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Optimized Auxiliary Frequency Control of
Wind Farm Based on Piecewise Reduced-order
Frequency Response Model

Xu Zhang, Chen Zhao, Junchao Ma, Long Zhang, Dan Sun, Chenxu Wang, Yan Peng, and Heng
Nian

Abstract—With the increasing wind power penetration in the
power system, the auxiliary frequency control (AFC) of wind
farm (WF) has been widely used. The traditional system fre-
quency response (SFR) model is not suitable for the wind pow-
er generation system due to its poor accuracy and applicability.
In this paper, a piecewise reduced-order frequency response (P-
ROFR) model is proposed, and an optimized auxiliary frequen-
cy control (O-AFC) scheme of WF based on the P-ROFR model
is proposed. Firstly, a full-order frequency response model con-
sidering the change in operating point of wind turbine is estab-
lished to improve the applicability. In order to simplify the full-
order model, a P-ROFR model with second-order structure and
high accuracy at each frequency response stage is proposed.
Based on the proposed P-ROFR model, the relationship be-
tween the frequency response indexes and the auxiliary frequen-
cy controller coefficients is expressed explicitly. Then, an O-
AFC scheme with the derived explicit expression as the optimi-
zation objective is proposed in order to improve the frequency
support capability on the premise of ensuring the full release of
the rotor Kinetic energy and the full use of the effect of time de-
lay on frequency regulation. Finally, the effectiveness of the pro-
posed P-ROFR model and the performance of the proposed O-
AFC scheme are verified by simulation studies.

Index Terms—Frequency response, piecewise reduced-order,
wind farm, auxiliary frequency control.

1. INTRODUCTION

ITH the deterioration of the global environment, re-
Wnewable energy power generation such as wind pow-
er and photovoltaic has been paid much attention [1]-[3].
Nowadays, more and more wind power generators with con-
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ventional control strategy are connected to the power grid
through power electronic devices, which do not have the
same frequency regulation capability as the synchronous gen-
erator (SG). Therefore, in order to improve the frequency sta-
bility of the power system, auxiliary frequency control
(AFC) is adopted by wind farm (WF) to simulate the active
support capability of the SG [4]-[6]. However, the effective-
ness of the AFC depends on the design of its control coeffi-
cients [7]-[9]. Therefore, in order to maximize the frequency
support capability of WF, it is necessary to reveal the rela-
tionship between the frequency response indexes and the
control coefficients, and then study the optimization scheme
for the AFC.

The accurate evaluation of frequency response indexes de-
pends on the precise frequency response modeling. Existing
studies on the frequency response modeling are mostly
based on the single-machine equivalent model due to the
merit of simple structure [10], [11]. The single-machine
equivalent model usually includes the average system fre-
quency (ASF) model and the system frequency response
(SFR) model. The ASF model has satisfactory accuracy, but
the order of the model is fairly high, so it is difficult to de-
rive the analytical expression of frequency nadir (FN) during
frequency faults [12]. Based on the ASF model, the SFR
model with a simpler structure is further proposed in [13].
For the second-order SFR model, the analytical expression
of frequency response indexes can be derived by inverse La-
place transform. However, the accuracy of the SFR model is
poor due to excessive simplification and approximation. Be-
sides, the SFR model in [13] only takes SGs into account,
which is not applicable for multi-machine power system inte-
grated with wind power generation. In general, it is neces-
sary to simplify the frequency response model of the multi-
machine system while preserving the high accuracy.

In order to reduce the order of ASF model or improve the
accuracy and applicability of SFR model, some improved
frequency response models have been proposed. In [14], an
improved SFR model under the joint action of SG and WF
is established. However, the accuracy of the improved model
is poor due to ignoring the influence of the change in the op-
erating point of wind turbine (WT) on the output active pow-
er. In order to improve the accuracy of the SFR model, an
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improved SFR model considering the change in operating
point of WT is further proposed in [15], but it is not applica-
ble for the power system with multiple heterogeneous devic-
es. Moreover, it is difficult to derive the analytical expres-
sion of the frequency response indexes such as FN in this
model due to its high-order structure. In order to reduce the
order of ASF model, an improved ASF model with low-or-
der structure is achieved in [16] by weighting the parameters
and ignoring the time constant with little effect on the fre-
quency response. However, the reduced-order method of the
improved ASF model is similar to that of the classical SFR
model, and the over-simplification of the model reduces its
accuracy to a certain extent. In order to reduce the order of
the frequency response model while ensuring the modeling
accuracy, a generic SFR model is proposed in [17]. Howev-
er, the power disturbance experiment must be carried out in
advance to obtain the frequency response data for the evalua-
tion of model parameters, which might cause the unit off-
grid or other hazards under unstable power grid. Therefore,
there is still a gap on the frequency response model with all
merits of high accuracy, ability to derive the analytical ex-
pression of the frequency index, and strong applicability.

After establishing the frequency response model, the ex-
plicit expression of the frequency response indexes can be
derived as a function of control coefficients in WF, thus the
optimization scheme of the auxiliary frequency controller
can be further studied. In order to improve the frequency
support capability, the maximum rate of change of frequency
(RoCoF) RoCoF,, is regarded as an index for adjusting the
coefficients of auxiliary frequency controller in [18] and
[19]. These schemes ignore the time delay of the active pow-
er output by WF. However, the AFC of WF includes frequen-
cy detection, communication, and instruction generation, so
a time delay between frequency drop and output power re-
sponse is unavoidable. Therefore, in order to accurately re-
flect the frequency regulation capability of WF, it is more
reasonable to regard the average RoCoF RoCoF, over a pe-
riod as the index. Moreover, the effect of time delay on fre-
quency regulation is nonlinear, and appropriate time delay
can effectively improve the frequency response characteris-
tics. Therefore, it is necessary to consider the effect of time
delay when optimizing the auxiliary frequency controller. In
order to maximize the frequency support capability, some op-
timized frequency regulation schemes of WT utilizing rotor
kinetic energy are proposed in [20] and [21]. However, the
rotor speed constraint is not considered, which may cause
the rotor speed to be lower than the safety value and result
in a secondary frequency drop accident. In [22] and [23], the
rotor speed limit is regarded as an optimization constraint to
improve the frequency regulation effect of WF. However, the
coupling relationship between rotor speed and system fre-
quency is not analyzed and the quantitative formula of rotor
speed is not discussed. Therefore, in order to fully release
the rotor kinetic energy within the safe range, it is necessary
to derive the analytical expression of the WT rotor speed.

This paper proposes a piecewise reduced-order frequency
response (P-ROFR) model and an optimized auxiliary fre-
quency control (O-AFC) scheme of the WF. The main contri-
butions are as follows:
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1) A P-ROFR model with second-order structure and high
accuracy at each frequency response stage is proposed in or-
der to simplify the full-order model. In order to improve the
accuracy of the ROFR model at different frequency response
stages, a P-ROFR model composed of three reduced-order
models is further proposed, whose coefficients are obtained
by minimizing the amplitude of the error model.

2) An O-AFC scheme with inner- and outer-layer optimi-
zations is proposed to maximize the frequency support capa-
bility of WF. The optimization of control coefficients in the
inner layer is to realize the full release of rotor kinetic ener-
gy and safe operation of the system. The optimization of
time delay in the outer layer is to make full use of the effect
of time delay on frequency regulation.

This paper is structured as follows. Section II introduces
the full-order frequency response model for multi-machine
power system. Section III proposes the ROFR model to sim-
plify the full-order model, and further proposes the P-ROFR
model to improve the accuracy at different frequency re-
sponse stages. Section IV proposes the O-AFC scheme with
inner- and outer-layer optimization. Section V verifies the ef-
fectiveness of the proposed P-ROFR model and the perfor-
mance of the proposed O-AFC scheme by simulation stud-
ies. Finally, Section VI concludes this paper.

II. FULL-ORDER FREQUENCY RESPONSE MODEL FOR
MULTI-MACHINE POWER SYSTEM

When a frequency fault occurs, SGs and WFs inject active
current into the power grid to support grid frequency recov-
ery. The frequency response model for multi-machine power
system can be expressed as:

Ny Ny

Af= ﬁ — AP+ APy, + kZIAng + k_ZIAng )
where Af is the system frequency deviation; H is the inertia
constant of the system; D is the damping factor of the sys-
tem; AP, is the power disturbance; APy, is the active power
deviation output by the WF; N, and N are the numbers of
SGs in the thermal power plants and hydropower plants, re-
spectively; and AP, and AP{, are the mechanical power de-
viations output by the " SG in the thermal power plants
and hydropower plants, respectively.

The relationship between the output power of the SG and
the system frequency deviation can be obtained from the
ASF model, so this section only focuses on the mathemati-
cal correlation between the output active power of the WF
and system frequency. The model of the WT with AFC is
shown in Fig. 1, where Py, is the initial value of the active
power output by WF.

MPPT controller

Mechanical
power

AP We

Fig. 1. Model of WT with AFC.
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It can be observed from Fig. 1 that when the system fre-
quency drops, an additional power signal AP, from auxilia-
ry frequency controller in WT is added to the power signal
P,ppr» Which is output by the maximum power point track-
ing (MPPT) controller. According to Fig. 1, the mechanical
power captured by the WT Py, and the active power output
by the WT Py, can be expressed as (2). It should be noted
that the AFC can be applied not only to WTs [19], but also
to WFs [23]. To reduce computational burden for steady-
state and dynamic analysis, the difference in operating state
among WTs is ignored, and a single-machine aggregation
model for the WF is adopted in this paper [21].

Py, = %/}SCPV3

K sf+K A

PWe=PMPPT+APadd=koptwf_ LM @

Py —Py.=2Hy 0,50,
where p is the air density; S is the area swept by the WT; C,
is the power coefficient; V' is the wind speed; k,, is the
MPPT coefficient; w, is the rotor speed of the WT; K, and
K, are the differential coefficient and proportional coefficient
of auxiliary frequency controller, respectively; 7, is the total
time delay constant; and Hy, is the mechanical inertia con-
stant of the WT.

Equation (2) shows that various power signals of WT are
coupled together through rotor speed and system frequency.
Therefore, the output active power not only depends on the
system frequency deviation, but also is related to the change
of rotor speed. To analyze the influence of the change in ro-
tor speed, power response curves of WT in the simulation
with the change of rotor speed and time are shown in Fig. 2.
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Fig. 2. Power response curves of WT. (a) P-w_. (b) AP, -1.

In Fig. 2(a), when a frequency fault occurs, Py, and
P, ppr decrease from the stable operating point A with the de-
crease of rotor speed. And the deviation of Pyppr APyppr
counteracts the effect of AP,,,, which means that the change
of the rotor speed operating point weakens the frequency
support capability of WT. With the continuation of the pro-
cess of rotor kinetic energy release, AP, gradually plays a
dominant role. Especially when the speed decreases to w g,
APy,.=0, and the WT cannot provide frequency support to
the power grid. Until the rotor speed decreases to w,, the
system reaches a new stable operating point C, where the de-
viations of w, and Py, reach their maximum values.

In order to accurately evaluate the frequency support capa-
bility, it is necessary to reveal the relationship between the
output active power of WF and the system frequency. Based
on small-signal incremental analysis, the state space model
of the rotor speed can be expressed as:

SAX=AAX+ BAU
AY=CAX+DAU
1 oC
EpSV3 awl: _3koplwr20
A= 2H 0,
Ks+K Q)
B=
2Hy 0,0 (Tys+1)
C:3koptwfo
Kys+K,
C Tys+1

where X=o, is the state variable; U=fis the input variable;
Y=P,, is the output variable; and w, is the initial rotor
speed of the WT before frequency fault.

As can be observed from Fig. 2(a), the difference between
Py, and Py, gradually decreases, so w, slows down and
Aw, is small. In addition, when Af reaches a steady state, w,
is usually still decreasing, so @, does not decrease greatly in
the time scale concerned. Accordingly, it can be observed
that e, is near the equilibrium, so the linearized model (3) is
valid. Then, according to (3) and the transfer function AY=
[C(s—A)"' B+ D]AU, the relationship between APy, and Af
during frequency regulation process can be obtained as:

1 oC
pre (S) 2HWTwr0S_ EpSV3 awl: de+Kp
A ) 2H 0,8 — %pSW ggp + 3k, 05 Tost1
4)

It can be concluded from (4) that the transfer function be-
tween APy, and Af'is a complex second-order function con-
sidering the change in the operating point of WT instead of
a simple differential and proportional function. The curve of
AP, obtained from the linearized model (4) is in good ac-
cordance to the curve considering the change in the operat-
ing point, i.e., the actual APy,. Therefore, it is necessary to
consider the change in operating state when analyzing the
frequency response of the system including WF participating
in frequency regulation, which can provide a basis for estab-
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lishing an accurate frequency response model.

Combining (4) with ASF model, a full-order frequency re-
sponse model for multi-machine power system considering
the change in the operating point of WT can be obtained in
Fig. 3, where K}, and K are the mechanical power gain co-
efficients of the k™ SG in the thermal power plants and hy-
dropower plants, respectively; R and R} are the droop coef-
ficients of the speed governor of the k™ SG in the thermal
power plants and hydropower plants, respectively; Tg, and
T are the time constants of the k™ SG prime mover and
governor in the thermal power plants and hydropower
plants, respectively; F,, is the ratio of power generated by
the high-pressure turbine of the k" SG in the thermal power
plants; and Ty, and Ty, are the re-heater and water hammer
effect time constants of the k™ SG in the thermal power
plants and hydropower plants, respectively. Wind power,
thermal power, and hydropower in Fig. 3 are examples, but
the established full-order model is also applicable for other
types of energy. The premise is that the relationship between
the output active power and the frequency deviation can be
expressed by transfer function. Therefore, compared with the
classical single-machine equivalent model, the established
full-order model has higher accuracy and better applicability.

AP, ~ 1 Ms)
s - 2Hs+D
+

AP, _ Ko IHFTLs
RI(A+TEs) 14T s

APG, _ Ky 1-Tays
RY(1+THs) 140.5T5 s

2H, sps 2
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E | aCy Tyt
2Hyrog5~ 5PV +3kopz ¢

Fig. 3. Full-order frequency response model.

The full-order model of the system frequency deviation is:
2H +D+ Tk(l+FI§kTR1-kS)
R+ T s)1+ Tg,s)
mk (1 Txks)
Ts)1+0.5T8,s)
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R}j(l
oc,
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Considering the strong apphcab1l1ty of the established fre-
quency response model, the full-order model of (5) can also
be rewritten as a n-order model, where n depends on the
number and type of generators connected to the grid:

AP, b, " '+--+bs+b
Af(5) == =4 2 o ©6)
a,s"+--+a,s"+a;s+a,
where a,a,, ...,a,and by, b, ..., b, | are the polynomial co-
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efficients of the full-order model.

III. P-ROFR MODEL

A. Formulation of P-ROFR Model

The time-domain expression of the full-order frequency re-
sponse model cannot be directly solved by inverse Laplace
transform, thus it is challenging to explicitly express the fre-
quency response indexes. The classical SFR model shows
that the frequency response model during frequency faults
can be expressed as a second-order model with two real
poles or a pair of conjugate complex poles. Therefore, an
ROFR model with second-order structure is proposed as:

AP, d;s+d,
Mro®= " G ere

(7

where ¢, ¢,, dy, and d, are the polynomial coefficients of
the ROFR model.

Considering that different frequency response stages have
different requirements for the ROFR model, the frequency re-
sponse is divided into three stages, as shown in Fig. 4: the
initial stage of frequency drop (called transient stage), the
stage near FN (called intermediate stage), and the stage near
Af,, (called steady-state stage). In order to obtain the frequen-
cy response model with high accuracy at each frequency re-
sponse stage, different ROFR models are adopted in differ-
ent stages. Therefore, a P-ROFR model Afy, composed of
three ROFR models is proposed, as shown in (8). The RO-
FR models adopted in the transient stage [0, #; ], intermediate
stage [71, t5 ], and steady-state stage [t, o) are called transient
ROFR model Afyqy, intermediate ROFR model Af;,,, and
steady-state ROFR model Af, respectively. The three RO-
FR models have the same second-order structure, but the co-
efficients c,, ¢, d,, d, of these models are different.

Af Transient stage
s

Intermediate Steady-state stage

stage

f‘r tls t
—Transient ROFR model; —Intermediate ROFR model
—Steady-state ROFR model

Fig. 4. P-ROFR model.

. AP, d,.s+d

L_I(AfROT)ZL_l - . 3 L l ) tel0,1;]
’ S sTHc pS+egr

~ ~ AP, d,s+d,

AfR]:)(t): L 1(AfRo_l):L1 - Sd > = o ) telty, ts]
sT+es+eg,

AP, d, s+d
L7 (Mfpos)=L7| - —4 525 t €[tg,
(fRo,s) P S2+c1,ss+00‘s [s )
(®)

where the piecewise point ¢, is the time when L' (Afror (5))
intersects L' (Afyo,(s)); and the piecewise point #g is the
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time when L' (Afyo, () intersects L™ (Afpos (5)).

In order to ensure that the P-ROFR model is as close as
possible to the full-order frequency response model, a meth-
od to solve the coefficients of the P-ROFR model by mini-
mizing the amplitude of the error model is proposed. Com-
bining (6) and (7), the frequency-domain error model be-
tween the full-order frequency response model Af and the
ROFR model Afy, can be written as:

9(5)= A1 (5) = Mo (5)=

AP (b, —a,d)s" " +(b, ,+b, ¢,~a, d ~a,d,)s" N
s (a,s"+...+a,s+ay)Ns*+c,s+¢c,)

S(b[_2+b[_lcl +bico—a, d,—a,d,)s'

lzz(ans”—i- cta s+ay)sP+es+cg)

(byc,+b,co—ayd,—a,dy)s+byc,—a,d, ©)

@,s"+...+a,s+a,)s*+c,s+c,)

It can be observed from (9) that if the coefficients of the
numerator polynomial are close to 0, the frequency-domain
characteristic of Afy, is similar to that of Af. It means that
the time-domain performance indexes of these two models
should also be consistent. Therefore, in order to make the n+
2 coefficients of numerator polynomial in (9) be 0, n+2 sets
of equations are established, as shown in (10).

X0=Y (10)
where X, ¥, and @ are the coefficient matrices, and € can be
obtained by the solution formula #=(X"X)"'X"Y of the
least square method. X, €, and ¥ can be expressed as:

0 0 0 a,
O _bn—l an an—l
_bnfl _bn72 anfl n-2
X= : : (11)
-b, -b, a, a,
-b, -b, a a,
L —b, 0 a, (U
0=[c, ¢ d, d] (12)
Y: [bnfl bnf2 bO 0 0 ]T (13)

According to the solution formula 0=(X"X)'X"Y, the
coefficients of the intermediate ROFR model 6, are obtained
by solving n+2 sets of equations in the overdetermined
equation (10), in order to minimize all the coefficients of the
numerator in (9). The coefficients of the transient ROFR
model @, are obtained by solving the first four equations
among the n+2 sets of equations in (10), in order to make
the coefficients of s"*% s"*!, 5", and 5"~ of the numerator in
(9) zero. The coefficients of the steady-state ROFR model 6
are obtained by solving the last four equations among the n+
2 sets of equations in (10), in order to make the coefficients
of s*, s, s', and s° of the numerator in (9) zero.

The frequency-domain error model between the transient
ROFR model and the full-order model can be expressed in
(14). The frequency-domain error model between the steady-
state. ROFR model and the full-order model can be ex-
pressed in (15).

n—1

n-3
M, s
51 = ()~ Ao (= )
zNT’,.s’
i=0
nil‘
M, s’
35 ()=A ) Mpas (=" (g5)
Ng;s'

i=

where M, N;,, M, and Ny, are the coefficients of (10).
B. Mathematical Validation of P-ROFR Model

In this subsection, mathematical theorems are applied to
prove that different frequency response stages should adopt
the corresponding reduced-order models.

1) Transient Stage

By performing inverse Laplace transform on (14), the
time-domain error model between Af,; and Af is described
as:

o

n+2

(0= D ke +k, (16)
j=1

where y; is the pole of (14); and k; (j=0,1,...,n+2) is the

amplitude of the signal.

In the transient stage, the frequency drops rapidly, so only
the error model within a short time scale after the frequency
drop occurs needs to be considered. The Taylor series expan-
sion of (16) at =0 is given as:

n+2 n+2 kluz k'u3 k#4
_ 2 3 Y
§T(t)—j:§0kj+ _:El —k; it + TR TR

| +o(t)

(17)
where o(¢*) is the higher-order infinitesimal of #*.

Combining the initial value theorem of Laplace transform
and (14), the initial value and the first four-order derivatives
of d,(¢) are all 0 at t=0.

n+2

67(0)= D' k; = lim 59, (5)=0
j:O §—> 0

| (18)
x n+2
& §— 0

where y is the order of the derivative (y=1,2, 3, 4).

Substituting (18) into (17), it can be observed that the er-
ror between Afy,; and Af'is very small during a very short
period after t=0,.

dr()=o(t") (19)
Similarly, the error between Afy,; and Af, and the error be-
tween Afps and Af can be obtained respectively as:

9, (=0(t") (20
ds()=o(l) @n

where o(¢*) is the higher-order infinitesimal of ¢ (x=1, 2,
3, 4); and o(1) is the higher-order infinitesimal of 1.

Based on the higher-order infinitesimal theorem, it can be
observed that 6,<<d, and 6, <<dJg, s0 Afy, is closer to Af
than Afg,; and Afy in the transient stage.
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2) Intermediate Stage

It can be concluded in [10] that the FN is related to the in-
ertia of the system, the governor of the SG, the scheme of
AFC in the WEF, and the operating state of the unit, etc.
Therefore, the reduced-order model in the intermediate stage
should consider the effects of active power output from all
devices. The process of solving Afyor and Afyog only uses
four sets of equations in (10). However, the coefficients of
the intermediate ROFR model Af;,, need to satisfy n+2 sets
of equations in (10). Therefore, Afy,, contains all the infor-
mation of Af, which is more suitable than Afy,; and Afyq
to express the frequency response characteristics in the inter-
mediate stage.
3) Steady-state Stage

Substituting s=jw into (9), (14), and (15), the ratios of
the magnitude of Jgy to that of J; and that of J, can be ob-
tained, respectively, as:
n=3

) S
5—i —w Zg(a)’) (22)
58 K’173 1

al=e ;h(a)) (23)

where o is the oscillation frequency in rad/s; and g(-) and
h(-) are the polynomial functions of w.

In the steady-state stage, the oscillation frequency w<<1I,
SO ‘65/5T| and |6S/5[| are both much less than 1. Therefore,
Afros 18 closer to Af than Afyqr and Afyg ).

C. Numerical Validation of P-ROFR Model

The approximation degree of Afyo 1, fros AMross and P-RO-
FR model Afy, to Af is compared in Fig. 5 and Table I,
where Af) RoCoF ., and Af™ are the error rates of

Afno ROCoF ., and Af., respectively; and R® is an index
characterizing the overall fitting degree. And the closer the
value of R* is to 1, the better the fitting degree of the re-
duced-order model to the full-order model is. It can be ob-
served that in the transient stage, compared with Afg,, and
Afross Dfror can more accurately characterize the frequency
change trend after the frequency drop. In the intermediate
stage, Afyo, can represent the maximum frequency deviation
(Af 1) more accurately than Afp; and Afyg. In the steady-
state stage, Af;; can be obtained by Afy,¢ with higher accura-
cy than Afyor and Afy,,. Moreover, the P-ROFR model com-
posed of these three reduced-order models has the highest ac-
curacy in each frequency response stage, and its R is the
closest to 1, which proves the effectiveness of the proposed
P-ROFR model.

IV. O-AFC SCHEME WITH INNER- AND OUTER-LAYER
OPTIMIZATION

Previous analysis shows that P-ROFR model is a second-
order model, so the analytical expression of each frequency
response index can be derived directly as a function of K
and K, which provides the optimization objective for the O-
AFC scheme of WF.
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Fig. 5. Comparison of ROFR models. (a) Whole stage. (b) Transient stage.

(c) Intermediate stage.

TABLE I
SFR RESULTS OF REDUCED-ORDER MODEL

Model M (%) RoCoF " (%)  AS™ (%) R
AMrox -24.62 5.560x107"°  1.2289x10? -9.6938
Mrox -1.31 —1.789x10" —1.0480x10" 0.9665
AMros —4.04 -3.723x10" ~7.5900%107"° 0.9693
Afro -131 5.560x107"°  —7.5900x107"° 0.9977

It is worth mentioning that when the additional power
AP, is increased by enlarging K, and K, the frequency sup-
port capability of WF is not necessarily improved. There are
three main reasons.

Firstly, with the increase of K, and K, more rotor kinetic
energy is released, thus the output power of the MPPT con-
troller has a stronger ability to weaken the frequency support
capability of WF. Secondly, excessive K; and K, lead to the
rotor speed exceeding the minimum speed limit, which will
result in the WT off-grid operation. Finally, the time delay
of the power response of WF nonlinearly affects the effect
of K; and K, on the system frequency, and appropriate time
delay can effectively improve the frequency response charac-
teristics, as shown in Supplementary Material A. Therefore,
in order to maximize the frequency support capability of the
WEF on the premise of ensuring the full release of rotor kinet-
ic energy and the full use of time delay, an O-AFC scheme
is proposed in this section.

A. Optimization Objective of O-AFC Scheme

Considering that the output active power of the WF main-
ly affects the RoCoF after a time delay, the RoCoF,, is re-
garded as one of the optimization objectives of the O-AFC
scheme in this paper. At the same time, since Af,,, and Af

are significant indexes to evaluate the frequency stability of
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the system, the objective function is given as:
minJ(K . K, )=1| ROCOF | + 15| M| 15| A,

where 7,,1,, 71, €(0,1) are the weighting coefficients, which
can be configured according to different control require-
ments on the premise of satisfying #,+#,+#n,=1. The time
scale of RoCoF,  is t /3, where ¢t . is the time to reach

avg nadir nadir

the FN. The explicit expressions of RoCoF,,,, Af,,., and Af

24

avg
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as functions of K; and K are obtained from the time-domain
expressions of Afpor, Afpopn and Afpos, respectively. The
structure of the proposed Afgor, Afpor and Afpog is consis-
tent with the classical second-order SFR model. Therefore,
based on the solution formula of the frequency response in-
dexes in [23], the analytical expression of each index in (24)
can be derived as:

A Y
_3APd(j'2T_ilT) _m(m)3(22,lil.l)+ m(m)3(iz.1/-|.|)+ dO,T
5 ' ' A\ Ao\ Tar Aot (25)
_ AfROA,T (tnadir/3) _
RoCoF .= =
tnadir/3 In rLT_ln rlT
A nax = ot Craaic )= ule of the auxiliary frequency controller cannot support the
i Ay frequency, so Py, can be expressed as:
;Lvl’)hxl AZI’AH ’
AP, —A() Ty T ) ido; (26) Py = ko)~ K A (30)
r r
MAT2E 2IAT2 LR Combining (28), (29), and (30), Af,, can be obtained as:
kol —k 0 ~k o  —k
) d A = opt“7r,ss m2*7r,ss ml*7r,ss m0
A= Mo S(tend):_APd( B @e/b,szm*_ @ezhz .y Gos s K, 31
' A1 Aas Ashas )
27) According to the SFR model (5), Af, can also be ex-

where ¢, is the end time of frequency regulation, which is
set to be 20 s; and the subscripts T, I, S represent the tran-
sient, intermediate, and steady-state stages, respectively. The
detailed expressions of 1,, 4,, r;, and r, are given in Supple-
mentary Material B, which are composed of the coefficients

¢,, d,, and d, of the ROFR model. It is worth mentioning
that the analytical expressions of ¢,, ¢,, d,, and d, are explic-
itly expressed as polynomial functions of K, and K, by solv-
ing (10). The expressions of c(Ky,K,) and d(K,K,) are
slightly complicated, but their accuracy is high because all
parameters of the full-order model are preserved during the
order reduction to improve the accuracy. And since the poly-
nomial function is elementary, so the running time and the
computational burden are not increased.

B. Constraint of O-AFC Scheme

1) Rotor speed constraint: according to the analysis of
Fig. 2, w, gradually decreases to a steady state after a fre-
quency fault occurs, so the deviation of ., is the largest.
Therefore, in order to avoid the large linearization errors of
o, derived from (3), the relationship between . and con-
trol coefficient is derived based on the power balance, with-
out linearization.

When the system reaches a steady state, P, is equal

to Py,
(28)

and Py, are the steady states of Py, and Py,

PWm,ss:PWc,ss

where Py,

respectively.

When the pitch angle and wind speed are known, P, can
be approximated by a second-order polynomial of @, [9] as:

PWm:km2w3+kmlwr+kmO (29)

where k, k.., and k,, are the constant coefficients.

When the system is in a steady state, the differential mod-

ml>

pressed as:
_APd+koptwiss_koptw30
Ko Ko
D+ R, +...+ R, +K,
Combining (31) and (32), the relationship between w,
and K, is expressed as:

W= (32)

K K
(koplwiss_kmzwiss_kmla)r,ss_klno)(D+ le t...+ Rmk
K = 1 k
P AP +k o? +k o +k ,—k o
d m2 7, ss ml 7, ss m0 opt 10
(33)
According to (33), the relationship between o, and K,

can be shown in Supplementary Material C. It can be ob-
served that o, gradually decreases with the increase of K.

I,88
Therefore, the constraint that @, should be greater than

1,88

® ., can be converted to a constraint on K, as shown
in (34).
K,<
K K
ko w?min_km wrzmin_km wrmin_km (D+ ol +...+ =
( pt 2 1 0) Ie1 Rk
2 3
_APd+km2wrmin+km1a)rmin+km0_kopla)r0
(34)
where @, is the lower limit of the rotor speed.

It is worth mentioning that the linearization is not includ-
ed in the derivation of (28)-(34). The nonlinear characteris-
tics of w, are preserved in (34), so there is no linearization
error in the constraint of @, .

2) Frequency response index constraint: considering that
the weighting coefficients in (24) are determined by the con-
trol requirements, excessive attention of the system operator
to a certain frequency response index and setting of a large
weighting coefficient may cause other indexes to exceed the
limit. Therefore, in order to ensure the frequency operating
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within a safe range, it is necessary to satisfy the maximum
frequency deviation constraint and the steady-state frequency
deviation constraint:

| Af;nax < A.fmax,]imit (35)

| A < M i (36)

where Af, . imi 15 the maximum frequency deviation limit;
and Af{ ., is the steady-state frequency deviation limit.

C. Implementation of O-AFC Scheme

Considering that the effect of time delay is not as great as
that of K; and K, an O-AFC scheme with two-layer optimi-
zation is proposed, in which the inner layer optimizes the
control coefficients K, and K, and the outer layer optimizes
the time delay 7.

The detailed implementation of the proposed inner- and
outer-layer optimizations is shown in Supplementary Materi-
al D. When a frequency fault occurs, 7, is increased by AT
each time in the outer optimization and the changed T, is
substituted into the optimization as a known quantity. In the
inner-layer optimization, particle swarm optimization algo-
rithm is adopted to minimize the objective function (24) un-
der the constraints (34)-(36), so as to obtain the optimized
K, and K, under this 7,. Finally, the optimized T, K, and
K, can be obtained by comparing the minimum objective
function under different T',.

V. CASE STUDY

Two test power systems based on a two-area four-machine
test system are built in MATLAB/Simulink, as shown in Fig.
6. In test system 1, G1-G4 are thermal generators with a to-
tal rated capacity of 2800 MW, and a WF is connected to
bus B2, which has 469 doubly-fed induction generators with
rated capacity of 1.5 MW. In test system 2, thermal genera-
tor G4 is replaced by a hydroelectric generator with the
same rated capacity. The frequency base is 60 Hz and the
power disturbance is set to be 270 MW.

Test system 1 b
I

Bl  B5 B6

Fig. 6. Configuration of two-area four-machine test system.

A. Verification of P-ROFR Model in Test System 1

In order to verify the accuracy and parameter applicability
of the proposed P-ROFR model, two model parameter distri-
bution cases of the SG are verified in test system 1, namely,
Case A and Case B. The model parameters in Case A are
uniformly distributed, as shown in Table II. The model pa-
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rameters in Case B are set as polarized distribution, i.e., pa-
rameters are generally large or small values, and rarely inter-
mediate values, as shown in Table III.

TABLE 11
UNIFORM DISTRIBUTION PARAMETERS IN CASE A

SG K! R" Fi Ta Ty
Gl 0.15 0.10 0.39 9.10 0.21
G2 0.21 0.05 0.29 12.20 0.17
G3 0.29 0.08 0.25 6.30 0.27
G4 0.35 0.03 0.17 14.00 0.24
TABLE 111
POLARIZATION DISTRIBUTION PARAMETERS IN CASE B
SG K! RT Fl Ta Ty
Gl 0.16 0.10 0.39 7.80 0.30
G2 0.18 0.03 0.29 13.60 0.15
G3 0.32 0.04 0.15 14.20 0.28
G4 0.34 0.08 0.17 9.10 0.17
1) Case A

The frequency response curves obtained from the full-or-
der frequency response model, the improved SFR (I-SFR)
model of [15], and the proposed P-ROFR model in Case A
are depicted in Fig. 7. Table IV shows the frequency re-
sponse results under Case A. It can be observed that the
RoCoF ;" of the I-SFR model gradually increases during fre-

avg

quency fault in Fig. 7, and Af,>" between I-SFR model and

full-order model exceeds 3% in Table IV, which are both
caused by oversimplification of I-SFR modeling.

---- Full-order model

-0.40 —— I-SFR model
—— P-ROFR model
-0.50 . . -
5 10 15 20
1(s)
Fig. 7. SFR in Case A.
TABLE IV
SFR RESULTS IN CASE A
Model M (%) RoCoF 3" (%) A™ (%) R
I-SFR -3.24 -1.51 -0.44 0.9751
P-ROFR 8.46x107° -2.31x107° -0.14 0.9974

However, the fitting degree between the proposed P-RO-
FR model and the full-order model is high throughout the
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frequency response process, and the error of each frequency
response index is small enough to be ignored. Therefore,
compared with I-SFR model, P-ROFR model not only has
the same simplicity as the second-order model, but also ex-
hibits the high accuracy in each frequency response stage.
2) Case B

The SFR in Case B is shown in Fig. 8, and the SFR re-
sults in Case B are shown in Table V. It can be observed
that the proposed P-ROFR model can better predict the fre-
quency response characteristics of the power system. In par-
ticular, Af, " between P-ROFR model and full-order model
is much smaller than that between I-SFR model and full-or-
der model, indicating that the P-ROFR model can accurately
predict the FN. In addition, compared with Table IV, the ac-
curacy of the P-ROFR model in Table V is still higher. Com-
pared with Table IV, the accuracy of I-SFR model in Table
V is greatly affected, especially the RoCoF,;", which is
mainly caused by oversimplification such as ignoring the
large governor time constant of SG in Case B. The above
analysis further shows that the accuracy of the I-SFR model
is easily affected by the uneven distribution of parameters.
In contrast, the proposed P-ROFR model has strong parame-
ter applicability in different cases and has high accuracy dur-
ing the whole frequency response process.

---- Full-order model

-0.40 + I-SFR model
—— P-ROFR model
-0.50 : - - -
5 10 15 20
1(s)
Fig. 8. SFR under Case B.
TABLE V
SFR RESULTS IN CASE B
Model A (%) RoCo e (70) Af T (%) R’
I-SFR -7.0300 —4.4000 —-0.45 0.9396
P-ROFR 0.0763 -0.0171 -0.14 0.9965

To further verify the prediction performance of the pro-
posed P-ROFR model for FN, the relationships between
Afas and K, K in Case A and Case B are shown in Figs. 9

and 10, respectively. It can be observed that in Case A and
Case B, Af.5" between the P-ROFR model and the full-or-

der model is significantly smaller than that between the I-
SFR model and the full-order model. It indicates that the
proposed P-ROFR model can achieve the high precision pre-

diction of FN.

799

A (%)

Fig. 9. Relationship between A/ and K, K under Case A. (a) P-ROFR

model versus full-order model. (b) I-SFR model versus full-order model.

oo
ocooo
ORER®

Afgadr (%)

(b)

Fig. 10.  Relationship between AfZY" and K, K in Case B. (a) P-ROFR
model versus full-order model. (b) I-SFR model versus full-order model.

B. Verification of P-ROFR Model in Test System 2

To verify the simplification, accuracy, model applicability,
and practical feasibility of the proposed P-ROFR model, the
dominant pole retention method (DPRM) [24] and the pro-
posed method are used to reduce the order of the full-order
model.

Frequency response models before and after order reduc-
tion are listed in Table VI. It can be observed that there may
be fewer non-dominant poles in the full-order frequency re-
sponse model, so it is very difficult to obtain a second-order
model by using the DPRM. In contrast, when the piecewise
reduced-order method is applied to the full-order model, the
frequency response model realizes the order reduction from
the 11" order to the 2™ order, which verifies the high simpli-
fication ability of the proposed P-ROFR model.

TABLE VI
FREQUENCY RESPONSE MODELS BEFORE AND AFTER ORDER REDUCTION

Model Expression
10
Full-order —0.00845 » (s+z;)
frequency A O)=L"| ———
response model s s+p)
11
;
—0.00845 | |(s+z;)
DPRM reduced- MO=L| — T
order model 8
s H(S +p;)
i=1
|- 0551040} 2 45
s(s°+21.555+47.46)

P-ROFR model

A= L’l( 0.49s +0.064

—_— 0.445<1<6.282
S(s”+2.085 +0.45)

_1( 0.445 +0.061

—— 6.282<t<m™
s(s*+1.835+0.42)

Note: z, and p, are zeros and poles of frequency-domain expression, respec-
tively.
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The comparative results of simulation model, DPRM re-
duced-order model, and the proposed P-ROFR model are
shown in Fig. 11. It can be observed from Fig. 11 that ignor-
ing non-dominant poles greatly weakens the accuracy of the
DPRM reduced-order model and causes large steady-state er-
ror. However, the proposed P-ROFR model has little differ-
ence with the actual simulation model in test system 2 with
a variety of heterogencous devices, which indicates that the
proposed P-ROFR model has satisfactory accuracy and high
model applicability. In addition, comparing Fig. 11(a) with
Fig. 11(b), it can be observed that the accuracy of the pro-
posed P-ROFR model is still higher under different operat-
ing conditions, which further proves the practical feasibility
of the proposed method.

L J

1015 20
1(s)

(b)
----Simulation model; — DPRM reduced-order model

P-ROFR model

Fig. 11. SFR under different operation conditions. (a) V=9 m/s and P,=
270 MW. (b) V=12 m/s and P,;=380 MW.

Moreover, based on the simplicity of the second-order
model, the analytical expression of the frequency indexes
can be derived from the proposed P-ROFR model, which
provides a basis for the O-AFC scheme of WF.

C. Verification of O-AFC Scheme in Test System 2

The coefficients of O-AFC scheme are obtained by two-
layer optimization on the premise of ensuring the full release
of the rotor kinetic energy and the full use of the effect of
time delay. In the inner-layer optimization, the weighting co-
efficients of the optimization objective are #,=0.3, #,=0.6,
and 7,=0.1, o, is set to be 0.85 p.u., and Af,, ., and
A i are set to be 0.5 Hz and 0.2 Hz, respectively. In the
outer-layer optimization, AT is set to be 0.05 s. In order to
verify the effectiveness of O-AFC scheme, scheme 1,
scheme 2, and O-AFC scheme are applied in test system 2
in two test cases, namely Case C and Case D. Scheme 1 is
based on the improved frequency regulation scheme of [23].
Scheme 2 ignores the effect of time delay on frequency regu-
lation based on O-AFC scheme, which means that K; and K|
of scheme 2 are the same as that of O-AFC scheme, but T,
of scheme 2 is inherent delay 7', (0.10 s). The optimized co-
efficients of three schemes in Case C and Case D (as indicat-
ed by subscripts C and D, respectively) are shown in Table
VII.

1) Case C

Kyc, K, ¢, and T in Case C in Table VII are applied to
the test system 2. The curves of SFR, rotor speed, and out-
put active power of WF are shown in Fig. 12.

rmin
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TABLE VII
FREQUENCY REGULATION SCHEME IN CASE C AND CASE D

Scheme K ac Kp_C T e (s) K(LD prD T WD (s)
Scheme 1 17.0 9.1 0.10 31.2 18.7 0.10
Scheme 2 37.1 15.8 0.10 385 452 0.10

O-AFC scheme 37.1 15.8 1.35 38.5 452 0.90

Note: in Case C, V=9 m/s, AP;=270 MW, and in Case D, V=10 m/s,

AP,=220 MW.
Of e,
-0.05
N -0.10
=2 :
S0asfi\ rToTTTeo oo
—Scheme 1
-0.20 — Scheme 2
—O-AFC scheme
-0.25 L ! . y
0 5 10 15 20
1(s)
(a)
16.35%
0.90 _ Scheme 1 0.38 / — Py, of scheme 1
0.89 — Scheme 2 036} A8 — P of scheme 2
’ —O-AFC scheme 034 — Py, of scheme 2

— Py, of O-AFC scheme

15 20

0 50 5

100 10
1(s) 1(s)
(b) (©
Fig. 12.  System performance in Case C (V=9 m/s, AP;=270 MW). (a)
SFR. (b) Rotor speed of aggregated WF model. (c) Power response of WF.
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It can be observed that the rotor kinetic energy of scheme
1 is not fully released, and the output active power is not
enough to maximize the frequency support capability of the
WF. This is because scheme 1 ignores the negative effect of
the change in the operating point of WT on AP, and the
designed K, and K, are based on AP, instead of APy..
Compared with scheme 1, the proposed O-AFC scheme has
better frequency response characteristics by fully releasing
rotor kinetic energy, especially the FN is significantly im-
proved.

It can be observed from Fig. 12 that even though the opti-
mized K; and K of scheme 2 are the same as those of the
O-AFC scheme, the frequency support capability of the O-
AFC scheme with a larger time delay is better. And it can be
observed from Fig. 12(c) that the maximum active power
output by WF in O-AFC scheme is 0.192 p.u., which is
16.35% greater than that in scheme 2. This is because the
time delay causes the frequency to drop faster in the initial
time, so AP, increases according to the equation AP =
—-K,dAf/dt =K ,Af. And it can also be observed from Fig.
12(a) that the RoCoF of the O-AFC scheme suddenly slows
down at 1.35 s, and the FN is increased compared with
scheme 2. This is because the time delay is equivalent to de-
laying the output active power of WF, so the frequency sup-
port capability of the O-AFC scheme near the FN is greater
than that of scheme 2. Therefore, the O-AFC scheme consid-
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ering the effect of time delay has better frequency regulation
performance.

Moreover, the optimization objective of the O-AFC
scheme is derived from the proposed P-ROFR model, so the
effectiveness of the O-AFC scheme also proves the high ac-
curacy and practical feasibility of the P-ROFR model.

2) Case D

Kyp, K,p, and Ty, in Case D in Table VII are also ap-
plied to test system 2. The system performance in Case D is
shown in Fig. 13. It can be observed that the frequency per-
formance of the proposed O-AFC scheme is still better than
that of scheme 1 and scheme 2 under different operating con-
ditions and power disturbances.

0 0.08pe
,-0.10 |
-0.05 | |
— 1-0.12 |
e 0.4 S
SOOIY 10608101214 16/
0151 — Scheme 1
— Scheme 2

020 : ‘ fO‘—AFC sch;me

) 5 10 15 20

1(s)

@
— Py, of scheme 1
——P,44 of scheme 2

— Py, of scheme 2
— Py, of O-AFC scheme

128.66%

— Scheme 1
— Scheme 2
—O-AFC scheme

15 20

—
w b
(=]
S
Wi

0 50 100
1(s)

10
t(s)
(b) (c)

Fig. 13.  System performance in Case D (V=10 m/s, AP;=220 MW). (a)
SFR. (b) Rotor speed of aggregated WF model. (c) Power response of WE.

And it can be observed from Table VII, Fig. 12, and Fig.
13 that when the wind speed is larger and the power distur-
bance is smaller, the optimized control coefficients K, and
K, are larger. This is because the initial rotor speed of WT
increases with the increase of wind speed, so when the rotor
speed drops to the lower limit (®,,;,,=0.85 p.u.), the devia-
tion of the rotor speed is relatively large, as shown in Fig.
12(b) and Fig. 13(b). This means that in order to fully re-
lease the rotor kinetic energy, larger K; and K, are required,
which effectively maximize the frequency support capability
of the WF. In addition, it can be observed from (5) that the
system frequency drops less when the power disturbance is
smaller, so the output active power by releasing the rotor ki-
netic energy is reduced. Therefore, in order to fully release
the rotor kinetic energy, the optimized K, and K, should be
larger under the smaller power disturbance. To sum up, the
optimized K; and K, will change with the operating condi-
tions of WT and the power disturbances of the system, in or-
der to ensure the full release of rotor kinetic energy.

To sum up, compared with I-SFR model, the proposed P-
ROFR model achieves higher accuracy and higher parameter
adaptability, especially higher-precision prediction of the FN.

Compared with the DPRM reduced-order model, the pro-
posed P-ROFR model not only achieves satisfactory accura-
cy but also has a simpler second-order structure, which can
derive the explicit expression of frequency response indexes
for the O-AFC scheme. Compared with scheme 1 and
scheme 2, the proposed O-AFC scheme based on P-ROFR
model effectively improves the frequency support capability
of the WF while ensuring the full release of the rotor kinetic
energy and the safe operation of the system. And the pro-
posed O-AFC scheme makes full use of the effect of time
delay on increasing the active power output by the WF and
delaying the support time of the FN.

VI. CONCLUSION

In this paper, a P-ROFR model and an O-AFC scheme
based on the proposed P-ROFR model have been proposed.
The negative effect of the change in the operating point of
WT on the frequency support capability has been analyzed,
and a full-order frequency response model with high applica-
bility has been established. A ROFR model with second-or-
der structure has been proposed, thus the order of full-order
model has been reduced. A P-ROFR model composed of
three ROFR models has been further proposed, thus the ac-
curacy has been improved throughout the frequency re-
sponse process. Based on the P-ROFR model, the relation-
ship between each frequency response index and the coeffi-
cients of auxiliary frequency controller has been explicitly
expressed, which has provided the optimization objective for
the O-AFC scheme. Then, the O-AFC scheme with inner-
and outer-layer optimizations has been proposed, thus the fre-
quency support capability of WF has been improved on the
premise of ensuring the full release of the rotor kinetic ener-
gy and the full use of the effect of time delay on frequency
regulation. Finally, the high accuracy, simplicity, applicabili-
ty, and practical feasibility of the P-ROFR model and the ef-
fectiveness of the O-AFC scheme have been verified by the
simulation studies.
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