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Abstract: A wind farm composed of doubly-fed wind turbines (DFWTs) based on the virtual syn-
chronous generator (DFWTs-VSG) control strategy exacerbates the fatigue load on the main shaft of
the DFWT-VSGs in the wind farm when responding to the frequency variation of the power system.
The central controller of the wind farm can reduce the main shaft fatigue load of each DFWT-VSG by
reasonably allocating the required damping coefficient of each DFWT-VSG while engaging in power
system frequency response. In this study, a damping coefficient allocation method considering the
main shaft fatigue load is proposed. First, a discretization equation that quantifies the relationship
between the damping coefficient and its main shaft torque in DFWT-VSG is constructed. Then, based
on this discretization equation, the minimization of the sum of main shaft torque fluctuation from
all DFWT-VSGs is taken as the objective function in the central controller, and the constraints of
the damping coefficient are set based on the support capacity of the wind farm and the operating
state of each DFWT-VSG. Finally, the required damping coefficient of each DFWT-VSG is allocated
in real-time based on the fmincon algorithm in the central controller. Simulation results verify the
superiority of the proposed damping coefficient allocation method.

Keywords: wind farm; virtual synchronous generator; power system frequency response; main shaft
fatigue load; damping coefficient allocation method

1. Introduction

As the proportion of wind power in the power system continues to climb, its weak
support and low inertia characteristics will inevitably cause certain pressure on the system
frequency stability [1]. To satisfy the frequency support requirements of the power system
for wind power, a VSG control strategy is introduced into the inverter of wind turbines
to slow down the rate of frequency change, increase the lowest point of frequency, and
suppress the amplitude of frequency change in the power system [2—-4]. However, since
the wind turbine is a fatigue apparatus, focusing only on its power-frequency response
characteristics during the frequency regulation process will accelerate the accumulation of
fatigue load and shorten the service life [5].

M is also known as the low-speed shaft. M; in the drive chain, which is installed
between the rotor and the gearbox, is subjected to large and complex forces. Excessive
accumulation of M; fatigue load will continuously deteriorate the operating state of the
wind turbine [6]. To minimize the M; fatigue load, a large number of studies have been
carried out at both the wind turbine and wind farm levels.

The wind turbine level: current methods to reduce the M; fatigue load primarily
involve suppressing generator torque fluctuation or increasing drive chain damping. A
previous study indicated that M;_r is determined by various factors such as generator
torque and aerodynamic torque [7]. Based on the aforementioned analysis, the influence
law of Dy, on the M; fatigue load was analyzed by adjusting D), in the VSG to suppress
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doubly-fed induction generator torque fluctuation on the basis of constructing the DFWT-
VSG model and combined with the Mg_7 simulation results [8]. However, the influence of
aerodynamics is neglected. Consequently, reducing the M; fatigue load only by suppressing
doubly-fed induction generator torque fluctuation when facing different wind conditions
lacks theoretical support. Moreover, theoretical studies on the frequency response of
DFWT-VSG considering the M; fatigue load are currently lacking.

In terms of increasing drive chain damping, considerable research results have been
achieved by designing an active damping controller to increase the damping equivalently.
The active damping controller, without considering the rotor side converter control strategy,
can equivalently increase the damping of the drive chain by only superimposing the
generator torque reference value with the signal output from the controller [9]. Previous
research investigated the effect of virtual inertia on the M fatigue load during the response
of the wind turbine to the power system frequency and proposed an active damping
controller based on the wavelet transform theory to increase the damping of the drive
chain equivalently [10]. Other studies constructed an active damping controller based
on the mathematical models of the wind turbine’s torque-speed system and pitch-speed
system [11,12]. In addition, the parameters in the designed controller were optimized
using a particle swarm algorithm to further reduce the M fatigue load. However, the
design concepts of the controllers in the above reference neglected the influence of actual
operating conditions on the M; fatigue load, which could not guarantee the effectiveness
and reliability of the controller [9].

The wind farm level: different from suppressing generator torque fluctuation and
increasing drive chain damping, in response to power system frequency variation, the
central controller of the wind farm can reduce the M; fatigue load of the whole wind
farm by coordinating the allocation of the active power instruction value of each wind
turbine considering the differences in the operating conditions among all wind turbines in
the farm [13]. Additionally, the active power proportional allocation method adopted by
most of the central controllers of wind farms is not conducive to the frequent frequency
regulation of the wind turbines in the farm because it does not consider the influence of the
M fatigue load [14]. Some researchers analyzed the influence of wind velocity, turbulivity,
and active power instruction value of the wind turbine on M; 7 fluctuation and revealed
the positive correlation between M 7 fluctuation and the M fatigue load [15]. In one study,
the sensitivity of M 7 fluctuation to the active power instruction value at the wind turbine
level was defined, and an explicit analytical equation for M T sensitivity was derived [13].
Drawing on the existing research results [13], a recent study enhanced the sensitivity and
accuracy by improving the explicit analytical equation [16]. Further investigations extended
the analytic equation of the wind turbine into an analytical equation that can represent the
sum of My 7 fluctuations from all wind turbines in the farm and solved the active power
instruction value to be received by each wind turbine in real-time in conjunction with the
Quadprog algorithm [13,16]. Moreover, the minimum objective function of the sum of
M;s 1 fluctuations from all wind turbines in the farm was constructed based on the model
predictive control strategy [17]. In addition, the real-time solution of the active power
instruction value in the objective function was realized by using the iteration result sharing
and algorithm multiplier updating mechanism in the target cascading analysis method.

However, the wind farm composed of multiple DFWT-VSGs is fundamentally different
from the wind farm in the above reference in terms of the frequency regulation mechanism.
In other words, each DFWT-VSG no longer relies on the active power instruction value al-
located by the central controller for frequency support but utilizes the VSG control strategy
to autonomously respond to the power system frequency variation characteristics for fre-
quency support. Therefore, the research results in the above references no longer satisfy the
frequency regulation needs of wind farms composed of multiple DFWT-VSGs. In addition,
the current research for DFWT-VSGs focuses on the improvement of its converter control
method while ignoring the effect of the M; fatigue load. Therefore, the popularization and
application of DFWT-VSGs have been somewhat constrained.
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To address the above issues, a damping coefficient allocation method considering the
M fatigue load is proposed. Firstly, the load-frequency control model of the power system
containing the wind farm is constructed, and the output active power of the wind farm is
subjected to per-unit processing. Subsequently, an analytical relational expression that can
represent the relationship between D, and M;_t considering wind velocity and DFWT-VSG
operating state is derived, which is subsequently extended into a discretization model of
wind farm considering the M; fatigue load. Then, based on this model, the minimization
of M,_r fluctuations from all DFWT-VSGs in the central controller of the wind farm is set
as the objective function, and the constant D, sum in the farm and DFWT-VSG operating
state are set as constraints of the objective function. Finally, the central controller solves the
Dy of each DFWT-VSG in real-time by using the fmincon algorithm with good convergence
and allocates the derived D) to each DFWT-VSG. Finally, the simulation results verify the
superiority of the proposed allocation method of the damping coefficient.

The main contributions of this paper are as follows:

(1) A wind farm discretization model that quantifies the relationship between D, and
M;_1 in each DFWT-VSG is derived;

(2) The objective function for the sum of M fatigue loads of each DFWT-VSG is con-
structed, and the feasible region of D) is determined based on the operation status of
DFWT-WTGs and the EN50438 Standard;

(3) A damping coefficient allocation method considering the main shaft fatigue load is
proposed to realize the reduction of the main shaft fatigue load of each DFWT-VSG in
a wind farm while regulating the frequency of the power system.

The rest of this paper is organized as follows. In Section 2, a load-frequency control
model of the power system containing a wind farm is constructed. In Section 3, a discretiza-
tion model of wind farms is derived. In Section 4, a damping coefficient allocation method
considering the main shaft fatigue load is proposed. In Section 5, the setup conditions
required for simulation verification are provided, and the simulation results are analyzed
and discussed in detail. Finally, this paper is concluded in Section 6.

2. Load-Frequency Control Model of a Power System with Wind Farm

To study the relationship between the sum of the output power of a doubly-fed wind
farm consisting of N DFWT-VSGs, a hydroelectric farm, and a thermal farm and the power
system frequency (fgiq), the load frequency control (LFC) model with the wind farm is
constructed as shown in Figure 1. The specific parameters of the model are presented in
Table 1 [18].
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Figure 1. LFC model with wind farm.
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Table 1. Parameters of LFC model.

Parameter Value Parameter Value
B 0.425 pu Trg 02s
RHl 0.05 pu TTR 7.0s
Rt 0.05 pu Trr 0.3s
KHl 3 pu RHp 0.05 pu
K1 3pu THG 02s
H 5.994 s Tyr 5.0s
D 1pu Tyw 1.0s
RHT 0.38 pu

In Table 1, By is the deviation factor, Ry is the hydroelectric unit drooping coefficient,
Rtq is the thermal unit drooping coefficient, Ky is the hydroelectric unit integral controller
coefficient, K11 is the thermal unit integral controller coefficient, H is the equivalent inertia
coefficient of the power system, D is the equivalent damping coefficient of the power
system, T is the thermal unit governor time constant, T7y is the thermal unit reheat time
constant, Tt is the time constant of the thermal unit’s main air inlet and steam box. Tyg is
the hydroelectric unit reheat time constant, Ty is the hydroelectric unit reset time, Ty
is the hydroelectric unit start-up time constant, Ryt is the hydroelectric unit short-time
drooping factor, and Ryp is the hydroelectric unit permanent drooping factor.

APy, APw, and APgy,_pu in Figure 1 are the active power variations output from the
thermal farm, hydroelectric farm, and wind farm according to fiq variation (Afgiq), of
which the proportions of the thermal farm, hydroelectric farm, and wind farm are 50%,
30%, and 20%, respectively. PCC is the common connection point of N DFWT-VSGs. The
frequency deadband can eliminate the unfavorable effects of frequent output variations in
thermal, hydroelectric, and wind farms due to the tiny Af giq.

The thermal and hydroelectric farms in Figure 1 have power reserves involved in the
frequency regulation of the power system. The thermal farm consists of a governor and a
reheat gas turbine. The expression for the governor is:

1
Gse = m 1)

where s is the Laplace operator. The expression for the reheat gas turbine is:

14+ sTrrTTT

G =
H (1 +STTR)(1 +STTT)

()

The hydroelectric farm consists of a governor and a reheat gas turbine. The expression

for the governor is:

1
Gscl - m (3)

The expression for the hydraulic turbine is:

THRS+1 —THW5+1
Gw = 1+ sy RHL T+ 0.5sT, @)
HRR;p HW

The specific values of the parameters in Equations (1)—(4) are shown in Table 1 [19].
As shown in Figure 1, each DFWT-VSG in the wind farm is adjusted according to the
Af griq triggered by the load change (APj,,), which generates the change in the wind farm’s
active power known value (APf,,,). However, since the active power of the wind farm
is of the order of MW, and the LFC model adopts per-unit values for both thermal and
hydroelectric farms, as shown in Table 1, AP, should be subjected to per-unit processing
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to satisfy the consistency of the power order. The expression of APs,,,_pu after per-unit
processing is as follows:

N N N
Apfurmfpu = (Z Protal — Z Pdem)/lz Prated
i=1 i=1 i=1 (5)
N
APfarm = 'Zl Protal
1=

where P, and Pgen, are the sum of the known values of the stator and rotor active
power output from a single DFWT-VSG and the total instruction value of the active power,
respectively (MW), P,,eq is the rated active power of the DFWT-VSG (MW), N is the total
number of DFWT-VSGs in the wind farm, and i is the serial number of the DFWT-VSG.

3. Discretization Model for Wind Farm Considering M;_r Fluctuation
3.1. Composition and Structure of the DFWT-VSG

To derive the analytical relational expression between D, in the VSG control strategy
and M 1, the composition and structure of the DFWT-VSG is provided in Figure 2.

. |
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Aerodynamics
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Pdem I Maximum power :
i tracking point control

'racking point contro! | Py
lTrot |

w T Piotar!
* - Drive chain |<—g‘ Doubly-fed induction generator}ﬂil
|

Figure 2. The Composition and Structure of DFWT-VSG.

In Figure 2, T}y is aerodynamic torque (MN-m), w;, is the angular velocity of the rotor
(rad-s™1), Vyina is the wind velocity (m/s), B is the pitch angle (rad), wy is rotor angular
velocity of the doubly-fed induction generator (rad-s~!), wy is the filtered rotor angular

velocity (rad-s™1), T, is the torque of the doubly-fed induction generator (N-m), and Py is
the instruction value of the stator active power (MW).
The components in Figure 2 are as follows:

@ Aerodynamics
In Figure 2, the expression for Ty is:

Trot= 0.50mR*Cp (A, B) Vg / wr (6)
where p is the air density (kg/m?), R is the blade radius (m), C, is the wind energy power
coefficient, A is the tip speed ratio (A = w/R/ Vying).

@  Pitch angle control

The purpose of pitch angle control in Figure 2 is to generate the pitch angle B required
to adjust the blade. The expression for § is:

K;
p= (Kpﬁ + Tﬁ)(wf - (Ug_rate) (7)

where K5 and Kz are the proportional and integral control parameters in the pitch angle
controller, respectively, and wg rate is the rated rotor angular velocity of the doubly-fed
induction generator (rad-s~!). To filter out the high-frequency noise contained in wy, the
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high-frequency noise contained in wg needs to be processed by a low-pass filter. The rotor
angular velocity (wy) of the filtered doubly-fed induction generator can be expressed as:

1
YT T,

we ®)

where T is the low-pass filter time constant (s).
® Drive chain

As presented in Figure 2, the drive chain transmits wind power to the doubly-fed
generator to generate electrical energy. The structure of the drive chain for two mass blocks
is shown in Figure 3 [10]. w; and wy in Figure 3 can be expressed as follows [10]:

]r% = Tror — K55 — Ds(wr - wg/’?g)

dwg Ds(wy—wq /1¢)+Ksbs
s =Tt s ©)
__ Pnp Ds(wy—wg /1¢)+Ks0s
B Werid g
db,

T = wr —wg/1g

where J, is the rotor inertia (kg/ m?), K; is the stiffness coefficient of the Mg (N-m/rad),
D is the friction damping constant of the M (N-m-s/rad), 05 is the angular displacement
of the main shaft (rad), 775 is the gearbox speed increasing ratio, and ], is the inertia of
the doubly-fed induction generator (kg/m?). Wgrid is the angular velocity of the power
system (Wgrid = 27 grid) (rad-s~1). ny, is the pole-pair number of the doubly-fed induction
generator, P;s is the known value of active power output from the stator of the doubly-fed
induction generator (MW).

et e e Y i 2 i ot 1

ro |
: K; Lo |
| Ms 5 @
: Doubly-fed High speed shaft @¢ ¢ :
| |

induction generator T, Gear

Figure 3. Drive chain.
According to reference [12], Mg T can be quantified as (MN-m):
M;_1 = K5 + Ds(wr — wg /1) (10)

Notably, the parameter values in Equations (6)—(10) are referenced to the NREL SMW
model, and their specific values are shown in Appendix C. According to reference [10],
larger fluctuation in Mg 1 leads to more M; fatigue load accumulations. The M; fatigue
load is represented by the damage equivalent load (DEL). The DEL value is derived from
the MCrunch code’s calculation of the timing data for M 7.

(® MPPT control

The role of the maximum power point tracking (MPPT) control in Figure 2 is to
generate the required Py in the VSG control strategy. According to the reference [20], the
relationship between Py and Pgep, is:

POZPdem/(l_Sl) (11)

where sy is the slip speed (51 = (Wgrig — Npwg)/ Werid)-
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®  VSG control strategy

According to the synchronous generator frequency regulation principle, the active
power-frequency loop in the VSG is expressed as [21]:

Py—P. _ pd(wysg—wp)
{ fowo * — Dp(wysg —wo) = J=—0—> (12)
0
qie = wyse

where ] is the rotational inertia in the VSG (kg-m?), D, is the damping coefficient in the VSG
(N'm-s/rad), wy is the nominal angular velocity (rad-s71), wygg is the angular velocity
generated by the VSG (rad-s~!), and 0y is the angle generated by the VSG (rad).

(® Stator active power output from DFWT-VSG

The rotor side converter of the doubly-fed induction generator in Figure 2 enhances
the DFWT’s ability to support the power system frequency by utilizing a double closed-loop
control strategy consisting of an outer loop comprising VSG and an inner loop comprising
voltage and current [21]. According to reference [21,22], the expressions of Ps and Py
when DFWT-VSG is operated in parallel are:

P, = 2\/ﬁ(uscosé—up)cosgo—i—2\/ﬁussm(psin5 13
Protal = Ps(l - 51)

where up and us are the amplitude of PCC voltage and stator voltage, respectively (V),
¢ is the power angle between DFWT-VSG and PCC (6 = 8ysg — Opcc) (rad), and Opcc is
the angle of PCC (rad). The frequency of the whole system is consistent when the power
system operates in a steady state [18]. Therefore, Werid = WPCC (rad-s™1). wpcc is the
angular frequency of PCC, and 0pcc can be obtained from the integral of Werid- Req 18
the line resistance((2), Xeq is the line inductive reactance (), and ¢ is the impedance
angle (¢ = arctan(Xeq/Req))- ¢ can be approximated to be 90° since Xeq is much larger
than Req [22,23]. The following can be obtained based on Equation (13) and the above
analysis [22,23]:

P, ~ K6 = K / (WysG — Weria)dt (14)

where K = 1.5upus / Xgquation According to Equations (12) and (14), the relationship between
Ps and Dy, can be obtained as [22]:

. K K(IWOS+DPWO) _ ) )
P = lg%(]woerDpwgerK 0 +]w052+Dpwos+K( 0 wgrld) (15)

=D+ DPWO((‘JO - wgrid)

As shown in Equation (15), in the presence of Af 14, Dy plays a decisive role in the
variation of Ps. According to Equation (9), when Ps varies, we and 65 will also vary. Further,
according to Equation (10), Ms_r varies as wg and 05 vary. Based on the results of the above
analysis, the research idea of coordinating and allocating D), in each DFWT-VSG in the
wind farm to reduce the sum of M;_g fluctuations in the farm is feasible.

3.2. Wind Farm Discretization Model

In this study, the DEL of M (Ms-DEL) is reduced by suppressing Ms T fluctuation
in real-time. Therefore, a DFWT-VSG discretization model that can predict the state of
M; 7 fluctuation needs to be established. Based on the coupling relationship presented
between the variables in Equations (6)—(14), the continuous state-space equation of a single
DFWT-VSG that can characterize the M 7 fluctuation is formed as follows:

{ dx/dt = Ax+ Bu+E (16)
y=Cx
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where the state variable x is a 7 x 1 order column vector (x = [Aw,, ABs, AB, Awyg, Awf,
Awvysc, AP]T), Ais a 7 x 7 order state matrix, Bis a 7 x 1 order column vector, E is a
7 x 1 order column vector, and Cis a1 x 7 order column vector. u is the input to Equation
(16) (u = ADp). y is the output of the state-space equation, denoting Ms_t fluctuation, i.e.,
y = AM; 1. The derivation processes s of A, B, C, and E are shown in Appendix A.

According to Equation (16) and Appendix A, AD), has an effect on each variable in x.
However, the coupling relationship between the variables in x will have an effect on AM; .
Therefore, AM; T can be changed by changing AD,. Further, discretizing Equation (16)
yields the relationship between u(k) and y(k + 1) at moment k as:

(17)

{ X(k+ 1) = Adx(k) —+ Bdu(k) + Ed
y(k+1) =Cx(k+1)

where k + 1 is the next moment of moment k. Ay, By, Eq, and C are the discretized state
coefficient matrix, control coefficient matrix, constant coefficient matrix, and output state
coefficient matrix, respectively, and their expressions are shown in Appendix B. The wind
farm consists of N DFWT-VSGs. The wind farm discretization model can be described
as follows:

{ xtotul(k + 1) = Adtotul (k)xtotal(k) + Bd total(k)”total(k) + Ed total(k)

18
ytotul(k + 1) = Ctotalxtotal(k + 1) ( )

where Agtorai (k) Batotal(k), tsotar(k), Edtotar (k) Xtotar(k + 1), and yyorai(k + 1) are the sets of the
discretized matrices of each DFWT-VSG, respectively. The values of the parameters in
the wind farm discretized model are shown in Appendix C. The specific expressions for
Adtotal(k)r Bdtotal(k)/ utotul(k)r Edtotul(k)r xtotal(k + 1)/ and ytotul(k + 1) are shown in Appendix D.

4. Damping Coefficient Allocation Methods
4.1. Proportional Allocation Method for Damping Coefficient

The core idea of the active power proportional allocation method in the References [5,7,14,16]
is to proportionally allocate the wind farm active power instruction value to each wind
turbine according to the maximum active power that can be generated by each wind turbine
in the farm. Without considering the M fatigue load, the proportional allocation method
for damping coefficient (AMPDC) is adopted to realize wind farm frequency regulation
referring to the idea of active power proportional allocation method. The expression of

AMPDC is: 5 ®
Dy i(k) = ——"——Dp—total (19)
Z Dp i T max (k)

i=1
where D), iota1 is the sum of D) in each DFWT-VSG on the wind farm. Dy,;(k) is the D), of
the ith DFWT-VSG at the moment k. Dp; max(k) is the maximum allowable value of Dy, in
the ith DFWT-VSG at moment k. According to Equations (11) and (15), the following can
be obtained:
Piotati = [Poi + Dpiwo(wo — wgria )| (1 — s11) (20)

where Pioai, Poi, Dpi, and sq; are the sum of stator and rotor active power known values,
stator active power instruction value, damping coefficient, and rotor slip rate output from
the ith DFWT-VSG, respectively.

When Af¢iq <0 and crosses the frequency deadband set point, the DFWT-VSG needs
to generate additional active power to reduce Afgiq. In this case, the maximum out-
put power Py _max can be determined based on the operating state of the ith DFWT-
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VSG and the capacity limitation. Moreover, Dpi_max(k) can be obtained according to
Equations (11), (13) and (20):

. _ Ptotali ~max (k) - Pdemi(k)
DPl_max(k) - a)(](w() - wgrid(k))(l - Sli(k))

When Af¢iq > 0 and crosses the frequency deadband set point, the DFWT-VSG needs
to reduce the active power to reduce Afgrig. In this case, the value of Dy; max(k) is taken
based on the maximum allowable value of Dy, in the standard EN50438. This standard states
that when Af g = 1 Hz, the new energy active power changes by up to 100%. Therefore,
when Af grid > 0, the expression for the maximum allowable value of Dy (D,_max_gn) is [24]:

(21)

Prated (22)

Dy, k)=D =  _fated
pz_max( ) p_MAX_EN CL)()(27T v 1)

According to Equation (22), Dy;_max(k) = Dp_max_en When Af 54 > 0.

4.2. Allocation Method of Damping Coefficient Considering Main Shaft Fatigue Load

Different from the AMPDC in Section 3.1, an allocation method of damping coefficient
considering main shaft fatigue load (AMDCFL) is proposed. According to the analysis
of Equations (16) and (18), D), has an effect on the operating state of each DFWT-VSG. In
addition, the change in the operating state affects AMDCFL's allocation of the required D,
to each DFWT-VSG. Therefore, the AMDCFL in the central controller solves the constructed
control objective based on the fmincon algorithm to reduce the sum of the M fatigue

load in the farm in real-time, taking into account the coupling relationship between the
operating state of each DFWT-VSG and the D,,.

4.2.1. Objective Function

Based on the wind farm discretized model constructed in Section 3.2, the expression
of the objective function F is constructed as follows:

minF{Dpu k), , Dyi(k), - Dpn(k)} = {ya (e + DI+ + sk + VP -+ yn(k+ 1P} (23)

where y1(k + 1)~yn(k + 1) are the AM; 7(k + 1) of 1~N DFWT-VSGs at moment k + 1,
respectively. To minimize F by allocating u,;(k) in Appendix D, Equation (18) and the
equations in Appendix D need to be substituted into Equation (23). Further combining
ui(k) = ADp;(k) = Dyi(k) — Dyi(k — 1) yields the expression for F as:

[a1(Dyp 1(k) — Dp 1(k — 1)) + by )?
_l’_

minF{Dy;(k), -+, Dpi(k),---Dyn(k)} = ¢ [a;(Dy i(k) — D;ﬂ i(k—1)) +b]? (24)
+

[an(Dp N (k) — D;, N(k—=1)) + byl?

where a; and b; can be expressed as:

a; = Cin l(k)
{ bi = CiAq i(k)x;i(k) + CiEq i(k) >

4.2.2. Constraints

As shown in Equation (24), the reasonable allocation of Dy (k) of each DFWT-VSG can
suppress the Mg r(k + 1) fluctuation of 1~N DFWG-VSGs. However, if the identical relation
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between the sum of Dy(k) and D) {1 of 1~N DFWT-VSGs is not taken into account, the
sum of the output active power from each DFWT-VSG cannot effectively suppress Afo1id,
which, in turn, cannot effectively support fiq. Therefore, the following equality constraint
is set:

N
Z DP (k) = Dpftotal (26)
i=1

Considering the operation state of the ith DFWT-VSG, the inequality constraint
Dyi_min(k) < Dpi(k) < Dpi_max(k) is set, where Dy; max(k) is shown in Equations (21) and (22).
Dyi_min(k) is the minimum allowable value of D), of the ith DFWT-VSG at moment k. Based
on Equation (15), the expression of Dy; min(k) can be obtained as:

Dy i_min (k) = S (27)
wn = K/ (Jwy)

where {_pin is the minimum damping ratio of DFWT-VSG active power and wy, is the
natural oscillation angular frequency. According to reference [21], the damping ratio {
exhibits a positive correlation with power stability. To ensure the operational stability of
DFWT-VSG, set {_min = 0.7. Dyi_min(k) can be derived according to Equation (27) and {_min.
Dypi_min(k) in the inequality constraint ensures that ¢ is within the specified range, thereby
guaranteeing the stability of DFWT-VSG.

4.2.3. Solving Dy;(k) in Real Time Based on the Fmincon Algorithm

The problem of solving D,;(k) for 1 to N DFWT-VSGs in Equation (24) can be regarded
as a standard Quadratic Programming (QP) problem. Commercial solvers can solve this QP
problem efficiently. Currently, QP problems are typically solved by population intelligence
algorithms such as particle swarm optimization (PSO) and genetic algorithm (GA). How-
ever, population intelligence algorithms have several limitations, such as long computation
time and unsuitability for real-time online optimization [25,26]. The Fmincon algorithm has
advantages such as high solution efficiency and good convergence [27]. In version 2021a of
Matlab software, the standard solution form of the fmincon algorithm is as follows:

M = fmincon(fun, M_g, Ma , Mg, M Aeqs MBeq, Mrb, Myp, nonlcon, options)  (28)

where M is the variable to be solved, fun is the objective function, and M_j is the initial
value of the solved variable. My and Mp are the linear inequality constraints of M. Maeq,
and Mgeq are the linear equality constraints of M (M Aeq~MT = Mgeq)- My}, and My, are the
lower and upper limits of M, respectively. Options is the setup of options required to solve
M, including iteration number, minimum error, population size, fitness, etc. nonlcon is the
nonlinear constraint of M [27,28].

Comparison of Equation (23) with Equation (28) shows that M = [Dp1(k), . . .Dyi(k), . . .Dpn(k)],
fun = F, M_O = [Dp](k - 1), o .Dp,'(k - 1), o -DpN(k - 1)], and Dpl(k - 1), .. .Dpi(k -
1), ...Dyn(k — 1) in Equation (28) has been solved according to the fmincon algorithm at
the k — 1 moment. Due to the absence of linear inequality constraints in the constraints set
in this study, Ma =[] and Mp = [] are set in the fmincon algorithm, where [] denotes the
empty set.

A comparison of Equation (26) with Equation (28) shows that Maeq consists of a matrix
of 1 row and N columns, which is expressed as follows.

MAeq: [1, ...,1,...,1] (29)

Mbeq = Dp_total in Equation (28) according to M = [Dy1(k), ...Dyi(k), ...Dpn(k)] and
Equation (29).

Comparison of Equation (21) with Equation (28) shows that My, in Equation (28) is
Dyi_max(k) in Equation (21) when Af¢iq < 0; comparison of Equation (22) with Equation (28)
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shows that My, in Equation (28) is Dy; max(k) in Equation (22) when Af g4 > 0. Similarly,
a comparison of Equation (27) with Equation (28) shows that My} in Equation (28) is
D pi_min(k)-

Due to the absence of nonlinear constraints for M = [Dp1(k), ...Dy;i(k), ...Dpn(k)],
nonlcon = [] is set in the fmincon algorithm. The values of the parameters in the options
are shown in Table 2. Dy;(k) is solved in real-time using the fmincon algorithm.

Table 2. The parameter values of the fmincon algorithm.

Parameter Value
Iterations 50
Population size 50
Minimum error 1 x 10760
Fitness 0.03

Based on the above comparative analyses, the objective function equation, linear
constraints, and upper and lower limit constraints in this study can be transformed into the
corresponding solution forms of the fmincon algorithm.

Based on the above analysis, the flow of AMDCFL can be obtained, as shown in
Figure 4. In Figure 4, the central controller of the wind farm invokes the fmincon algorithm
to solve Dy;(k) in real-time after constructing the objective function and solving the con-
straints and allocates the solved Dy (k)~D,n(k) to each DFWT-VSG. Hence, the wind farm
exhibits reduced AM; r fluctuations while responding to Af grig-

e T - N 1
: Call the fimincon algorithm with parameter | controller |

| settings as shown in Table 2 for solving | |

R 1
| y transmission y transmission |
[[~——————————————— [T it - S A
1 Objective function F: Eq. (23) | | Constraints: Eqs. (21-22, 26-27) | | L€ solving |
P | __ DT oI 71| processin !
: A v the central :
I
I
I

Figure 4. The flowchart of AMDCFL.

5. Case Study
5.1. Setup Conditions

A wind farm consisting of 40 DFWT-VSGs with a capacity of 5 MW was built in
Matlab/Simulink, and its control structure is shown in Figure 5. When Af grid does not
cross the frequency deadband, neither AMPDC nor AMDCEFL in the central controller is
activated. In this case, Dj(k) allocated by the central controller to each DFWT-VSG can be
derived according to the standard EN50438. Both reference [24] and standard EN50438
only require a Dy(k) value of less than D),_yax_gn-. In addition, since all DFWT-VSGs are
of the same type, the value of D, (k) is set to be 700 for each of the 40 DFWT-VSGs allocated
to the wind farm. In the case that Af ¢34 crosses the frequency deadband and that either
AMPDC or AMDCEFL is activated, the equality constraints for both methods, i.e., Dp_total in
Equations (19) and (26), take the value of 40 x 700 = 28,000.
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Figure 5. Control structure of wind farm.

To facilitate model construction, every 10 DFWT-VSGs in the wind farm in Figure 5
are divided into one cluster. Thus, the wind farm is divided into four clusters: Swrs 1,
Swrs_2, Swrs_3, and Swrs_4. The wind velocity and the output from each DFWT-VSG in
each cluster are set to be identical. In Figure 5, after collecting the state variables of each
DFWT-VSG, the central controller can obtain Dp(k) for 1 to N DFWT-VSGs, respectively,
based on AMPDC or AMDCEFL. Finally, D, (k) for 1 to N DFWT-VSGs is allocated to each
DFWT-VSG to achieve the wind farm’s response to Af griq.

Since the increase in average wind velocity and turbulivity exacerbates the M; fatigue
load [17], the V7,4 used in each cluster is larger than the rated wind velocity, and the V4
fluctuation range is between 10 m/s and 22 m/s. The range of wind velocity fluctuation
for each cluster is shown in Figure 6.

Vivind (m/s)

10 20 30 40 50 60 70 80 90 100
time/s

Figure 6. Wind speed of each Cluster.

To ensure enough active power allowance of the wind farm to cope with Af 4, each
DFWT-VSG is reserved with 10% spare capacity. In addition, the Pgen, of each DFEWT-VSG
is kept constant throughout the simulation. The total simulation duration is set to be 100 s,
and APj,,4 occurs after 30 s. Since the wind farm completes its startup after 10 s, the time
range of the simulation results is from 10 s to 100 s.

5.2. Comparative Analysis Based on the Results of AMPDC and AMDCFL

Simulation studies are carried out separately based on AMPDC and AMDCEFL. Subse-
quently, the superiority of AMDCFL is analyzed based on the simulation results of Af g4,
AP1ota1_pu, and M fatigue load. When AP}y, occurs, the thermal farm, hydroelectric farm,
and wind farm in Figure 1 jointly participate in frequency regulation. Afq results are
shown in Figure 7. As presented in Figure 7, Afg,iq after 30 s is continuously fluctuant.
Af griq can be effectively suppressed by using AMPDC and AMDCFL, and the frequency
regulation effects of AMPDC and AMDCEFL are nearly the same.
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Figure 7. The results of Af ;4 under different allocation methods.

The results of APgyy_pu based on AMPDC and AMDCEFL are shown in Figure 8.
Influenced by the large wind velocity fluctuation, as shown in Figure 6, the APg,_py in
Figure 8 has a small fluctuation between 10 s and 30 s. Since the frequency deadband set in
Figure 1 can filter out Af 4139 caused by AP _pu, Af griq = 0 in the time period of 10~30 s
in Figure 7. AP}y, occurs after 30 s, and Af g breaks through the threshold set by the
frequency deadband. In this case, each DFWT-VSG autonomously adjusts its own output
active power based on the Dj(k) output from the central controller. As shown in Figure 8,
APfyym_pu under different allocation methods can respond to Afgrig continuously and in
real-time, and the APf,_pu triggered by Af giq is nearly identical.

AMDCFL — — — —

AMPDC

-0.15 . . . . . . . .
10 20 30 40 50 60 70 80 90 100
time/s

Figure 8. The results of APg,;, pu under different allocation methods.

In the case where the wind farm participates in frequency regulation, each cluster can
reach the rated output capacity because the wind farm is in a high wind velocity scenario, as
shown in Figure 6. Since M; fatigue load is not considered in AMPDC, D) (k) obtained based
on Equation (19) cannot suppress M;_r fluctuation. In contrast, AMDCFL quantifies the
effect of D, on Ms_r according to Equations (16) and (17), taking into account the operating
conditions and actual wind velocity of each DFWT-VSG. Therefore, when each DFWT-VSG
responds based on the D, (k) allocated by the central controller, Ms_r fluctuations can be
suppressed. In addition, based on the analysis of Equation (10) in the previous text, the
Ms_7 fluctuation determines the M; fatigue load. Therefore, AMDCFL can reduce the Mg
fatigue load.

To visualize the superiority of AMDCEFL, the comparison results of M;_r for the same
DFWT-VSG among different clusters based on AMPDC and AMDCEFL are provided in
Figure 9.
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Figure 9. M;_7 waveform under different allocation methods.

According to the total fluctuations and local amplification results of Ms_r shown
in Figure 9, compared with AMPDC, AMDCEFL has significantly suppressed fluctuation
amplitude of M;_r taking into account wind velocity variation and operating conditions.

To visualize the superiority of AMDCFL, DEL calculations are performed on time
series data forming M;_r waveform based on the MCrunch code. The M;-DEL results for
each cluster at 10~100 s are shown in Table 3. As shown in Table 3, the Ms-DEL values of
Swrs_1, Swts_2, Swrts_3, and Swrs_4 under AMDCEFL are reduced by 6.89%, 9.49%, 8.48%,
and 7.79%, respectively, compared to those under AMPDC, and the sum of M;-DEL of each
cluster within the wind farm is reduced by 8.12%.

Table 3. Ms-DEL under different allocation methods.

M-DEL/(MN-m)

Cluster AMPDC AMDCFL
Swrs 1 32.104 29.893
Swrs. 26.393 23.889
Swrs. 3 31.219 28.571
SwTs.4 24.384 22.485
Sum 114.100 104.838

According to Figures 7-9 and Table 3, the proposed AMDCFL can reduce the Ms-DEL
of each DFWT-VSG while satisfying the frequency response, thereby prolonging the service
life of DFWT-VSGs.
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6. Conclusions

In the existing research results on frequency response strategies for doubly-fed wind
farms considering main shaft fatigue load, none of their DFWT adopts the VSG control
strategy, leading to the inapplicability of the existing research theories to doubly-fed
wind farm consisting of multiple DFWTs-VSG. For this reason, this manuscript proposes
AMDCEL after considering the influence of VSG control strategy on main shaft fatigue
load and frequency response.

The AMPDC-based wind farm has exacerbated M;_r fluctuations when responding
to Afgriq, thereby increasing Ms-DEL. Therefore, AMDCEFL is proposed in this study to
reduce M;-DEL. This allocation method derives the analytical relational expression be-
tween Dy, and M; T, considering wind velocity fluctuation and power system frequency
variation. In addition, an objective function that can quantitatively represent the sum of
M; fatigue load within a wind farm is constructed. Further, based on the constraints of
constant D, sum within the wind farm, maximum active power generated by DFWT-VSG,
and minimum damping ratio of DFWT-VSG, the relevant constraints of D,;(k) are set to
guarantee frequency regulation capability of the wind farm and the operational stability of
each DFWT-VSG.

The simulation results show that the adopted fmincon algorithm can effectively solve
the objective function online in real-time. Compared with the AMPDC without considering
the M fatigue load, AMDCFL not only ensures the frequency regulation capability of the
wind farm but also significantly suppresses the M r fluctuation state of each DFWT-VSG
during the frequency regulation process. Compared to the sum of Ms-DEL of the AMPDC-
based wind farm, the sum of M-DEL of the AMDCFL-based wind farm is reduced by
9.262 MN-m. The sum of M;-DEL from all clusters in the wind farm is reduced by 8.12%.
These findings demonstrate the superiority of AMDCEFL.

At present, the theoretical studies for wind farms composed of DFWT-VSGs rarely
consider the M fatigue load during frequency regulation. Therefore, the results of this
study can provide certain theoretical basis and research ideas for the popularization and
application of DFWT-VSG.

Moreover, the gradual increase in the number of DFWTs-VSG in future wind farm
will increase the computational pressure on the AMDCFL-based central controller of wind
farm, leading to the slowdown of the central controller in solving the D,;(k) required by
each DFWT-VSG. For this reason, future research on distributed control strategies should
be carried out to divert the computational pressure from the wind farm central controller.
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Appendix A
dA
@O  Awy: S5 = [ATyot — KsAbs — Ds(Aw, — Awg /11¢)]/ ]
where AT,y can be expressed as:
ATyt = mt Awr + aTmt AB +3 BT AVwmd
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wy w WrQ Wy dwy Viwindo ~ 0A
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B [ 9B p ~ AB — “P _beta
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dAP,
@ AP T = K(AWVSG - AWgrid)

According to (D to (7), the expressions A, B, C, and E in Equation (16) can be obtained
as follows:

[a;1 a;x a;3 ag 0 0 07
any 0 0 anyg 0 0 0
0 0 0 d34 ass 0 0
A= a4l Qa4 0 agq 0 0 a4y B = [0 0000 b61 O]T
0 0 0 as4 ass 0 0
0 0 0 de4 0 dge  Ap7
L0 0 0 0 0 agp 0/

C=lc11¢120c15000] E=[e100e1400e17]"

Note: Except for wy, the subscript 0 indicates the initial value corresponding to
the parameter.

Appendix B

Ts Ts
Ag = eATBy = / ATsBdtEy — / ATEdt
0 0

Note: T; is the control cycle.
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Appendix C

Table Al. Parameter values of wind farm discretization equation.

Parameter Value Parameter Value

Req 0.000105 Q) Xeq 0.0038 Q
] 10 kg-m? Dp_otal 28,000 N-m-s/rad

Kpp —0.2143 Kig —20.0918
wy 100 7t rad-s—! Wg rate 122.9 rad-s~1
s 690v2//3V Up 690v2/+/3V
Ir 3.54 x 107 kg-m? g 97

Je 534.116 kg-m? np 3

Ds 6,215,000 K 867,637,000
Ty 0.9806

Appendix D

Yok +1) = [x1(k+1), x2(k+1) ..., xn(k+1)]T
x (k) = [x1(k), xa(k) ..., xn(K)]"
tgotar (k) = [y (k) up (k) ..., un (k)]

Yo K+ 1) = [y1(k+ 1), y2(k +1),..,yn(k+1)]"
Ad total (k) = diag[Ag (k), Aqa(K), ... Aan (k)]"

By toral (k) = diag[Bay (k), Bap(k), ... Ban(k)]"

Crotar = diag[C1,Ca, ... Cn]"

Ed total(k) = [Ea1(k), Eqa(K), ... Eqn(K)]
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