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Abstract——Exploiting the frequency support capability 

(FSC) of small-scale renewable energy sources (RES) can 

significantly enhance system frequency stability. However, the 

FSC of wind turbines (WTs) is limited by complex safety 

constraints and naturally asymmetric for up-regulation (UR) 

and down-regulation (DR) scenarios. Besides, the secondary 

frequency change (SFC) issue due to rotor speed recovery has 

long restricted WT's participation in primary frequency control 

(PFC). To provide symmetric droop support and mitigate SFC, 

this paper explores the complementarity of WTs and distributed 

photovoltaics (DPVs), and then propose an aggregated WT-

DPV FSC assessment model integrating WT dynamics and 

system frequency response (SFR) dynamics. To solve this model, 

the nonlinear WT dynamics and safety constraints are 

converted into piecewise-linear (PWL) constrained state 

transition constraints; while the interaction between SFR 

dynamic and WT-DPV droop gains is handled by an iterative 

solution method. Moreover, the SFC is mitigated by strategic 

DPV-aided WT exit. A comprehensive case study is presented to 

verify the assessment model’s accuracy and solution efficiency, 

and the benefits of WT-DPV coordination. 

Keywords—wind turbine, distributed photovoltaics, droop gain, 

primary frequency control, system frequency response model. 

I. INTRODUCTION 

The large-scale integration of renewable energy sources 
(RES) has led to a continuous decline in the effective inertia 
and exacerbated real-time power imbalance, posing a severe 
threat to frequency stability [1]. To mitigate the negative 
impacts of RES integration, it is essential to leverage RES 
units to provide primary frequency control (PFC) [2]. This 
paper focuses on coordinated PFC from wind turbines (WTs) 
and distributed photovoltaic (DPVs) and the quantification of 
the hybrid RES station’s frequency support capacity (FSC), 
which is defined as the maximum available droop gain w.r.t. 
a predefined load step change disturbance event. 

PFC strategies for WTs can be broadly classified into two 
categories: stepwise control and frequency-based control. 
Stepwise control pre-defines the WTs' power trajectory during 
frequency event to fully utilize their rotor kinetic energy 
(RKE)-based FSC [3]. However, limited by the open-loop 
nature, its performance can deteriorate if the actual frequency 
trajectory deviates from expectations. Conversely, Frequency-
based control adds an auxiliary PFC loop in addition to the 
rotor speed control loop to provide power support [4], [5], [6]. 
This auxiliary loop uses frequency measurement as feedback, 
where the droop and inertia gains should be carefully designed.  

Quantifying the feasible region for the PFC gains of WTs 
faces two main challenges. First, the inherent nonlinearity of 
WT dynamics complicates the inclusion of WT state transition 

in FSC assessment model, which is necessary for ensuring WT 
safety during PFC. Second, a WT's maximum PFC gain and 
the system frequency response (SFR) dynamics are mutually 
influencing. This interaction introduces nonlinear terms into 
the FSC assessment model. In [7], a conservative droop gain 
boundary is derived by neglecting WT-SFR interaction. 
Ref.[8] establishes a mapping from droop-inertia gain to the 
initial and final operating states of WT to roughly guarantee 
safety. In [9], the state transition process of WT during PFC is 
converted into a set of high-dimensional linear time-coupled 
constraints. While the assessment models in [8] and [9] solved 
the two challenges to some extent, the dimension-lifting 
nature of Koopman Operator has limited the model 
applicability in scenario where heterogeneous WTs exist. The 
change in SFR parameters cannot be flexibly included as well. 

Furthermore, there are two more issues to be considered 
for WT-FSC utilization. First, WT-FSC is based on RKE and 
thereby temporary. After a period, WTs must exit PFC to 
ensure rotor speed safety, risking secondary frequency change 
(SFC). Second, WTs typically offer larger up-regulation (UR) 
than down-regulation (DR) due to high base rotor speeds. 
However, from the perspective of frequency-constrained 
dispatch, a RES station’s PFC supply is preferred to be 
symmetric [10]. It is noted that DPVs with power reserve 
control can flexibly shape its UR/DR capacity by adjusting the 
baseline power [11]. Thus, the aggregation of WT and DPV’s 
asymmetric FSC can create symmetric and larger droop 
support to the bulk grid. As for the SFC issue, DPVs can 
continuously increase/decrease its output as WTs exit PFC, 
thereby smoothing the disturbance to system frequency. 

In summary, considering the strong potential of WTs and 
DPVs in synergistically providing PFC, this paper proposes a 
quantitative assessment model for aggregated WT-DPV FSC. 
The main contributions are: i) Utilize piecewise linearization 
(PWL) and iterative solution method to ensure the solvability 
and computational efficiency of the assessment model; ii) 
Reveal and verify the benefits of WT-DPV coordination in 
terms of increased droop supply and SFC mitigation. 

II. BASIC MODELING OF WT IN PFC SCENARIO 

A. WT Dynamic and Safety Constraint Modeling 

For a doubly-fed induction generator (DFIG)-type WT, its 
rotor dynamic of can be described by the one-mass model in 
(1), where 2Hw is the inertia, ωr is the rotor speed, 𝑃m is the 
mechanical power, 𝑃e is the electric power. While 𝑃e is 
determined by the WT’s control logic, 𝑃m is jointly affected 
by rotor speed, pitch angle β and the wind speed vw. According 
to aerodynamic research [4], [9], 𝑃m is calculated by (2), 
where ρ is air density, Rw is blade radius, λ is tip speed ratio, 
λi is intermediate variable and Cp(λ, β) is the power coefficient.  
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The safe operation of a WT should satisfy multiple 
constraints [6], [9]. In (3), we list the rotor speed limit, 
electromagnetic torque limit and power limit in order, where 
the typical limit values ωr,min= 0.7 p.u., ωr,max= 1.2 p.u., 
Te,max= 1.2 p.u. and Pe,max= 1.2 p.u.. Furthermore, the rotor-
side converter (RSC) capacity limit is presented in (4), where 
Pr is RSC power. A notable economic benefit of DFIG is that 
it necessitates a reduced RSC capacity Sr= 0.3 p.u.. Assuming 
that the WT does not generate reactive power, then we have

2 2

,max 0.3 p.u.r r rP S Q= − = .  

 ,min ,max ,max ,max, / ,0r r r e e r e e eT P T P P     =    (3) 

 ,max ,max , (1 1/ )r r r r e rP P P P P −   =  −  (4) 

B. Electric Power Composition of WTs in PFC 

The electric power Pe of a WT consists of two parts, 
namely the rotor speed tracking (RST) power Pe,rst generated 
by RST loop and the support power ΔPe,sup generated by PFC 
loop. The objective of Pe,rst is to capture wind energy and 
maintain rotor speed, while ΔPe,sup is used to support system 
frequency. We define UR as the case where 0f   and the 
WT’s RKE is released, and DR as the opposite. Their 
relationship is summarized in (5), where 

rstk  is RST gain, 
WT

up/dnk  are UR/DR droop gains. 
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The principle behind using the convex function 
2

rst rk   for 
Pe,rst is that, the mechanical power function (2) is concave; 
therefore, the condition (6) for the asymptotic stability of 

r  
is satisfied near the reference rotor speed 

ref

r . The RST gain 
is calculated by (7), where ˆ

wv  is the estimated wind speed. It 
can be observed that during PFC, Pe,rst is changing with r , 
which can weaken the support effect of ΔPe,sup. 
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C. Reformulation of WT Dynamic and Safety Constraint 

As depicted in Fig. 1, the Pe-ωr trajectory of a WT should 
be always constrained within the non-convex safety region 
enclosed by four limits (the blue shaded area). By converting 
the left RSC constraint to a tangent line, the original safety 
region can be substituted by a convex hexagon. Next, we can 
split the convex hexagon into three sub-regions with rotor 
speed ranges of 

SR,1 :=ωr,1~ωr,2, SR,2 :=ωr,2~ωr,3 and 

SR,3 :=ωr,3~ωr,4, respectively. For each sub-region, its scope 
can be described by inequality in (8), where the six parameters 

SR, SR,{ , | 1,2,3}c ca b c =  can be obtained by curve-fitting. 
Finally, a conservative but safe inner approximation of the 
original safety region is obtained. 

 
2

SR, SR, SR,: 0 ,  {1,2,3}r c e c r cP a b c     + =  (8) 

The reformulation of WT dynamic consists of two steps. 
First, the rotor dynamic differential equation (1) is converted 
into the discrete equation (9), where n indicates the nth time 

step, 
2

r  is the new state variable. Next, the mechanical power 
function (2) is reformulated as a PWL function of 

2

r  in (10). 
The six parameters 

M, M,{ , |c ca b 1,2,3}c =  should be obtained 
through regression separately for each WT to precisely model 
diversified aerodynamic characteristics.  
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III. AGGREGATED WT-DPV FSC ASSESSMENT MODEL 

A. SFR Modeling Considering WT-DPV Support 

For a short period, the maximum power that a DPV can 
stably output is denoted as 

PV

maxP . We can define the real-time 
PV output power in (11), where PV

baseP  is base power and 
PV

up/dnk  
are UR/DR droop gains. Then, the constraints for PV

baseP  and 
PV

up/dnk  are defined in (12), where 
maxf  is the maximum 

frequency deviation under certain PFC from the RES station. 
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Fig.2 shows the linear SFR dynamic model in [3], [6]. 
2HSG and DSG are the equivalent system inertia and damping, 
respectively. For the aggregated synchronous generator (SG), 
its turbine-governor dynamic is the first-order link in red box, 
where R is the inverse droop, TR is the reheat time constant 
and FH is the fraction constant. For DPV, its support power 

PVP  is only determined by f  and droop gains. However, 
the WT support power 

WTP  consists of the droop support 
part and the variation in RST power. As converter-interfaced 
units, the inner control delay of WT and DPV can be modeled 
as two first-order loops. Since the timescale of TPV and TWT 
are much faster than that of rotor dynamics and SFR dynamics 
[8], we assume that GPV(s)=GWT(s)=1 in the following 
analysis. The deadband 

dbf  is usually set as 0.033 Hz, which 
is negligible in FSC assessment. 

B. DPV-aided WT Sequential Exit Strategy 

For low-inertia system, it is considered that the frequency 
has basically stabilized after the disturbance for 15 s [8]. Since 
step size t  is set as 0.1 s, the number of time steps in the 
FSC assessment model is Ns=150. The set of time steps is 
denoted by sup . As discussed in Section-I, all WTs exiting 
PFC and recovering speed simultaneously can lead to serious 
SFC. To reduce power surges and ensure WT safety, we adopt 
a sequential exit strategy of two steps. First, at the 

th

sN  time 
step, each WT sets its droop gain to 0 and RST gain to 

0.6 0.7 0.8 0.9 1 1.1 1.2
Rotor speed (p.u.)

0

0.5

1

1.5

2

1.3

P
o
w

er
 (

p
.u

.)

Pm

Pe(krst)
Te limit
RSC limit

Pe limit
ωr limit

1
ωr,1 ωr,2 ωr,3 ωr,4

Safety region

2 3

ωr,ref

 
Fig. 1. Illustrative diagram of safety region and rotor speed tracking control. 
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ˆ( ( ), ) / ( )m r s w r sk P N v N  = , , in order to maintain the 

current rotor speed. Meanwhile, DPVs should release all its 
remained UR/DR margin in UR/DR event, respectively, in 
order to reduce power disturbance due to the PFC exit of WTs. 
Second, every 0.5 seconds, one WT restores its RST gain to 
the original value 

rstk  in (7), in order to recover to initial rotor 
speed

ref

r . Among these, an interval of 0.5 seconds is a value 
that balances the rotor speed recovery duration and the 
effectiveness of SFC elimination. The strategy imposes no 
specific requirements on the RST gain restoration sequence 
for individual WTs; however, in general, the RST gains of 
WTs with larger ' 2

rst rst( ) ( )r sk k N−   values are advised to be 
restored later. 

C. Assessment Model Formulation and Its Solution 

To construct the aggregated WT-DPV FSC assessment 
model, we first need to model the interaction between WT-
DPV and SFR. Assuming that a step load change 

dis ( )P s =

/  LP s  happens at t0=0, the differential equation of 
[ f X , ] is presented in (13). The initial values of f  and 

X  are both 0. Since WTs have different initial operating 
states, their droop gains should be set differently to guarantee 
operational safety. Denote the set of WTs as 

WT , the 
aggregate UR/DR WT droop gains are defined in (14). Then, 
the forward Euler method is used to discretize (13) to obtain a 
linear state transition equation of f  in (15).  
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Next, we need to model the transition of each WT’s Pe-ωr 
trajectory during PFC. For UR scenario (

LP >0 ), the electric 
power of WT i is determined by its current rotor speed 

2

, ( )r i n  
and ( )f n  from (15). Then, , ( )e iP n  is combined with (8)-(10) 
to represent the constrained Pe-ωr trajectory during sup  in 
(16). The DR scenario (

LP <0 ) is similar and presented in 
(17). Note that | |LP  are the same for both scenarios. 
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Moreover, the UR/DR margin of DPV at the end of sup  
should be used to mitigate SFC. In the UR scenario, there is a 
power decrease from , ( )e i sP N  to , ( )m i sP N  for each WT at the 
end of sup  according to the set sequential exit strategy. 
Meanwhile, the DPV has an UR margin of PV PV

max ( )e sP P N −   
according to the definition in (11) and (12). Thus, if the UR 
margin of DPV is larger than the total power decrease from 
WTs and fully released, the SFC can be basically eliminated. 
In the DR scenario, there is a power increase from , ( )m i sP N  
to , ( )e i sP N  for each WT at the end of sup  and a DPV's DR 
margin is 

PV ( )e sP N . Hence, the SFC mitigation conditions for 
UR/DR scenarios are given in (18) and (19), respectively. 
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Finally, the WT-DPV FSC assessment model is given in 

(20), where the decision variables are 
PV

base

WT WT

up, dn,{ , , ,i i Pk k
PV PV

up dn, }k k , the intermediate variables are { ( )f n , ( )X n , 
2

, ( )r i n , , ( )e iP n , , ( )m iP n }. Since the big-M methods are used 

for PWL modeling, integer variables are introduced into the 

model. Besides, there are f -related nonlinear terms such as 
WT

up/dn ( )k f n , 
PV

up/dn ( )k f n  and 
PV PV

max base max( ) /P P f−  , which 

makes the original model almost unsolvable. 

 
dr

WT PV WT PV

dr up up dn dn

max  

s.t. , (12) (19)

k

k k k k k= + = + −
 (20) 

To address this solvability issue, we propose an iterative 

solution method based on the decoupling of SFR dynamic and 

WT dynamic. Specifically, we first set the WT-DPV support 

power to be 0 in (15) and predict the trajectories 
(0)SFR { ( ), ( )f n X n=   (0)

sup| }n . Then, f  trajectory is 

considered to be constants in (20). After (20) is solved as a 

mixed integer linear programming (MILP) problem, we have 
(1) WT WT PV PV (1)

up, dn, base,PV up dnFSC { , , , , }i ik k p k k=  and related support 

power trajectories 
(1) (1)

WT PV sup{ ( ), ( ) | }P P n P n n =    . 

Next, (1)P  is fed into (15) to predict 
(1)SFR . Then, (20) is 

solved with 
(1)SFR  to obtain 

(2)FSC . This iteration continues 

until the convergence condition (21) is satisfied. From the 

perspective of physical principle, the power support from 
drk  

is bound to suppress frequency deviation trajectory ( )f n . 

As the iterations progress, further minor changes in the droop 

gain have negligible impact on ( )f n , and the aggregated 

FSC value stabilizes accordingly. The largest kdr corresponds 

to the smallest ( )f n . 

 ( 1) ( )

dr dr 0.01k kk k+ −   (21) 

IV. CASE STUDY 

We verify the proposed WT-DPV FSC assessment model 
with a modified IEEE 9-bus system with hybrid RES station 
in Fig.4. For each WT, the rated active power is 5 MW, Rw is 
63 m, and 

WTH  is 5 s. The layout of the 20 WTs is four rows 
and five columns, with 6*Rw and 10*Rw spacing between the 
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Fig. 2. SFR model with support from WT and DPV. 
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rows and columns, respectively. Assuming total WT steady-
state output power is 50MW and the ambient wind speed is 11 
m/s, the reference pitch angles, rotor speeds and estimated per-
WT wind speeds can be determined based on the FLORIS 
wake mode [12]. The maximum stable power of the 
aggregated DPV is 60 MW. The parameters of the aggregated 
SG are: HSG=10, DSG=0.01, FH=0.25, TR=8, R=0.035. 
Considering the worst-case disturbance size || |LP =90 MW, 
transient simulation is performed on PSAT.  

As shown in Fig.5, the iterative solution method converges 
after 8 times of iteration. As the frequency deviation is 
reduced by growing gains {

WT

up,ik , 
WT

dn,ik , 
PV

upk , PV

dnk }, the WT-
DPV 

drk  exhibits a monotonic increase and (8)

drk =17.74. The 
average time taken per iteration is 3.4375 s. It can also be seen 
that WTs contribute the most to the UR droop gain, while 
DPV provides more droop gain in the DR scenario. If both 
WTs and DPV are required to adopt symmetric droop gains as 
in [2], [4], [6], the aggregated FSC 

drk  will be 15.08% smaller, 
and the maximum frequency deviation will be 8.87%% larger. 

Next, we examine the accuracy of the PWL WT dynamic 
modeling method. Fig.6 presents the simulated (red line) and 
model predicted (blue dotted line) extreme Pe-ωr trajectories. 
Note that the simulated trajectories are obtained by setting 

WT WT

up, dn,{ , ,i ik k PV PV

base,PV up dn, , }p k k  in the simulation system as the 
convergence results from Fig.5. It can be seen that the two 
kinds of trajectories are highly consistent and both reach the 
safety region boundary. The maximum and mean absolute ωr 
prediction errors for UR and DR scenarios are (0.0026,0.0008) 
p.u. and (0.0022,0.0004) p.u., respectively. As for the 
effective safety constraints, WT-1 and WT-5 reach the upper 
and lower rotor speed limit for DR and UR, respectively. 
However, RKE potential for DR of WT-16 is not fully realized 
due to the lower power limit, which validates the need to fully 
consider WT dynamic and its safety constraints in FSC 
assessment. Moreover, it is observed that at the end of sup , 
the relationships ,rste m eP P P   and 

,rste m eP P P   hold for 
any WT in UR and DR scenarios, respectively. Therefore, 
when WT exits support, there must be step power 
decrease/increase. The negative impact under the proposed 
exit strategy is reduced as 

eP  changes to 
mP  rather than 

,rsteP . 

Fig.7 shows that WTs generally have stronger UR 

capability than DR capability. This is mainly because the 

initial rotor speed is generally closer to the upper limit, which 

corresponds to a smaller power reduction margin. In Fig.8 (a), 

the width of DPV’s DR range 
PV PV PV

base dn max base[ , ]P k f P−   equals 

to PV

baseP , while the width of UR range 
PV PV PV

base base up max[ , ]P P k f+   

is smaller than PV PV

max base( )P P- , i.e. a part of DPV curtailment is 

not converted into UR droop gain. The reason for this can be 

found in Fig.8 (b) and (c). The DPV’s UR margin at the end 

of sup  equals the total power decrease caused by WT exit, i.e. 

the constraint (18) is tight. Conversely, the DR margin at the 

end of sup  is larger than the total power increase caused by 

WT exit, such that PV

dnk  is only constrained by (12) and 

constraint (19) does not take effect.  
With the optimal droop gains in Fig.5 and Fig.7, power 

system simulation is conducted to fully verify the advantages 
of the proposed aggregated FSC assessment model in WT 
FSC quantification and SFC mitigation. For comparison, two 
more strategies are simulated in addition to the proposed 
strategy (S-1). S-0: WT and DPV do not provide PFC. S-2: 
WT provides PFC until the end of sup  and DPV provides 

G G
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LoadLoad
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Fig. 4. Modified IEEE 9-bus system with hybrid RES station. 
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Fig. 5. Iteration process of the aggregated WT-DPV FSC. 
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Fig. 6. Extreme Pe-ωr trajectories of three WTs under UR and DR scenarios. 
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Fig. 7. Convergent UR and DR droop gains of each WT. 
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Fig. 8. Iteration process of the DPV capacity utilization. 

979-8-3315-8138-1



 

 

pure droop support without aiding WT exit. For fairness, all 
other settings are the same. 

Fig.9 presents the simulation results of UR scenario. It can 
be seen that the coordinated PFC from WT-DPV significantly 
lifts the frequency deviation f . At 15 s, f  has basically 
stabilized and the WTs start to disenable the PFC loop. From 
Fig.9 (b), the WT support power 

WTP  (the same for S-1 and 
S-2) suddenly drops. Under S-1, the DPV fully releases the 
UR margin, thereby avoiding the SFC issue that occurs in the 
simulation under S-2. After 15 s, 

WTP  continues to decrease 
because WTs sequentially switch their RST gains from '

rstk  
back to 

rstk ; then, Pe=
2

rst rk   makes rotor speed recover and 
finally 

WTP  returns to 0. Fig.9 (c) shows the transition of the 
20 WTs’ rotor speeds (the same for S-1 and S-2). Each WT’s 
ωr decreases monotonically and reach the lower limit at 15 s 
as its RKE margin for deceleration can be exhausted according 
to the assessment model (20). After 15 s, each WT’s ωr 
remains at 0.7 p.u. until its turn to restore the RST gain.  

The simulation results of DR scenario are shown in Fig.10. 
It can be seen that the operational logic and WT-DPV PFC 
performance are basically consistent with that of the UR 
scenario. However, according to the results in Fig.8 (c), the 
DR margin of DPV is greater than the total power increase 
caused by WT exit. Therefore, at 15 s, f  not only does not 
increase but actually decreases. In addition, due to the non-

negative power constraint, two WTs’ RKE margin for 
acceleration cannot be fully utilized. 

V. CONCLUSION 

In this paper, an aggregated WT-DPV FSC assessment 
model is proposed to quantify the complementarity of WTs 
and DPVs for coordinated PFC. To accurately capture WT 
dynamics within the assessment framework, a PWL rotor 
dynamics representation and an approximation method for 
safety constraints are developed, enabling flexible adaptation 
to diverse WT operating states. The adverse impact of WTs’ 
exit from PFC is also addressed during the assessment phase 
through WT-DPV coordination. Furthermore, an iterative 
solution approach is introduced to effectively handle the 
interaction between SFR dynamics and the hybrid renewable 
energy station. Case studies demonstrate that WT-DPV 
coordination can enhance the aggregated PFC provision, 
while the FSC assessment model ensures WT operational 
safety and the mitigation of SFC. Future research may explore 
wide-area coordinated frequency control strategies with 
multiple RES stations and flexible loads. 
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Fig. 9. Simulation results of the UR scenario. 
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Fig. 10. Simulation results of thee DR scenario. 

979-8-3315-8138-1




