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Abstract—Droop-based fast frequency response (FFR) control
of wind turbines can improve the frequency performance of
power systems with high penetration of wind power. Explicitly
formulating the feasible region of the droop-based FFR control-
ler parameters can allow system operators to conveniently as-
sess the feasibility of FFR controller parameter settings to com-
ply with system frequency security, and efficiently tune and op-
timize FFR controller parameters to meet frequency security re-
quirements. However, the feasible region of FFR controller pa-
rameters is inherently nonlinear and implicit because the power
point tracking controllers of wind turbine would counteract the
effect of FFR controllers. To address this issue, this letter pro-
poses a linear feasible region formulation method, where fre-
quency regulation characteristics of wind turbines, the dead
band, and reserve limits of generators are all considered. The
effectiveness of the proposed method and its application is dem-
onstrated on a 10-machine power system.

Index Terms—Wind turbine, fast frequency response, feasible
region, frequency security.

1. INTRODUCTION

IND turbines can provide frequency support to a

power system via fast frequency response (FFR) con-
trollers [1]. The droop-based FFR controller allows a wind
turbine to provide primary frequency regulation (PFR) sup-
port, which becomes an essential requirement in modern
power systems [2].

In practice, frequency controllers of generators are sup-
posed to be tuned to keep the steady-state frequency devia-
tion of the system within an allowable range when there is a
large power imbalance event [3]. In this letter, we define the
parameter settings that satisfy the steady-state frequency de-
viation requirement of the system as the feasible region of
controller parameters. To formulate the feasible region, the
power-frequency (P-f) characteristic curve of a generator can
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be utilized since it can conveniently determine the steady-
state frequency deviation of the system. For a synchronous
generator, the P-f characteristic can be expressed as a piece-
wise linear function that is determined by the droop coeffi-
cient, the dead band, and the reserve limit [4]. However, the
existing research works show that the P-f characteristic of a
wind turbine with an FFR controller is nonlinearly and im-
plicitly related to the FFR controller parameter because of
the involvement of the power point tracking controller of
wind turbine [5]. Therefore, formulating the feasible region
of FFR controller parameters of wind turbine is difficult. In
the existing literature, an accurate feasible region can be for-
mulated through the exhaustive searching method, which is
time-consuming. Alternatively, a linearized feasible region
can be obtained by utilizing transfer function modeling [6];
however, the linearization error could be significant.

This letter aims to find a trade-off between calculation ef-
ficiency and approximation accuracy so that power system
operators can conveniently assess whether FFR controller pa-
rameter settings can comply with frequency security. FFR pa-
rameters can be efficiently tuned and optimized to meet the
frequency security requirement. To this end, a method is pro-
posed for formulating the linear feasible region of FFR con-
troller parameters of wind turbine, where the frequency regu-
lation characteristics of wind turbines, the dead band, and
the reserve limit of generators are all considered.

II. FEASIBLE REGION OF DROOP-BASED FFR CONTROLLER
PARAMETERS OF WIND TURBINE

The typical frequency response of a power system follow-
ing a power imbalance event is presented in Fig. 1. The fre-
quency security can be assessed according to the maximum
frequency deviation and the steady-state frequency deviation.
In this letter, the FFR controller parameter settings for
steady-state frequency security are studied. As specified in
the transmission code, the steady-state frequency deviation
should not exceed a certain threshold. For example, the per-
missible steady-state frequency deviation for the Continental
Europe Synchronous Area is 0.2 Hz, and that in the Nordic
Area is 0.5 Hz [7]. The feasible region of FFR controller pa-
rameters is composed of all the FFR controller parameter set-
tings that satisfy the steady-state frequency deviation require-
ment of the system.
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Fig. 1. TIllustration of typical frequency response of a power system follow-
ing a power imbalance event.

The nonlinear feasible region is derived in this section.
Without loss of generality, the feasible region derived below
is for the frequency drop case, but it can be similarly de-
rived for the frequency rise case. Denoting Af™ and
AfPP" as lower and upper limits of the steady- state frequen-
cy deviation Af,, respectively, both of which are negative,
and the constraint is written as:

A‘fsiower < AJ(‘SS < Af‘;slpper (1)

To obtain the feasible region of FFR parameters, Af
should be expressed as a function of FFR parameters. Af
can be determined by using the P-f characteristics of each
generator. Denoting the power deficit as AL, the steady-state
frequency deviation occurs when the sum of incremental
power of each generator equals AL:

N\\md N:-'Cﬂ Nlnad
ZMffn_,Jr Zzl.(Afss) + ;zk( A) =

where N5, Ny, and Ny, are the numbers of wind turbines,
synchronous generators, and load, respectively; APy, is the
incremental power of the j™ wind turbine; z,(-) is the P-f
characteristic of the i" generator, denoting a piecewise linear
function for the determined droop coefficient, dead band,
and reserve limit; and z,(-) is the damping effect of the k™
load. As illustrated in [8], the mathematical form of load
damping z,(-) is similar to that of z,(-), and thus z,(-) will
be ignored for simplifying derivation.

2

The block diagram of the wind turbine with a droop-based
FFR controller is given in Fig. 2, where an overspeed de-
loading method is considered in this letter for power point
tracking.
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Fig. 2. Block diagram of wind turbine with a droop-based FFR controller.

For the n™ wind turbine, the command from the power
point tracking controller P, is represented as:

P

track,n

:kdl,ﬂwfl (3)

track, n
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where kg, is the deloading curve coefficient, which depends
on a given initial operating point; and w, is the rotor speed.

The command from the FFR controller AP, can be writ-
ten as:

A])ord.n =_Kp,n(Af;s_dbn) (4)

where K, is the FFR parameter; and db, is the regulation

dead band value, which is negative if Af, <0, and positive if
Af>0.

Thus, the power output of the wind turbine P
be:

should

elec,n

P :P +APorcL kdlnw K (Af;s_dbn) (5)

At the steady state, the mechamcal power of the wind tur-
bine P, should equal P

eleun’
P =P, =P+ AP (6)

According to [6], for a given wind speed, the mechanical
power P, . can be written as a nonlinear function of rotor

speed (7), where the pitch angle is considered to be zero
when using the overspeed deloading method.

=0.5p4,v Cp(wn) (7)

where p is the air density; 4, is the area swept by the rotor
blades; v, is the wind speed; and C, is the power coefficient,
which would be a function of w, if wind speed and pitch an-
gle are given.

Approximations are used to reveal the nonlinear feature of
feasible region of FFR controller parameter in the following
content. By using second-order polynomials to approximate
the mechanical power, as indicated in [9], and applying the
second-order Taylor expansion to the signal from power
point tracking, P and P, can be represented as:

mech,n track,n

elec, n track, n

mech,n

mech, n elec,n track, n ord, n

mech, n

_ 2
Plnech,n_mZ,nwz1+ml,nwn+m0,n (8)
where m,,, m, ,, and m,, are constants.
— 2 3
Ptrackn - 3denw0,nwn - 3kdl,na)o,na)n + denwO,n (9)

where w,,, is the initial rotor speed of the n™ wind turbine.
According to the derivation process in [5], the steady-state
incremental power of a wind turbine can be derived as:

APffnnzgn(Kp.rnAf;s) =Ptrack¢n+APurd,n_P0.n=
k],nm2,n ml.,n \/
( 2](22’" - 2k2’n k 4k2n k0n+K (Afss_dbn)} -
m2n klznm2n kOan.n

A db s 2 _ s _

ks, Ky =db,) + ( 2k2, k.,
kln
T +my, | =P,

kO,/z:mO,n_kdl,'zwg.n

kl,)I:ml,n+3dena)(2),n

ky,=my,—3ky 0,

(10)
where g, is the function representing the relationship among
APy ,, K, ,, and Af; and P, is the initial power output of
the wind turbine.

By substituting (10) into (2), the relationship between the
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FFR controller parameters and Af., can be obtained; howev-
er, Af,, cannot be explicitly expressed as a function of FFR
controller parameters. Meanwhile, when system frequency
drops, power support from each wind turbine cannot exceed
its reserve, considering the wind turbine stability indicated
n [10]. Thus, the following constraints are enforced:

0<g,(K,, M) SAPy, n=1.2.. (11)

wmd

where AP, is the reserve of the n" wind turbine.

To summarize, the feasible region of FFR controller pa-
rameters is jointly determined by (1), (2), (10), and (11).
Note that the relationship described by (10) can also be ob-
tained by using (3) and (7) without approximation when for-
mulating the feasible region.

III. LINEARIZATION OF FEASIBLE REGION OF DROOP-BASED
FFR CONTROLLER PARAMETER

As indicated in Section II, the feasible region of droop-
based FFR controller parameters is nonlinear and implicit,
which can be considered as a mapping from the feasible re-
gion of AP (i.e., incremental power of wind turbines), and
can be Written as:

ALEZ

OSAPffr,nSApffr,n (13)

The constraint (12) represents two hyperplanes whose do-
main is defined by (13). Therefore, the hyperplane can be
written in a general form:

N, Nye,

zAPffrj<AL zz Afs‘slpper) (12)

lower

n=12,..,N

wind

Nwmd
D APy~ AP, =0

Jj=1

(14)

where AP, is the power requirement from wind turbines.
The hyperplane (14) should be a facet of a N, -dimen-
sional polytope whose vertices are intersections among (13)
and (14). If there are M vertices, the vertex set is denoted as
T
=[APYQ.APY. .. APY"], where APY=[APY),.APY,. ...,
T
AP??)J represents the o™ vertex. P'* and P"" denote ver-
tex sets for Af°"" and Af."™", respectively.
Since Af is given, APy , is a nonlinear function of K, i.

€., APy, = g,,( p,,) Thus, the hyperplane (14) of APy can
be mapped to a hypersurface of K, i.e.:

N\Ml\d
Zgj(Kw') _APrchO (15)
J=
The domain of (15) is determined by:
Osgn(Kp,n) SApﬁffr,n nzl’z””’Nwind (16)

Then, the hypersurface (15) should be a surface with the
vertices that are intersections among (15) and (16). The cor-
responding vertex set is denoted as K=[K".K?,...K"T',
where K}ﬁ"’ [K;”?,K;”%,...,K;f), 1" represents the o™ vertex. K
is nonlinearly mapped from P for a given Af,. K" and
K" denote the vertex sets mapped from P and P, re-
spectively.

For illustration, Fig. 3 shows an case of two wind tur-
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bines. The feasible region of AP should be a line segment
with endpoints A and B, as shown in Fig. 3(a). The corre-
sponding feasible region of K will be a curve segment with
endpoints A" and B’, and A’ and B’ are mapped from A and
B (curve A'B’).

AP K, B
APy I:Ap ffr, 1 gl-('-l--{p’l):APm’]
. . o "
TAA P HAP ;= AP =0 A’ ~ ) gZ(K( 1;) )APX; 0
APy 5=APys 5 \52.: p2 fi.2
B¢ Curve AB" g7
APy, Ko
(@) (b)
Fig. 3. Case of two wind turbines. (a) Hyperplane of feasible region of

APy (b) Hypersurface of feasible region of K and its approximation.

In Fig. 3 (b), curve A'B’ represents the FFR controller pa-
rameter settings that meet the frequency deviation lower lim-
it. Therefore, to find an approximation that will not violate
the frequency deviation, a linear boundary can be obtained
by connecting A’ and B’ (the red dashed line in Fig. 3 (b))
on condition that K , is a decreasing convex function of
K, ie., oK, /6KP2<O and &K, /0K ,>0.

The above condition can be further extended to multi-di-
mensional scenarios. In multi-dimensional space, the facet of
a N, dimensional polytope can be used as an approxima-
tion of the original feasible region of K, if K, on the hyper-
surface (15) is a decreasing convex function of another pa-
rameter K,,, i e, 0K, /0K,,<0 and &°K /0K, >0.
0K,,/0K,,<0 can be proven conveniently based on (15),
and the proof of 0°K,, /0K, >0 is presented below.

Proof: based on (15) for the n™ wind turbine, it can be de-
rived that:

NE g/’(KP-J'))

Jj=Lj#n
It can be proven that AP = gn<Kp_,,) 1S an increasing con-

cave function according to its first-order and second-order
derivatives. Because APfﬁ!,,=gn(Kp‘n) is concave, —AP =

- zg/( Kw)) is

p_,) is convex. As indi-

—gn(Kp_n) is convex, and thus, the sum (i.e.,

convex, indicating that AP, — 2 g,(K

cated by Proposition 2 in [11], the inverse function K, =

g, 1(APfﬁ_n) is increasing and convex. Based on the composi-

tion rule, if % is a nondecreasing convex function and g is a
convex function, the composition function f=hog is convex

[12], where & refers to g, 1(APffm), and g refers to AP, —

zgj(Kw). Therefore, it can be proven that (17) is a convex

function. According to [12], &’K,,/0K_,>0 since K,, is a

convex function of K, .
The feasible region of droop-based FFR controller parame-

ters includes two boundaries.

1) Boundary I

The Boundary I applies to all FFR parameters to meet the
steady-state frequency security. Boundary I can be obtained
by applying the linear regression method to vector K. The
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vector K can be calculated according to the vector P that sat-
isfies (13) and (14). The obtained hyperplanes can be repre-
sented as:

N,

wind
lower lower
. K — >
z < pi €0 = 0

Jj=1

(18)

N\Amd

upper _ upper <
2"./ K,;=ci™<0
j=1

where the superscripts lower and upper represent that the re-
gression coefficient ¢ is for the lower limit A" and the
upper limit AP respectively. Note that the second con-
straint in (18) may cause the FFR controller parameters to vi-
olate Af "™ slightly. However, this is acceptable because a

larger Af. ™" indicates a more secure frequency deviation.

2) Boundary I1

The Boundary II applies to K, of an individual wind tur-
bine to determine its upper and lower bounds. For the »"
wind turbines, the lower limit for K, will be the minimum
value of the n™ column of K", which can be represented
as:

K, 2K} =max {min(K"*[i=1.2....M ).0f = (19)

p.n =" p,n in

where K2*" is the i" row and the n™ column element.
Similarly, the upper limit for K, will be:

K <K;§per:max{maX(K']ower‘i:1a2»-~-’M)’KPQ"} (20)

p.n— Ln
where K, is the K, mapped from AP = [0, 0,...APy . ...,
0,0]".

IV. CASE STUDIES

The proposed feasible region can be applied for fast feasi-
bility assessment of FFR controller parameter settings and
its optimization for frequency control. Case studies are con-
ducted on a power system with 10 synchronous machines
whose parameters are obtained from the New England test
system. Considering a generator outage of 800 MW capaci-
ty, the post-fault nonlinear P-f characteristic is represented
by the blue curve, as shown in Fig. 4. The increased power
of generators should equal power deficit of 800 MW at the
steady state, and thus the frequency deviation should be
—0.304 Hz according to Fig. 4.

1200

—_
(=3
(=3
S

800
600 |
400+
200+

Incremental power of
generators (MW)

-0.304 Hz!

0 L L L L L L L
-0.8 -07 -06 -05 -04 -03 -02 -0.1 0
Frequency deviation (Hz)

Fig. 4. P-f characteristics after a generator outage of 800 MW capacity.

A. Verification of Accuracy and Calculation Efficiency

The proposed method is compared with the exhaustive
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searching method that serves the benchmark and the tradi-
tional method that forms a linear feasible region based on
transfer function models.

Firstly, two wind farms are added to the system, and their
parameters are given in Table I. The two wind farms are
modeled as two equivalent wind turbines. Af ™ is set to be
—-0.250 Hz, and Af™" is increased from —0.293 Hz to
—0.260 Hz by a step size of 0.011 Hz. The feasible regions
of FFR controller parameter are shown in Fig. 5.

TABLE I
PARAMETER OF WIND FARMS

Wind farm Nominal Regulation-up  Wind speed Dead band
No. power (MW)  reserve (MW) (m/s) (Hz)
1 1000 51 9 +0.03
2 1200 57 8 +0.05
< 2000 < 2000
§ 1500 § 1500
S 1000¢ 2l S 1000
500 H 500 i
X - s X — .
0 500 1000 1500 0 500 1000 1500
K, (MW/Hz) K,, (MW/Hz)
() (d)
< 2000 < 2000
= 1500f < 1500
§ 1000 § 1000f 1.
= S00F e/ 5 = S00r
M N LN c . |
0 500 1000 1500 0 500 1000 1500
K, (MW/Hz) K, (MW/Hz)
(©) (d)
> Benchmark; < Proposed method; < Traditional method
Fig. 5. Feasible region of FFR controller parameter when Af ""'=-0.250

Hz. (a) Af*""=-0293 Hz. (b) Af*""=—0282 Hz. (c) Af*"=-0.271 Hz.
(d) Af"=-0.260 Hz.

In Fig. 5(a) and (b), it can be observed that both the tradi-
tional method (red polygon) and the proposed method (blue
polygon) can obtain feasible regions to approximate the
benchmark. However, the blue polygon is much larger than
the red polygon, indicating that the proposed method can ob-
tain a more accurate feasible region. For example, the arca
of the blue polygon covers 89.42% of the area of the bench-
mark. However, as shown in Fig. 5(c), there is only a small
part of the red polygon that is within the benchmark, while
the blue region can still approximate the benchmark effec-
tively. In Fig. 5(d), for the traditional method, the red poly-
gon is almost all outside of the benchmark, indicating that
the accuracy is about zero. However, as indicated by the
blue polygon, the accuracy of the proposed method could
reach 69.50%.

Dynamic simulation is carried out to validate the proposed
method by using the system frequency response model illus-
trated in [1]. Three points at the boundaries are considered,
i.e., points A-C in Fig. 5(d). According to the frequency de-
viation dynamics shown in Fig. 6, the dashed curve for A
will exactly stabilize at Af**". As for the proposed method,
because it is a conservative approximation, the absolute
steady-state frequency deviation would be less than the ex-
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pected value. However, the traditional method cannot meet
the required Af,""" in this case.

Based on the simulation result, the error that occurs in the
traditional method is explained by Fig. 7, which depicts the
mechanical power captured by wind farm 2 from wind, pow-
er-rotor speed output trajectory, and the linearized mechani-
cal power. When formulating the feasible region, the tradi-
tional method will use the linearized mechanical power to
approximate the actual one. It can be found that the linear-
ization error increases as the steady-state incremental active
power from wind farm 2 increases. Similarly, errors will al-
so be produced by the linearization of deloading curves.

-0.05
-0.10
-0.15 1
-0.20
-0.25 1
-0.30 1/
-0.35

Frequency deviation (Hz)

50 60 70 80 90 100
Time (s)
--- Benchmark (point A); - Proposed method (point B)
--- Traditional method (point C)

— Lower limit of steady-state frequency deviation

0 10 20 30 40

Fig. 6. Frequency deviation dynamics.

0.45 - — Power-rotor speed trajectory
— Actual mechanical power
---Linearized mechanical power
0.40 ¢
é 035 Linearization |
e error
o
z 0.30
£
025 L Steady-state incremental
’ active power
0.20
06 07 08 09 10 1.1 12 13

Rotor speed (p.u.)

Fig. 7. Illustration for errors of traditional method.

Therefore, if A/ increases, more active power from
wind turbines is required, and thus wind turbines will further
deviate from initial points, thereby increasing the lineariza-
tion error.

Then, the effectiveness of the proposed method as the
wind farm number increases is investigated. Wind farms are
represented as equivalent wind turbines for illustration in the
following part. The uniform sampling method is used to re-
duce the computation burden. N, . samples that satisfy the
actual constraints are generated. N, and N, are defined as
the numbers of samples that are within the feasible region
given by the proposed method and traditional method, re-
spectively. Therefore, the accuracy of the traditional method
and the proposed method can be measured by N,/N,.. and
N oo/Ngampie» TESPeCtively. The impacts are shown in Fig. 8,
where the accuracies of both the proposed method and the
traditional method decrease as the number of equivalent
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wind turbines increases, which is unavoidable if the nonlin-
ear feasible region is linearized when the nonlinearity in-
creases. Nevertheless, the accuracy of the proposed method
is more than twice the accuracy of the traditional method.

Additionally, the calculation efficiency of the proposed
method is compared with the exhaustive searching method.
As shown in Table II, the calculation time of using the ex-
haustive equivalent wind turbines increases. In comparison,
the calculation time of the proposed method could be much
less. For example, to obtain the feasible region of 300 equiv-
alent wind turbines, the exhaustive searching method takes
more than 1 hour, while the proposed method costs 4.479 s
only.

100 —o—Proposed method

_ ol —o—Traditional method
i\i
> 60
g
§ 40+
< 20}

0 n n n n n n )

3 4 5 6 7 8 9 10

Number of equivalent wind turbines with FFR

Fig. 8. Impacts of number of equivalent wind turbines on accuracy.

B. Application for Parameter Optimization

TABLE 11
CALCULATION TIME COMPARISON

Number of equivalent Calculation time (s)

wind turbines

Exhaustive searching method Proposed method

3 0.066 0.024
4 0.223 0.019
5 2.105 0.022
6 93.380 0.023
300 >3600.000 4.479

In this subsection, 300 equivalent wind turbines are con-
sidered for parameter optimization. The objective is to mini-
mize the total power output of wind turbines after the above-
mentioned power disturbance. The linear constraints are
formed by the proposed method. For comparison, the origi-
nal nonlinear and implicit constraints are used, and the opti-
mization problem is solved by the method proposed in [5].
The calculation time is 238.46 s, and the objective function
value is 25.70. For the proposed method, the optimization
problem can be solved much more efficiently. The calcula-
tion time is reduced to 34.26 s, and the objective function
value is 22.65, showing a significant improvement in both
solution speed and solution quality as 85.63% and 11.86%,
respectively.

V. CONCLUSION

This letter proposes a linearization method for obtaining
the droop-based feasible region of FFR controller parame-
ters, considering wind turbine characteristics, the dead band,
and the reserve limit. Simulation results show that the feasi-
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ble region can support fast and accurate feasibility assess-
ment of FFR controller parameter settings and efficient opti-
mization for frequency control. In the future, the proposed
method can be used in frequency security-constrained power
system optimization such as operational dispatch and real-
time parameter tuning.
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