~1. Pp,y,; stands for
the optimal position of the individual with the ith particle, and
Gpest 1s the best position for all particles. The flow chart of solving
optimal additive gain using the particle swarm algorithm is
shown in Figure 8.

According to the above presentation, the additive control
gain at instant k can be computed, and the steps for
implementing the data-driven control are summarized as

follows:

Step 1: Acquire the frequency deviation data within R batches
respectively at instant k.

Step 2: Compute the SIP of the hybrid term & (k) for the j*” batch
using Eq. 35.

Step 3: Calculate additive control gain R* in the j batch by
minimizing Sq (e(k)) using PSO technique.

Step 4: Repeat the procedure from steps 2 and 3 for the next
batch, j=j+1.

Step 5: Solve the optimal additive gain at the instant k using the
arithmetic mean filter in Eq. 31 to smooth the additive
gains obtained in R batches.

Step 6: Implement the additive control gain R* on the power
system and collect the frequency deviation data. Then
repeat the procedure from Step 2 to Step 5 for the next
instant, k = k + 1.

Simulations

In this section, some simulations are conducted to verify the
feasibility of the proposed coordinated frequency regulation
method. The simulation system is shown in Figure 9. The
system consists of a 600 MW thermal power plant G; and a
150 MW wind farm G, (100 units x 1.5 MW equivalent DFIG
wind turbines). The DFIG parameters are described in Table 1,
and the transmission line parameters are described in Table 2. All
variables use per unit values, the frequency of the grid-side PWM
carrier is set to 2700 Hz and the frequency of the rotor-side PWM
carrier is set to 1620 Hz. Load stands for the active power of the
load matching the capacity of the generating side.

The collected frequency data is divided into 10 batches
during two adjacent instants, i.e., L = 10. ¢; and ¢, in Eq. 36
are set to 1.49445 and 1.49445 by trial and error. The deload
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TABLE 3 Performance metrics in scenario 1.

Evaluating metric MAE MSE RMSE SD  MAPE
Proposed control 0.1582  0.0645 0.2539 0.2081 0.3163
Conventional control 0.1916  0.1225 0.3500 0.2982 0.3832

margin d% is setto 10%. To compare the conventional droop
controller with the proposed adaptive additive controller, the
conventional constant droop down and droop up coefficients are
set to 0.05 and 0.02, respectively, according to the grid code in the
Northeast Regulatory Bureau of National Energy Administration
(2019). The frequency-power characteristics of the conventional
droop control are shown in Figure 10.

Scenario 1: Comparison between conventional and the
proposed additive control strategies.

The wind speed in the farm is simulated as shown in
Figure 11. The conventional additive control utilizes fixed
inertial and droop coefficients. In this work, the inertial
control constant in Eq. 28 is set to K r=10 by trial and error,
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while the constant droop down and droop up coefficients are
tuned, as shown in Figure 10. Figure 12 illustrates the results of
the simulation of scenario 1. The system frequency dynamics
demonstrated in Figure 12A are compared in terms of three
cases: 1) DFIG-based wind power units do not participate in
short-term frequency regulation (0, 20 s). 2) DFIG-based wind
power units participate in short-term frequency regulation under
the conventional additive control (red lines in Figure 12). 3)
DFIG-based wind power units participate in short-term
frequency regulation using the proposed adaptive additive
control after 20 s (blue lines in Figure 12).

Case 1: DFIG-based wind power units do not participate in
short-term frequency regulation.

It can be observed from Figure 11A that the wind speed
varied slightly (0, 20 s), and DFIG-based wind power units did
not participate in frequency regulation during this period. It can
be seen from Figure 11B that the probability density function of
wind speed was non-Gaussian.

Case 2: DFIG-based wind power units participate in short-
term frequency regulation under conventional additive
control.
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TABLE 4 Performance metrics in scenario 2.

Evaluating metric MAE MSE RMSE SD  MAPE
18.8%WPCP 0.1375 00650 02549 02259  0.2750
25.0% WPCP 0.1582  0.0645 02539 02081  0.3163
37.6% WPCP 0.1827 00833 02885 02376  0.3654

The inertial control constant is Ky =10 by trial and
error, while the constant droop down and droop up
coefficients are set to 0.05 and 0.02, respectively. The
gusty wind shown in Figure 11A was imposed from 20 to
70s, and then the wind speed randomly fluctuated around
13 m/s after 70 s. The frequency response is illustrated by the
red-dash line in Figure 12A. The minimum and maximum
values of the frequency are 49.69 Hz (point B) and 50.04 Hz,
respectively.

Case 3: DFIG-based wind power units participate in short-
term frequency regulation under the proposed adaptive additive
control.
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When DFIG based wind power units participated in short
term frequency regulation under the proposed adaptive
additive control method, the frequency response is
illustrated by the solid blue line in Figure 12A. Figure 12B
shows the power variations of the wind power plant. The
additive control gain 1/ R* obtained by PSO technique is
demonstrated in Figure 12C. It is clear that 1/ R* gradually
increased with decreasing gusty wind speed; thus the wind
turbine began to increase the power for frequency regulation.
Later on the gusty wind speed started to increase from 50 s.
Meanwhile, 1/ R* declined gradually. Due to the additive
control of the wind turbine, the frequency increased
gradually from 50s. The minimum and maximum values of
the frequency are 49.79Hz (point A) and 50.05Hz,
respectively. The randomly fluctuating wind speed varied
slightly after 70s. The system frequency also fluctuated
around 50Hz, and the rate of change was small, so the
additive control coefficient fluctuated within a narrow range.

Comparing the red-dash line with the solid blue line in
12A, the proposed adaptive additive
outperforms the conventional additive control.

Figure control
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In order to better evaluate the proposed frequency regulation
method, five performance metrics are utilized to evaluate the
control quality, which include root mean square error (RMSE),
mean absolute error (MAE), mean squared error (MSE), mean
absolute percent error (MAPE), and standard deviation (SD).

Table 3 shows that the proposed frequency control method
outperforms the traditional control method based on five
performance metrics.

Scenario 2: DFIG-based wind power units participate in
short-term frequency regulation under the proposed additive
control with different wind penetrations.

In this simulation, the investigated wind farm is composed of
some DFIG-based wind power units participating in short-term
frequency regulation. The number of units depends on wind
penetration. The wind power capacity penetration (WPCP) is
defined as

Wind turbine assembly capacity (MW)
Maximum system load (MW)

WPCP = (37)
where WPCP describes the proportion of the installed wind
power capacity in the area to the maximum load of the system
(Wang et al, 2015). In this work, the three kinds of WPCPs
investigated are 37.6, 25.0, and 18.8%, respectively. For
simplicity, these DFIG-based wind power units are equitably
aggregated based on the aggregated model described above.

Thewind speed of thewind farmisalso shownin Figure 1 1A.The
frequency response is shown in Figure 13A; the frequency nadirs
obtained by the proposed adaptive controls are 49.68 Hz (point C),
49.80 Hz (point B), and 49.86 Hz (point A), with 37.6, 25.0, and
18.8% WPCPs respectively. The frequency nadir decreases with
increasing WPCPs. The power variations of the wind power plantare
shown in Figure 13B. The proposed adaptive additive controller is
suitable for different WPCPs. Figure 13C demonstrates variations in
the proposed adaptive additive coefficients during the transient
period. The time-variable additive control coefficients with three
WPCPs are shown as Figure 13C.

It can be observed from Table 4 that the performance metrics
increase with increasing WPCP. The proposed method can deal
with frequency regulation of a power system with high wind
power capacity penetration.

Conclusion

This paper presents an overall frequency regulation scheme
for DFIG-based wind power units participating in short-term
frequency regulation. A data-driven additive controller is cast
into a stochastic framework. Since there are non-Gaussian
disturbances in wind power systems, the SIP performance
index is employed to update the additive control law. Some
batches are divided during adjacent instants, in which the
optimal additive control coefficient can be adaptively updated
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in each batch by using PSO technique. The optimal additive
control signal between adjacent instants can then be obtained by
inputting all the additive control coefficients to an arithmetic
mean filter. The effectiveness of the proposed approach, in
comparison with traditional additive control strategies, is
confirmed by simulation results.

Due to the randomness of wind speed on actual wind farms,
and the communication delay between dispatch centers and wind
farms, it will be a challenge to extend this scheme to coordinate
control of multiple wind farms. The coordinate control of
multiple wind farms will thus be considered in the future to
improve frequency support capability. In addition, the proposed
data-driven method can be extended to any processes with non-
linearities and non-Gaussian noise distributions.
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