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Multi-turbine Cooperative Frequency
Regulation Control for Wind Farms
Considering Torque-limited Inertial Control
Power Characteristics

Wei Gu, Minghui Yin, Qiang Li, Yaran Li, Zaiyu Chen, and Qun Li

Abstract—Torque-limited inertial control (TLIC) offers advan-
tages of stabilizing wind turbine (WT) operation and mitigating
secondary frequency dip. When large-scale wind farm (WF)
clusters simultaneously employ TLIC to provide power support,
unnecessary frequency recoil (FR) phenomenon may occur, per-
sistently degrading the frequency regulation performance. To
address this issue, the paper analyzes the frequency response
characteristic under TLIC method, and derives the conditions
for FR under simultaneous and immediate support and simulta-
neous and delayed support, with the latter exhibiting more pro-
nounced FR effects. The root cause of FR is identified as exces-
sive power increments. Hence, the multi-turbine cooperative fre-
quency regulation control method for WFs considering the
TLIC power characteristics is proposed. By sequentially activat-
ing TLIC among WTs, the excessive power increment from si-
multaneous support is mitigated, and the gradual power reduc-
tion of the engaged WTs can be compensated. Experimental val-
idation is conducted based on the test bench of wind-integrated
power system, which demonstrates that the proposed method ef-
fectively avoids FR and further enhances the frequency nadir.

Index Terms—Wind farm (WF), wind turbine (WT), torque-
limited inertial control (TLIC), frequency regulation control,
frequency recoil (FR).

1. INTRODUCTION

ITH the continuous increase of the wind turbine
(WT) installed capacity, the grid-connection method
through power electronic converters significantly reduces the
equivalent inertia of the power system, making the frequen-
cy stability problem more prominent [1]-[4]. This urgently
requires wind power to have the ability of short-term fre-
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quency support control (SFSC) [5]-[7].

According to different criteria for setting power com-
mands, the existing SFSC methods can be divided into the
following three categories. (D The SFSC methods based on
the relationship between the power and frequency simulate
the power output characteristics of synchronous generators
(SGs) [8]-[11], such as virtual inertial control, droop control,
and comprehensive inertial control. 2 The SFSC methods
based on the relationship between the power and time set
the power command as a constant value [12], [13] or the op-
timal support power trajectory [14], [15]. @ The SFSC
methods based on the relationship between the power and
WT rotor speed set the relationship as linear [16]-[18], cubic
[19], or satisfying Gaussian distribution characteristics [20],
and due to the strong operation stability of WT and the abili-
ty to avoid secondary frequency dips (SFDs) [16]-[18], this
method is the main research object of this paper.

The existing research primarily focuses on the coordina-
tion among WTs with different operation states, primarily fo-
cusing on two aspects. The first is the differentiated setting
of WT frequency regulation parameters under different opera-
tion states, aiming to maximize frequency regulation capabil-
ity utilization while ensuring stable wind farm (WF) opera-
tion. The second is the coordinated deactivation mechanisms
for WTs, preventing severe SFDs caused by the abrupt pow-
er reduction when all WTs simultaneously exit the frequency
regulation stage.

The operation states of WTs within a WF varies signifi-
cantly due to their exposure to different wind speeds. Differ-
entiating the frequency regulation control parameters for indi-
vidual WTs is key to balancing WT operation stability with
frequency regulation performance [21]-[23]. Reference [23]
establishes WT frequency regulation capability metrics and
feasible regions for droop and virtual inertial coefficients,
and assesses frequency regulation capabilities under different
wind speeds. On this basis, WT-specific frequency regulation
parameters are configured to fully exploit frequency regula-
tion potential while ensuring stable operation of both individ-
ual WTs and the entire WF. This method enhances adaptabili-
ty to wind speed while avoiding inappropriate parameters
that could trigger WT rotor speed protection, thereby pre-
venting SFDs [24]. Under the trend toward larger WTs, the
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loads of WTs have been focused on. Hence, suppressing
loads on critical mechanical components such as gearboxes
and drive trains during the frequency support phase has be-
come one of the primary objectives in optimizing the set-
tings of frequency regulation control parameters [25], [26].

Regarding the coordinated exit mechanism of WT SFSC
method, the setting of frequency regulation control parame-
ters or support power is determined based on the extent of
kinetic energy release across different WTs. By slowing
down the kinetic energy release rate as rotor speed decreases
and gradually reducing support power, this method enables a
smooth transition for WTs out of the frequency support stage
[24], [27]. Among these, [28] introduces a collaborative con-
trol coefficient to coordinate the allocation and compensa-
tion of frequency regulation auxiliary power among WTs,
thereby achieving simultaneous frequency support and rotor
speed recovery. In contrast, [21] and [29] first develop a
smooth transition process for WTs moving from the frequen-
cy support stage to the rotor speed recovery stage, which
prevents abrupt power reduction in individual WT and
avoids SFDs caused by simultanecous power decrease across
all WTs through sequential exit of WFs [21], [30], [31]. For
the grouped exit method, a mechanism is designed based on
the torque-limited inertial control (TLIC) method that intro-
duces time delays between the instants of rotor speed recov-
ery startup across WT groups [32].

However, with the rising penetration of wind power, the
concurrent activation of WT SFSC methods across WF clus-
ters may induce a sudden surge in power injection, trigger-
ing a frequency recoil (FR) phenomenon and adversely af-
fecting the subsequent frequency response. This ultimately
limits the improvement effect in the frequency nadir (FN).
To address this issue, this paper analyzes the frequency re-
sponse characteristics of power systems with wind power
participating through TLIC. Specifically, it derives the FR
occurrence conditions under two methods: simultaneous and
immediate support (SIIS) and simultaneous and delayed sup-
port (SIDS), and reveals that the latter exhibits more pro-
nounced FR.

Then, considering the synchronized rise and fall character-
istic of TLIC power, the multi-turbine cooperative frequency
regulation control method is proposed. By monitoring the
frequency dynamic and detecting whether the FN is reached,
the sequential activation of TLIC across WTs is implement-
ed. This method not only mitigates the excessive power
surge but also compensates for the gradually decreasing elec-
tric power of already activated WTs. Finally, experimental
validation is conducted on the test bench of wind-integrated
power system. Results demonstrate that the proposed method
effectively avoids the FR during WF clusters participating in
the frequency regulation, and further elevates the FN.

The remainder of the paper is organized as follows. The
model of wind power participating in the frequency regula-
tion is described in Section II. In Section III, the FR under
simultaneous support is introduced. Section IV proposes
multi-turbine cooperative frequency regulation control meth-
od of WFs. In Section V, the proposed method is verified by
experiments performed on the test bench of the wind-inte-
grated power system. Conclusions are drawn in Section VI.
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II. MODEL OF WIND POWER PARTICIPATING IN FREQUENCY
REGULATION

The TLIC method, known for strong operation stability
for WTs [16]-[18], has emerged as a research hotspot in ex-
isting studies and serves as the focus of this paper. Accord-
ingly, this section introduces the WF model employing the
TLIC method and the power system frequency response
model involving TLIC participation. Notably, given that elec-
tromagnetic dynamics operate at a much faster timescale
than electromechanical dynamics [33], this paper primarily
focuses on the latter aligned with the frequency response tim-
escale. It is assumed that the generator control can rapidly
and accurately respond to the torque commands.

A. Model of TLIC-based WT and WF

Normally, WTs operate in the maximum power point
tracking (MPPT) control mode. When a sudden load surge
or generator tripping event occurs, WTs switch from MPPT
mode to TLIC mode to release the kinetic energy of the
wind rotor, so as to provide the additional power support for
maintaining the frequency stability. The TLIC method is il-
lustrated in Fig. 1, showing the transition process (blue
curves) of WT operation points under the TLIC method.

P

D pmin @y w

Fig. 1. Ilustration of TLIC method.

1) Frequency Support Stage
When the frequency event occurs, the TLIC method in-
creases the electric power of the WT from initial PMPPT(wO)

to higher PTUC(a)O) =T im®o 1.¢., the WT operates from

elim
points A to B, where P,p; is the optimal power correspond-
ing to MPPT method; w, is the initial rotor speed corre-
sponding to point A; Py . is the optimal power correspond-
ing to TLIC method; and T, is the maximum electrical
torque. Then, the power command is set based on rotor
speed according to (1) and (2). The WT subsequently oper-
ates along the predefined power curve (points B to C). Dur-
ing this process, the electric power is always larger than the
aerodynamic power, the WT keeps operating in a decelerat-
ing mode, so as to release the kinetic energy of wind rotor
to support the active power balance for the power system.

PTLIC(w) :KP_(u(a)_wmin) +PMPPT(wmin) M



GU et al.: MULTI-TURBINE COOPERATIVE FREQUENCY REGULATION CONTROL FOR WIND FARMS CONSIDERING TORQUE-LIMITED...

T yim®, _PMPPT(wmin)
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2

where o is the rotor speed; K, is the slope coefficient of
the TLIC method; and w,,, is the minimum rotor speed cor-
responding to point G.

PMPPT(w) =K,

opt

_ 0.5pnR°C

pmax

3)
opt iipt
where K, is the optimal power coefficient; p is the air den-
sity; R is the radius of the wind rotor; C, , is the maximum
power coefficient; and 4, is the optimal tip speed ratio
when the pitch angle is 0°.
2) Rotor Speed Recovery Stage

When WT decelerates to point C, the output power equals
the captured aerodynamic power, allowing it to stably operate
at this equilibrium point. Through slightly reducing the elec-
tric power command by AP, . from the stable equilibrium
point C to point D, WT accelerates along the D-E curve, so as
to realize the rotor speed recovery. Once the WT accelerates to
point E, it switches back to the MPPT mode, thereby complet-
ing rotor speed recovery after frequency support.

Prec:PTLlC(a)C) _APdown (4)
3
Prec

where P is the recovery power from point D to point E;
g 1s the rotor speed corresponding to point E, which is the
intersection point between the D-E curve and the MPPT
curve; and @ is the rotor speed corresponding to point C.

For a WF, the total output power of WF Py, during the fre-
quency support stage is the sum of the electric power out-
puts from each WT.

N
Py= zPTLIC[(a}i) (6)
i=1
where N is the number of WTs in WF; and i denotes the i WT.

B. Power System Frequency Response Model

The complete frequency regulation process includes stages
such as inertial response, primary frequency control, and sec-
ondary frequency control. This paper primarily focuses on
the frequency dynamic and the FN during the first two stag-
es. Based on the WT and WF power models under TLIC
method, the single-machine equivalent model for frequency
response in a wind-integrated power system is illustrated in
Fig. 2 [34], where Py, is the initial output power of WF.
The remaining variables are explained in the following text.

The WF power acts as a positive power disturbance, while
the load power serves as a negative power disturbance.

A (5) = 55 (APy(5) +APy(s) - AP,(5))
s (7
APM(S) — MAJI(S)

R(1+Tys)

1299
Tjimi@oi P A pmin)

Priiei= = _MPPT — (@0;7011) T Prippi i)

v Wi Oryini
Py= ;P Lic@;)
APw=Py~Pyy,

1 A
2Hs+D ’
Kn(1+FyTRs)
R,(1+Tgs)

Fig. 2. Single-machine equivalent model for frequency response in a wind-
integrated power system.

R,(1+Tys)
(2Hs+D) R, (1+ Tys) =K, (1+FTys)
AP (5)) =G (s)(APy(s) ~AP(s))

(APW(S) -
(3)

where AP,, is the mechanical power increment of the SG;
APy, is the electric power increment of the WF; AP, is the
load power increment; H is the inertia constant of the equiva-
lent system; D is the damping factor; R, is the governor reg-
ulation factor; K, is the mechanical power gain factor; Fy; is
the fraction of total power generated by the high pressure
WT; T4 is the reheat time constant; Af is the frequency devi-
ation of the power system; and G(s) is the transfer function
of the power system.

According to the superposition theorem for the linear sys-
tem, by applying the inverse Laplace transform to (8), the
time-domain expression of the frequency response can be ob-
tained, which is the superposition of the frequency response
components induced separately by load power and wind
power.

Af (s) =

AF (1) =My (1) = M(2) ©)
where Af,, is the frequency response component under the
wind power activation; Af; is the frequency response compo-
nent under the load surge power activation; and ¢ denotes the
time.

For the load surge event, Af;(¢) is described as:

A (1) =AP by (1) (10)
where /g, is the unit step response of G [34].
haplt) =7 (1+ae™% sin(Q,1+¢) ) (11)
r= R
DR, +K,
DR, +K
Q= | 5"
"~ 2HR,T
2HR,+ ( DR+ K, Fy )Ty
2(DR,+K,) (12)
Q=0+1-¢
. 1-28Tp Q,+ TR Q3
1-¢7
- _ 9Ty 7“_52
¢—arctan( l—anTR) arctan( —Z
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The variables in (12) are intermediate coefficients for pow-
er system frequency response model. The TLIC power of a
single WT is simplified into the two-segment form [16], as
illustrated by the dashed line L-M-N in Fig. 3 and (13).

Py,

Fig. 3. Simplified form of P,

APy (1) =APyu(t) +K, tu(t) =K, (t-7)u(t—7)  (13)

where APy, is the initial power increment of TLIC method,
u(-) is the step function; K, is the power curve slope on the
time domain; and 7 is the time that the power decreases
from the initial value to the steady value at point N. The cor-
responding frequency response is given by:

Afw(t) =APW0hstep(t) +KP,thramp(t)u(t) -

KP.thramp(t_T)u(t_T) (14)
where /. is the unit slope response of G [16].
ra ( . ro
Py (1) =71+ m(an sing+Q, cos ¢) - W .
e (&0, sin(Q,1+4) +2,cos(Q,t+9)) (15)

III. FR UNDER SIMULTANEOUS SUPPORT

When a sudden load surge event occurs, if all WTs in the
WF clusters simultaneously activate the TLIC method, the
abrupt power surge may induce the unnecessary FR phenom-
enon. This disrupts the subsequent frequency response dy-
namics and limits the effectiveness of WF participating in
the frequency regulation. Hence, this section provides a sim-
ulation-based case study of the FR and derives the condi-
tions under which simultaneous activation causes the FR.

A. FR Phenomenon

The simulation model contains five WTs and the single-
machine equivalent model with the parameters referred from
[34], which is shown in Fig. 4. The simulation scenario is
set as follows. The wind speed for all WTs is 10 m/s, the
wind power penetration is 25%, and the load increases by
300 kW at the moment of 300 s. The simulation results of
Af, Py, P, and system unbalanced power AP under SIIS,
SIDS, and no support (NoS) are illustrated in Fig. 5.

When the WF participates in the frequency regulation via
SIIS or SIDS, its power surge exceeds the system power def-
icit, resulting in a positive power imbalance, which induces
the FR. With the increase of delay time, the FR exhibits an
increasing trend. Due to the solid power increment of the
WF, the unbalanced power is reduced with the time, so the
WF increment power will induce more redundant power,
which causes a more evident FR. Under the three methods,
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the FN statistics are 0.6602 Hz, —0.6587 Hz, and —0.6043
Hz, respectively. It can be referred that simultaneous activa-
tion of TLIC fails to significantly improve the frequency
regulation performance, as evidenced by the marginal differ-
ence in the FN between SIIS and NoS as well as SIDS and
NoS.

R,(1+Tgs)

| 2Hs+D Y
Lo |
APy [ K (R Tes) | |

Single-machine equivalent model

Fig. 4. Network topology for simulation model.

Af (Hz)

SoNNn 5555 o
NSO B~ CONPRNDDON

Py (MW)

t(s)
——SIIS; - - -SIDS; —NoS

Fig. 5. Simulation results of Af, Py, P\, and AP.
B. Occurrence Conditions of FR

Assume that all N WTs in the WF have identical initial op-
eration states (e.g., wind speed and rotor speed) and employ
identical TLIC parameters. When all WTs delay the activa-
tion of the TLIC method by a time period ¢, APy,(t) transi-
tions from (13) to (16).

APy (1) =APwou(t—ty) + K, (t—t)u(t) -
Ky (t—ty—t)u(t—t,~17) (16)

Therefore, the time-domain expression of the frequency re-

sponse component under the delayed TLIC power is given

by:
AfW(t) :APWOhstep(t_td) +KP,thramp(t_td)u(t_td) -
Kp gyt == )u(t=1,~17) (17)
When N WTs in the WF simultaneously delay the activa-

ramp (
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tion of the TLIC method following a frequency event, the
time-domain expression of the frequency response compo-
nent is given by:
NAfW(t) :NAPWOhsIep(t_td) +NKP,thramp(t_td) :
u(t—ty) =NKp ho(t—t,—7)u(t—t,—7) (18)
By performing a derivative operation on (18), the rate of

change of the frequency under the influence of delayed
TLIC power can be derived as:

0 t<t,

NAP ol (t=ty) +NKp oo (t=1))  ty<t<ty+t
NAfW(t): NAP,, hs’tep( )+NKPthstep( )_
NKp hye(t—t,—17) t>t+1
(19)

Therefore, the rate of change of the frequency response
under the combined effects of a sudden load power surge
and simultaneously-delayed TLIC power is given by:

Af(2) = NAF(t) = M(1) =
_AP h:tep( ) ZLStd
NAPWOhstcp(t_td) +NKPlhstcp(t_td) -
AP hl,(t) t<t<ty+t
NAPWOhstcp( ) +NKPthstcp(t_td) -
NKP,thStep(t_td_ ) AP hs’lep( ) t>td+‘[

(20)

It can be observed from (19) and (20) that at the moment
of the WTs participating in the frequency regulation with
TLIC method, hswp( +) is very small and nearly equals 0,

which can be neglected, and the change direction of the fre-
quency is determined mainly by NAPWOh:wp( td) -

AP h;ep( ) The superscript * indicates a value that is mar-

ginally greater than the baseline measurement. That is to say,
if all WTs in the WF are delayed in activating the TLIC
method, and the resulting electric power increment along
with the sudden load increase satisfies the condition speci-
fied in (21), the FR phenomenon will occur.

NAPyohl(ti=t4) > AP Rl (£5) @1

Considering different wind speeds and rotor speeds among
WTs and the delay time, the occurrence conditions of FR un-
der SIIS and SIDS are listed in Table 1.

TABLE I
OCCURRENCE CONDITIONS OF FR UNDER SIIS AND SIDS

State FR under SIIS FR under SIDS
Same initial
operation states NAPyo> AP, NAPW“h““P(t“ - t“) >AP h“‘“"( )
Different initial g
ZAPWOI>APL zAPva step(td _td) >AP hs’&ep( )

operation states

Furthermore, the characteristic analysis of //,,(¢) reveals
that A/

Yep(1) exhibits the decreasing characteristic during a pe-
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riod after the zero-time instant, i.e., hstep(td )>h;ep( +)

When WTs adopt identical TLIC parameters under both SIIS
and SIDS, the latter will induce a more pronounced FR phe-
nomenon. This conclusion aligns with the simulation results
demonstrated in Fig. 6.

0.2
0.1y
0
-0.1
-0.2
-03r
-0.4+
-05}¢
-0.6+

Af (Hz)

1 1 1 1

310 315 320 325
1(s)

330

305

-0.7
300

Fig. 6. Simulation results of Af'under SIIS and SIDS.

From the above results and analysis, it can be concluded
that when all WTs simultaneously activate the TLIC method
for frequency regulation, the WF power experiences a sub-
stantial increase, resulting in a reverse frequency surge. How-
ever, as the TLIC power maintains a continuous decreasing
trend, the frequency subsequently declines. This indicates
that the reverse frequency surge is unnecessary and adverse-
ly affects the subsequent frequency response process. Conse-
quently, the effectiveness of WF participating in frequency
regulation fails to achieve significant improvement.

IV. MULTI-TURBINE COOPERATIVE FREQUENCY REGULATION
CONTROL METHOD OF WFS

Addressing the FR phenomenon discussed in Section III,
this section first presents the analysis of frequency response
under the sequential support (SQS). Building upon this foun-
dation, a multi-turbine cooperative frequency regulation con-
trol method is proposed for WFs. This method aims to pre-
vent the excessive electric power growth caused by simulta-
neous support and the resultant FR phenomenon.

A. Analysis of Frequency Response Under SOS

To simplify the derivation and analysis, two WTs employ-
ing the TLIC method are taken as a representative case. The
specific scenarios are configured as follows.

1) Scenario 1: two WTs activate the TLIC method simulta-
neously and immediately.

2) Scenario 2: two WTs activate the TLIC method sequen-
tially, where one is activated immediately and the other one
is activated after ¢,.

The time-domain frequency response forms in the two sce-
narios are obtained as:

AFSH () = Afwi (1) + A (1) = A1) (22)
AF (1) =Myi(t) + A (2) = Af (1) (23)

where superscripts S1 and S2 represent scenarios 1 and 2, re-
spectively.

By subtracting (23) from (22), the frequency response dif-
ference 8/ (¢) between the two scenarios is derived as:
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8 (1) =Af3(1) = AF' (1) = Mws(t) = Mwa(1)
Substituting (14) and (16) into (24), we have:

8 (1) = APy yy(1=13) =y (1)) +
Kp Prmplt=t3 )t (= 14) =B (1)) =

KP’,(hramp(t—td—r)u(t—td—r) —hmmp(t—r)u(l‘—r))
(25)

24

1) 0<t<ty
Sf(t) :_APWOhstep(t) _KP.thramp(t) (26)

One WT has not activated TLIC method in scenario 2,
which induces the larger frequency deviation, naturally
APy hyo (1) =Kp 1o (t) <0 and 8f(¢) <0. However, the

frequency in this process would not reach the nadir, so this
part mainly discusses the frequency response characteristics
in the subsequent process.
2) ty<t<t
8f‘(t) :APWO(hstep(t_td) _hstep(t)) +
KP.t(hramp(t_td) _hramp(t))
Since hmmp( t) exhibits a monotonically increasing charac-
teristic, Apy(f—t4) —umy(t) <O and K,,<0. However, due
to the continuity of A (1) —hy(¢), 8 (¢) within this
time interval also demonstrates the characteristic of transi-

tioning from negative to positive values.
3) t<t<ty+t

8 (1) =APwo(hstep(f—td) —hstep(f)) +
K Bpl 1= 1,) —hmmp(z)) + K p gy (£—T7)
B (1) decreasing
APy ( Byt =14) = hyey(1)) > 0. And r,,,,(¢) exhibits the ap-
proximate linear characteristic, as shown in Fig. 7, so
P (1= t3) = g () =B, (2,). However, in this time inter-
val, Ay (t=7) >=h o (24), s0 8f (£) >0.
4) t>t,+1
8f (1) =APwo(hslep(f—fd) —hstep(i)) +KP,,(h,amp(t—td) -
hmmp(t)) —K,,,,(hmmp(t—td—r) —hmmp(t—r))
Similarly, 4

@7

(28)

Since exhibits a characteristic,

ramp

(29)

(¢) shows the approximate linear characteris-

ramp
tic, SO Mpy(t—14) =P (£) ®ho () and Ay (t-2,—7) -
P (£=17) zhramp(td). The two effects cancel each other out,
s0 APWO<hstep(t—td) —hstep(t)) >0 and &/ (¢) 20 in this inter-
val.

In summary, within the time interval (¢#>7) when the FN
is most likely to occur, the following relationship 8/ (¢) >0
consistently holds. This indicates that compared with scenar-
10 1 with simultaneous immediate TLIC method activation,
scenario 2 employing sequential TLIC method activation of
the two WTs demonstrates superior frequency response char-
acteristics during this critical interval. Specifically, higher
FN values are maintained and the enhanced frequency regu-
lation performance is achieved.
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Fig. 7. Characteristic curves of h, and A,,,,.. (@) hge. (D) hpypy,

B. Multi-turbine Cooperative Frequency Regulation Control
Method

For individual WTs, both MPPT and TLIC methods are
implemented. During normal operation when no power sup-
port is required, the WT operates in the mode of MPPT
method defined by (3). When the frequency regulation de-
mands active power support, the WT switches to the mode
of TLIC method governed by (1). The distinction between
different WTs lies in their mode-switching timing sequences.
This staggered transition mechanism constitutes the multi-tur-
bine cooperative frequency regulation control method for
WFs. The diagram and the flowchart of the proposed multi-
turbine cooperative frequency regulation control method are
illustrated in Figs. 8 and 9, respectively, where P, is the
electromagnetic power command dispatched to the i WT;
and Af,, is the threshold of frequency deviation.

— =it]l > tdi=t_ to —>0 (wi_wmini)+P MPPTi(wmini)

'Wind farm !

3 * * B * R * * leﬂi

l WT, WT, WT, WTy, WT, |

_ ™ 3 : Prippr=K @
L=l Alpeqix . P
A Aot o @~ (0,
4/{. Sample/hold Vin LAf< Afr:i; N P Ttimi®0i Prpprd @rming) -
P @i Din

4

— =i > Tt —o

1
I
1
1
1
1
1
1
t
1
1
1
| |
| Activation time calculation |
i module |

Fig. 8. Diagram of proposed multi-turbine cooperative frequency regula-
tion control method.
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Monitor the frequency Monitor the FN
event Afyoiv and j=2
Activate the TLIC
method of WT,
Pyri=Prpic
Pyr=Pyppr (i 22)
l 1
‘ Caleulate L, of WT; ‘ Activate the TLIC
method of WT;
e 1
Y P WTj=P TLIC
Activate the TLIC Pyri=Pyprr (=)
method of WT,
| N
Py1=Priic
Pyy1=Pyppr (i 23) v
|

End

Fig. 9. Flowchart of proposed multi-turbine cooperative frequency regula-
tion control method.

1) WT,: activate the TLIC method immediately after the
frequency event to provide power support, thereby suppress-
ing the rapid frequency decline.

ty=0 (30)

2) WT,: based on the moment of the FN under load pow-
er disturbance, the activation timing of the TLIC method for
WT, t,, is estimated following the principle of maximizing
its contribution to the frequency improvement at that mo-
ment, thereby enhancing the FN [16].

tip =Dt g — Al 31
where Af,.,, is the peaking moment of the frequency re-
sponse under the TLIC power of WT,; and Atf,,,, is the oc-
curring moment of the FN activated only by the load power.

3) WT, (i=3): the previous FN is recorded as Af,.y. When-
ever the frequency reaches this nadir, one of the remaining
WTs not yet participating in frequency regulation is activat-
ed and switched from MPPT to TLIC.

to={t|Af (1) =015} i3 (32)

Since ¢, is determined based on the frequency status infor-
mation, it offers strong engineering practicality. In contrast,
the proposed multi-turbine cooperative frequency regulation
control method implements SQs of the TLIC method across
WTs (denoted as proposed SQS hereafter).

Under the TLIC method, the electric power output of WTs
progressively decreases over time. In the simultaneous sup-
port methods, all WTs synchronously increase and subse-
quently decrease their power output, which concentrates the
frequency regulation energy from all WTs within a brief
time window, while lacking additional WTs to compensate
for the overall power decline in the WF. In contrast, the pro-
posed cooperative multi-turbine frequency regulation control
method implements sequential activation of the TLIC meth-

nadir peak2
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od across WTs. This method achieves two critical improve-
ments: (1 eliminate excessive power spikes caused by con-
current WT activation, and (2) compensate the early-activat-
ed WTs experiencing power reduction. Thus, the adverse ef-
fect caused by the WF power reduction is mitigated, and the
WF frequency regulation energy is distributed more uniform-
ly over a longer period.

As the frequency regulation process progresses, the unbal-
anced power of the system decreases. Hence, in the earlier
stage, WTs with high wind speed and large capacity first ac-
tivate the TLIC method, followed subsequently by the WTs
with lower wind speed and smaller capacity in the latter
stage.

V. SIMULATION AND EXPERIMENT VALIDATION

A. Simulation Scenario Setup and Effectiveness Validation

In this subsection, the WF is equivalently aggregated into
five WTs, with a wind power penetration rate of 25%. The
frequency event triggered by a load surge of 300 kW occurs
in the power system at 300 s. Two cases are established as
follows. (D Case 1: five WTs share identical initial states (e.
g., wind speed and rotor speed) with an initial wind speed of
10 m/s. @ Case 2: five WTs operate under different initial
states with initial wind speeds of 10 m/s, 9 m/s, 8 m/s, 7 m/
s, and 6 m/s, respectively.

The proposed SQS is compared with NoS, SIIS, and
SIDS. Taking the wind power penetration rate of 25% as an
example, the trajectories of Af, Py, P,, and AP under NoS,
SIIS, SIDS, and proposed SQS in Cases 1 and 2 are shown
in Figs. 10 and 11, respectively; and the trajectories of w
and Py, of WTs under Cases 1 and 2 are shown in Figs. 12
and 13, respectively. Simulation results of FN under NoS, SI-
IS, SIDS, and proposed SQS are provided in Table II.

0
-0.21
0.4}
0.6/
0.8 - - A A ;

74

= 721
=68 l: g& —

Af (Hz)

Py (M
N
=)

-0.5 1 1 1 1 I
305 310 315 320 325

1(s)
NoS; —SIIS; — SIDS; —Proposed SQS
Fig. 10. Trajectories of Af, Py, Py, and AP under NoS, SIIS, SIDS, and
proposed SQS in Case 1 with wind power penetration of 25%.
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TABLE 1T
SIMULATION RESULT OF FN UNDER NOS, SIIS, SIDS, AND PROPOSED SQS
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Fig. 11. Trajectories of Af, Py, Py, and AP under NoS, SIIS, SIDS, and

proposed SQS in Case 2 with wind power penetration of 25%.
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Fig. 12. Trajectories of w and Py, of five WTs in Case 1 with wind power
penetration of 25%.

Py, (MW)

305 310

1(s)
—WT;; —WT,;; — WTy— WT; —— WT
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Fig. 13. Trajectories of w and P, of five WTs in Case 2 with wind power
penetration of 25%.

Casc Penetration FN (Hz)
rate (%) NoS SIIS SIDS Proposed SQS
17 —-0.8912  -0.8138  —0.7525 —0.6855
25 -0.7731  -0.6914  —0.7554 —0.5757
! 50 —0.6602  —0.6587  —0.6043 —0.5155
77 05607  —0.5845  —0.5428 —0.4569
17 -0.8637 07635  —0.7357 -0.6308
X 25 —0.7543  —0.6409  —0.7386 —0.5462
50 —0.6434  —-0.6075  —0.5571 —0.4859
77 —0.5326 05340  —0.4965 —0.4271
1) Case 1

After the load event occurs, if all WTs operate in the
mode of MPPT method without providing power support, on-
ly the SGs increase the output, resulting in the FN of
—0.6602 Hz. When all WTs participate in the frequency regu-
lation using the TLIC method, the initial power increase
from the WF exceeds the power imbalance in the system at
the support moment, leading to a significant FR. However,
this FR creates an illusion for the primary frequency regula-
tion of SGs that rely on the frequency deviation as the con-
trol input. Instead of increasing the output power, the SGs re-
duce their output, directly affecting the FN and the recovery
process.

In the case that all WTs activate the TLIC method simulta-
neously and immediately, the FN is —0.6587 Hz, which is
similar to that under the MPPT method, limiting the effec-
tiveness of wind power participating in the frequency regula-
tion. When WTs delay the activation of the TLIC method to
provide support, the FR at the support moment becomes
more pronounced (as shown by the black curve in Fig. 10),
with a corresponding FN of —0.6043 Hz.

For the proposed SQS, all WTs no longer activate the
TLIC method simultaneously. Instead, the TLIC method are
sequentially activated. Hence, the WF power no longer ex-
hibits a significant sudden increase, and no FR occurs. Fur-
thermore, unlike SIIS and SIDS, which concentrate on the
frequency regulation energy within a short period, the pro-
posed SQS distributes the frequency regulation energy more
evenly over a longer period. By utilizing the TLIC power in-
crements from newly activated WTs to compensate for the
gradually decreasing power of earlier activated WTs, the
abrupt surge and drop of the WF power injection into the
grid are avoided. Accordingly, the FN under the proposed
SQS is —0.5155 Hz, representing improvements of 21.9%,
21.7%, and 14.7%, compared with the aforementioned NoS,
SIIS, and SIDS, respectively. This demonstrates that the pro-
posed SQS achieves superior performance in suppressing FR
and improving the FN.

2) Case 2

Unlike Case 1 where all WTs share identical initial opera-
tion states, Case 2 sets different initial operation states for
WTs to better align with real-world conditions. The simula-
tion results for Case 2 are similar to those of Case 1. When
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the WF does not participate in the frequency regulation, the
FN is —0.6434 Hz. When all WTs immediately activate the
TLIC method to provide power support, the FN is —0.6075
Hz. And for the case where all WTs delay TLIC method acti-
vation, the FN is —0.5571 Hz. When the WF adopts the pro-
posed SQS, the FN is further improved to —0.4859 Hz.

A simulation model is established considering different
communication delays. These delays directly changes the
time-domain format of the WF power, and further affects the
FNs. It is worth noting that the communication delay makes
the least influence on the proposed SQS. Moreover, the pro-
posed SQS has the strong robustness under various wind
power penetration rates.

B. Test Bench Introduction and Result Analysis

1) Test Bench of Power System Integrating Wind Power

The test bench includes three WT simulators (WTSs) [35],
[36], an SG simulator (SGS), and a feedback load (FL). The
test bench structure is shown in Supplementary Material A
Fig. SA1, with key parameters listed in Table III. Due to the
decoupled control of active and reactive power, this paper
mainly focuses on the impact of active power control on the
frequency dynamics, while the reactive power and voltage
control are not discussed. The experimental grid voltage is
regulated to 380 V via the excitation voltage regulator of the
SG.

TABLE III
KEY PARAMETERS OF TEST BENCH

Unit Parameter Value
Rated power (kW) 5.5
Rated voltage (V) 380
WTS
Rated frequency (Hz) 50
Rated rotor speed (rad/s) 157.05
Rated power (kW) 6
Rated voltage (V) 380
SGS
Rated frequency (Hz) 50
Rated rotor speed (rad/s) 157.05
FL Rated power (kVA) 9
Rated frequency (Hz) 50

1) WTS. Using algorithms such as power scaling, aecro-
elastic coupling characteristic simulation, inertia compensa-
tion, and damping compensation, the WTS with small capaci-
ty and low inertia can replicate the aerodynamic and slow
dynamics of real WTs with large capacity and high inertia.
The rotor-side converter receives the torque command calcu-
lated by the TLIC method and controls the generator to out-
put the corresponding power for the short-term frequency
support.

2) SGS. By employing inertia compensation, prime mov-
er, and governor simulation algorithms, the SGS mimics me-
chanical dynamics and frequency response characteristics of
the real SG. The prime mover and governor simulation algo-
rithms compute mechanical torque based on the frequency
sent to the drive converter to regulate the prime mover out-
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put.

3) FL. In the experimental grid, the FL simulates load
variation characteristics. The rectifier consumes electric pow-
er from the WTSs and SGS in the experimental grid, while
the inverter converts the power into a form acceptable to the
public grid and feeds it back.

The data in the experimental platform, e.g., the WTS gen-
erator speed and output power, the SGS generator speed and
output power, and the load power, are monitored and ob-
tained by encoders and converter acquisition devices. These
data are uploaded to a programmable logic controller (PLC)
and a computer. Additionally, the proposed SQS for WTs
and WF are implemented via PLC programming.

2) Experimental Result Analysis

The experiments are conducted with different wind power
penetration rates of 19.4%, 44.8%, 63.0%, and 74.4%, re-
spectively. The experimental results of FN under NoS, SIIS,
SIDS, and proposed SQS are listed in Table IV, and the tra-
jectories of Af, Py, and P,, under NoS, SIIS, SIDS, and pro-
posed SQS with wind power penetration rate of 63.0% are
shown in Fig. 14. Trajectories of @ and P, of three WTs
with wind power penetration rate of 63.0% are shown in
Fig. 15. The wind speeds of three WTs are set to be 10 m/s,
9 m/s, and 8§ m/s, respectively. The frequency event trig-
gered by a load surge of 1.2 kW occurs at 300 s.

TABLE IV
EXPERIMENTAL RESULTS OF FN UNDER NOS, SIIS, SIDS, AND PROPOSED
SQS
Penetration FN (Hz)
rate (%) NoS SIIS SIDS Proposed SQS
19.4 -0.7612 —0.6788 —0.6478 —-0.5956
44.8 —0.8149 —0.6967 —0.6715 -0.6121
63.0 —0.8154 —0.6901 —0.6658 —0.6060
74.4 —0.8687 —0.7030 —0.6733 —0.6194

As shown in Figs. 14 and 15 and Table IV, the proposed
SQS has the superior frequency regulation performance with
different wind power penetration rates. Taking the penetra-
tion rate of 63.0% as an example, the WF exhibits the worst
FN of —0.8154 Hz when not participating in the frequency
regulation. Under the SIIS and SIDS, the WF power incre-
ment at the moment of TLIC method activation exceeds the
system power deficit, resulting in the significant FR. This
FR limits the output of SG and directly affects the subse-
quent frequency recovery process with the corresponding FN
of —0.6901 Hz under SIIS and FN of -0.6658 Hz under
SIDS, respectively.

In the proposed SQS, all WTs no longer activate the TLIC
method simultaneously. This avoids abrupt power surges and
FR, distributes the WF frequency regulation energy more
evenly over a longer period, and elevates the FN to —0.6060
Hz, further improving the WF frequency regulation perfor-
mance. Notably, the proposed SQS achieves these enhance-
ments solely by adjusting the activation timing of the TLIC
method, without compromising the dynamic stability of the
WTs.
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Fig. 14. Trajectories of Af, Py, and P, under NoS, SIIS, SIDS, and pro-
posed SQS with wind power penetration rate of 63.0%.
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Fig. 15. Trajectories of @ and Py, of three WTs with wind power penetra-
tion rate of 63.0%.

VI. CONCLUSION

After the frequency events such as sudden load increases,
all WTs in WF clusters simultaneously boost power genera-
tion to provide active power support. However, the resulting
power increment exceeds the system power deficit, inducing
the FR phenomenon. This phenomenon not only proves un-
necessary but also creates a false perception of power sur-
plus for SGs, consequently constraining their power ramping
capabilities and adversely affecting both the FN and restora-
tion process. To address these challenges, this paper focuses
on the TLIC method, which is recognized for its superior ro-
tor speed stability and absence of SFD issues. The occur-
rence conditions for FR are first derived under the SIIS and
SIDS. Then, a multi-turbine cooperative frequency regula-
tion control method is developed, incorporating TLIC power
characteristics. By continuously monitoring the frequency dy-
namic and detecting recurrence of previous FNs, the pro-
posed SQS implements the sequential activation of TLIC
across WTs, mitigates excessive power increments from si-
multaneous support and compensates for electric power re-
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duction of already activated WTs. The proposed SQS effec-
tively suppresses power surges and drops inherent to concur-
rent support, thereby achieving significant FR suppression
and FN elevation. In the future work, the cooperative per-
spective will be expanded to the coordination among differ-
ent types of WTs. For example, in the far offshore WF, the
coordination between the grid-forming and grid-following
WTs needs to be discussed.
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