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Abstract—With the rapid development of renewable 

energy, power system inertia is gradually decreasing, 

threatening the stability of system frequency. 

Grid-forming (GF)-based wind turbines (WTs) equipped 

with active inertia response are key to addressing the 

problem of low-inertia power systems. However, existing 

researches have focused on the inertia response of 

GF-based WTs in the maximum power point tracking 

(MPPT) range, while lacking the discussion on the control 

and implementation of inertia response in other operating 

ranges. Therefore, this paper proposes an inertia response 

control method for permanent magnet synchronous gen-

erator (PMSG)-based WTs across the full wind speed 

range based on inertia synchronization control (IsynC). 

By analyzing the characteristics of the inertia response 

and safe operating boundaries of the WT at different 

operational stages, a control method for the smooth speed 

transition of the WT across different operating ranges is 

proposed. By utilizing a composite judgment logic based 

on the DC voltage rate of change and rotor speed, an 

adaptive inertia response for different operating modes is 

achieved. Single and multiple PMSG-WT simulation 

models are built in PSCAD/EMTDC to simulate the 

proposed full wind speed range inertia response control 

and its operational characteristics. The results demon-

strate that this method enables the selective inertia re-

sponse of WTs across the full wind speed range, effec-

tively enhancing the frequency support capabilities of 

renewable energy generation systems. 

Index Terms—Grid-forming, permanent magnet syn-

chronous generator (PMSG), inertia response, full wind 

range, seamless switching. 

 

 
_____________________________________ 

Received: September 26, 2024 

Accepted: May 15, 2025 

Published Online: September 1, 2025 

Zhenyan Deng, Han Wang (corresponding author), Yao Qin, 

Renxin Yang, and Xu Cai are with the Laboratory of Control of 

Power Transmission and Conversion, Shanghai Jiao Tong Uni-

versity, Shanghai 200240, China (e-mail: dengzy@sjtu.edu.cn; 

wanghansjtu@sjtu.edu.cn; qy_dawn@sjtu.edu.cn; frank_yang@ 

sjtu.edu.cn; xucai@sjtu.edu.cn). 

DOI: 10.23919/PCMP.2023.000153 

Ⅰ.   INTRODUCTION 

ith China’s efforts to advance toward its “emis-

sion peak” and “carbon neutrality” targets, the 

integration of renewable energy into the grid has been 

steadily increasing. As a result, traditional power sys-

tems now prominently feature a combination of high 

proportion of renewable energy sources and widespread 

use of power electronic devices [1], [2]. Currently, re-

newable energy generation units, particularly wind and 

solar units, neither provide inherent inertia to the grid 

nor offer active frequency support [3]. This leads to a 

consistent decline in the system’s overall inertia, man-

ifesting a trend of diminished resilience or “weakening” 

[4], [5]. This evolving landscape poses significant 

challenges to the safe and stable operation of power 

systems. 

Numerous studies have been conducted on wind tur-

bines (WTs) participating in power system frequency 

regulation. These primarily encompass the followings: 

1) A portion of the active power of the WTs is re-

served for grid frequency modulation. By deviating 

WTs from the maximum power point tracking (MPPT) 

curve and deliberately increasing the pitch angle to 

reserve power, the WTs can be used to respond to grid 

frequency variations [6]. However, this method reduces 

the responsive power of WTs when the system fre-

quency increases.  

2) Introduction of the rate of change of frequency 

(RoCoF) into the control loop enables the establishment 

of a dynamic relationship between grid frequency and 

WTs’ output power to realize inertia response [7][10].  

3) Configuration of energy storage devices to enhance 

the frequency response capability of WTs [11], [12].  

4) Utilization of grid-forming (GF) control, which 

allows autonomous synchronization to the grid without 

phase-locked loop (PLL) and provides the capability to 

actively support grid frequency.  

In [13], a control method combining active pow-

er-frequency (P-f) droop and reactive power-voltage 

(Q-V) droop is proposed, enabling grid-tied inverters to 

emulate the output characteristics of a synchronous 

W 
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generator (SG). In [14] and [15], virtual synchronous 

generator (VSG) control is introduced, allowing the 

inertia and damping characteristics of a grid-tied con-

verter. However, although its output characteristics are 

more akin to those of an SG, it cannot be directly ap-

plied to a WT that requires DC voltage control. For high 

voltage direct current (HVDC) converters, a pow-

er-synchronization control method is proposed in [16], 

in which the output of the DC voltage controller serves 

as the active power reference. By integrating the devia-

tion of the active power, the grid angle is derived, ena-

bling the converter to synchronize autonomously with 

the grid without phase locking and to emulate the 

characteristics of SG. However, the synchronization 

mechanism of this method is relatively complex. In [17], 

a control method is proposed based on the dynamic 

characteristics of the DC capacitor of a wind power 

converter to autonomously achieve grid synchroniza-

tion. It possesses the inertia response characteristics of 

SG and allows doubly-fed WTs to autonomously sense 

the grid frequency and perform inertia response. This 

autonomous GF control method is also termed inertia 

synchronization control (IsynC). Subsequently, refer-

ences [18][20] apply this autonomous control method 

to flexible DC transmission systems and WTs based on 

permanent magnet synchronous generator (PMSG). The 

researches indicate that  IsynC can be applied to various 

units in the renewable energy field, demonstrating its 

strong applicability. 

While references [17][20] provide a detailed dis-

cussion of the principles of IsynC and its application in 

various wind power generation systems, their re-

searches are limited to the MPPT stage. They do not 

address control methods under real full-wind range 

conditions, where the WTs operate at varying speed and 

different power pitch most of the time. As a result, the 

operational range for the inertia response is severely 

constrained, reducing the effectiveness of WTs in sup-

porting the grid frequency. Therefore, the pressing is-

sues include how to achieve full wind range inertia 

response control for GF-controlled WTs, how to eval-

uate the inertia response performance of WTs, and how 

to define a stable operating range. 

Current researches on the operational control of WTs 

are predominantly focused on the MPPT mode, with 

less emphasis on the control strategies across the entire 

wind speed range. In [21], a strategy involving control 

loop switching is presented, where torque control is 

applied during the MPPT mode which is shifted to 

speed control under high wind speed conditions. De-

magnetization control, which explores the maximiza-

tion of PMSG electromagnetic torque at high wind 

speed, is proposed in [22] and is categorized as direct 

torque control. However, it does not address speed 

control under high wind conditions. Some studies have 

suggested to generate optimal torque command based 

on wind speed lookup table at low wind speed, with 

high wind speed control managed by pitch control 

[23][25]. A main controller is employed to issue 

power/torque commands, and once the rotor speed 

reaches the rated value, the torque command is limited 

to prevent further increase in the speed. However, the 

aforementioned approaches differ from the commonly 

used approach in commercial WTs. In [26][29], the 

torque/power commands for the system are defined 

according to the different speed ranges of the WT. A 

segmented function approach is used, which actively 

reduces the part of the load under high wind speed to 

prevent over speeding. 
In this paper, IsynC-based WTs are enhanced, cul-

minating in the proposal of a comprehensive inertia 
response control methodology tailored for them. This 
approach ensures that WTs are equipped with inertia 
response capabilities across all operation modes: low 
constant speed, MPPT, high constant speed, and con-
stant power mode. An in-depth examination of the in-
ertia response characteristics, safe operating boundaries, 
and control methods of the WTs throughout the entire 
wind speed range is conducted. The results indicate an 
enhanced inertia response capacity of the WTs. Notably, 
the introduced methodology allows for flexible and 
seamless transitions between different operational 
stages. A detailed model of a PMSG-WT unit is con-
structed in PSCAD/EMTDC, alongside a grid model 
consisting of one hundred IsynC-based WTs. Simula-
tions subsequently confirm the efficacy of the control 
method presented herein. 

The remainder of this paper is organized as follows. 
Section Ⅱ presents the basic technical route of WT 
based on IsynC. Section Ⅲ proposes an enhanced iner-
tia response control across the full wind speed range. 
Section Ⅳ demonstrates the simulation results of a 
single WT and wind farm based on PSCAD/EMTDC 
after adopting the proposed strategy. Finally, the con-
clusion of this paper is addressed in Section V. 

Ⅱ.   TECHNICAL ROUTES OF THE ISYNC-BASED WT 

The schematic structure of the wind power system is 
illustrated in Fig. 1. It encompasses a WT, a PMSG, a 
machine-side converter (MSC), a grid-side converter 

(GSC), a LC filter, and a transformer. In Fig. 1, dcC  

represents the DC capacitor; while fL  and fC  denote 

the inductance and capacitance of the filter, respectively; 

gL  is the grid equivalent inductance; dcU  is the DC 

voltage; while r  and r  correspond to the rotor an-

gular speed and rotor angle, respectively; sabcU  and 

sabcI  represent the three-phase voltage and current 

outputs of the generator, respectively; pabcU  is the 

voltage at the grid connection point; tabcI  is the output 

current of the WT; while mS  and gS  correspond to the 

control signals for the MSC and GSC, respectively. 
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Fig. 1.  System structure and control block diagram of an IsynC-based WT. 

A. Self-synchronization Principle of GSCs 

The GSC is synchronized with the grid using the inertia 
of the DC capacitor. The difference between the set and the 

actual values of dcu  is fed into the grid synchronization 

controller p ( )H s  to obtain the angular frequency of the 

AC voltage output of the GSC, whereas its integration 

yields the phase angle t  of the AC voltage output. This 

process can be represented as: 

dcn dc p 0

gn

( ) ( )

d
t

t t

u u H s

t

 

  

  
  

              (1) 

where 0  and gn  represent the initial and rated values 

of the grid frequency, respectively; dcnu  denotes the 

rated value of the DC voltage; s denotes the differential 

operator; and p θP( )H s K ( θPK  is the proportional 

coefficient of the grid synchronization controller). 
From the GSC control block diagram of the WT based 

on IsynC shown in Fig. 1, the magnitude tU  of the out-

put voltage from the WT’s GSC can be expressed as: 

gref g Q tn N( ) ( )tU Q Q H s U U                (2) 

where tnU  represents the rated magnitude of the grid 

voltage; Q QP QI( ) /H s K K s  denotes the reactive 

power controller ( QPK  and QIK  are the PI coefficients 

of the controller); grefQ  and gQ  correspond to the set 

and rated values of the reactive power output, respec-
tively; while NU  is the base voltage. 

The IsynC-based WT directly controls the amplitude 
and phase of the output voltage of the GSC, exhibiting 
the characteristics of a controlled voltage source. 

B. Inertia Transfer Control of the MSC 

Compared to the MSC with traditional vector control, 

only an inertia transfer control loop needs be added when 
utilizing the inertia of the DC capacitor for synchronization. 
The current control loop can be described as: 

ii
s pi s ref s s s

ii
s e f pi s ref s s s

( )( )

( )( )

d d d q q

q q q d d

K
U K I I I X

s
K
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s




   


     


  (3) 

where s refdI  and sdI  represent the set and real values of 

the d-axis current of the PMSG, respectively; similarly, 

s refqI  and sqI  are the set and real values of the q-axis 

current of the PMSG, respectively; piK  and iiK  denote 

the proportional and integral coefficients of the current 

controller, respectively; sdX  and sqX  are the dq-axis 

reactance of the generator; e  is the electrical angular 

speed of the generator; while f  is the amplitude of the 

flux linkage. 
The MSC controls the speed of the PMSG, where the 

speed setpoint is generated by the MPPT module. The 
difference between the set value and the actual speed is 
processed by a PI regulator to determine the d-axis 
current value, while the q-axis current command value 
is set to 0. The expression can be presented as: 

 

s ref

io
s ref po rref r VC IC

0d

q

I

K
I K T K

s
 




           

     (4) 

where rref  denote the set speed of the rotor, respec-

tively; poK  and ioK  represent the proportional and 

integral coefficients of the speed controller, respectively; 

VCT  stands for the torque component of the inertia 

transfer control; and ICK  is the conversion coefficient 

from torque to current. 

dcu  of the IsynC-WT can dynamically reflect the 
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changes in the grid frequency. By incorporating an 
additional inertia transfer control loop and integrating 
its output into the torque setpoint of the PMSG, it be-
comes feasible to effectively utilize the rotor inertia of 
the WT, thereby achieving an enhanced inertia response 
of the WT. This paper uses an additional torque ap-
proach to realize the inertia response of the IsynC-based 

WT system. Consequently, VCT  can be expressed as: 

C

VC dc

m 1

K s
T u

T s



                            (5) 

where mT  is the time constant of the inertia transfer 

loop and CK  is its coefficient. 

Ⅲ.   ENHANCED INERTIA RESPONSE CONTROL FOR FULL 

WIND RANGE 

For the inherent physical characteristics of WT sys-
tems, different control objectives are necessary across 
varying wind speed ranges. This paper introduces a 
method for the inertia response control targeting 
IsynC-based WT systems in the full wind speed range, 
which includes a seamless speed transition control unit 
for PMSGs and an adaptive inertia transfer control unit. 

A. Operating Range of the IsynC-based WT 

The operational speed range of the WT is constrained by 

the maximum safe speed max  and the minimum safe 

speed min . As depicted in Fig. 2, when the wind speed 

wv  increases, the system operates in the following phases: 

1) For wv  in in 1( ,  )v v , the system is in the constant 

low-speed phase (Phase Ⅰ); 

2) wv  lies in 1 2( ,  )v v  and it corresponds to the MPPT 

phase (Phase Ⅱ); 

3) For wv  in 2 n( ,  )v v , the system enters the constant 

high-speed phase (Phase Ⅲ); 

4) For wv  in n out( ,  )v v , the operation enters the con-

stant power phase (Phase Ⅳ). 
Herein, inv  is the cut-in wind speed; 1v  is the wind 

speed entering the MPPT phase; 2v  is the wind speed 

transitioning to the constant speed phase; and outv  is the 

cut-out wind speed.  

Figure 2 shows that when wv  falls within the range of 

1 11( ,  )v v  and 21 2( ,  )v v , the turbine operates in the tran-

sition regions between the low constant speed and 
MPPT phases, and between the MPPT and high con-
stant speed phases, respectively. To streamline the 
analysis, this paper considers both intervals as operating 
under the MPPT mode [30]. 

 
Fig. 2.  Operating state diagram of the WTs in the full wind speed range. 

B. Seamless Speed Transition Control of the WT 

Figure 3 illustrates the speed control unit proposed in 
this paper for the full wind speed range, which includes 
a low wind speed controller, a high wind speed con-

troller, and a multipath selector controller. Here, n  

corresponds to the rated speed and rmid  is the inter-

mediate speed utilized for switching controls under 
different wind speed ranges. 

 
Fig. 3.  Control structure of seamless speed transition control of 

PMSG. 

The maximum and minimum torque limits, e1HT  and 

e1LT , of the output torque e1T  from the speed controller 

in the low wind speed range are given by: 
2

e1H opt r

e1L 0

T k

T

 



                                (6) 

where optk  represents the coefficient for maximum 

wind power tracking. 

The maximum and minimum torque limits, e2HT  and 

e2LT , of the output torque e2T  from the speed controller 

in the high wind speed range are: 

e2H max
2

e2L opt r

T T

T k 


 
                            (7) 

where maxT  represents the maximum torque of the 

generator. 
The operation of the WT under different rotor speed 

can be described as follows. 

1) When r  is less than min , the torque setpoint of 

the WT is determined by the output of the speed con-
troller in the low wind speed range. As shown in Fig. 3, 

because r  is less than min , the erefT  setpoint of the 

WT unit produced by the PI controller is equal to the 
minimum torque amplitude of 0. Thus, the power output 
of the WT is 0, and the WT operates in a constant 
low-speed operating mode. 

2) When r  is greater than min  but less than rmid , 

the torque setpoint is again determined by the output of 
the speed controller in the low wind speed range. When 

r  is greater than min , erefT  is equal to the maximum 

torque limit 
2

opt r .k   At this stage, the wind turbine op-

erates in the MPPT mode. 

3) When the rotational speed r  is greater than rmid  

but less than the rated speed n , the torque setpoint is 

determined by the output of the speed controller in the 
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high wind speed range. When r  is less than n , erefT  

is equal to the minimum torque limit 2
opt rk  . During 

this period, the WT also operates in the MPPT mode. 

4) When the rotational speed r  exceeds n , the 

torque setpoint is determined by the output of the speed 
controller in the high wind speed range. When the WT’s 

output torque is equal to emaxT , the WT operates in the 

constant high speed operation phase. If the WT’s output 

torque exceeds emaxT , the torque of the WT unit sur-

passes n , and the pitch controller is activated to reduce 

the wind power captured by the WT. During this time, 
the WT operates in the constant power operation phase. 

Typically, min  is set to 60% of n , and rmid  is set 

to 80% of n . The seamless speed transition control 

method proposed in this paper has the following char-
acteristics. 

1) The PI regulators of both the low wind speed range 
controller and the high wind speed range controller 
operate in the near saturation state. 

2) The upper limit of the torque output from the low 
wind speed range is equal to the lower limit of the 
torque output from the high wind speed range. 

3) The switch value rmid  of the speed controller is 

set at the midpoint between the minimum speed min  

and the rated speed n . 

These features allow the speed variation of the WT to 
automatically switch between the four operating phases. 
During the transition of the speed controller, the desat-
uration effect of the PI regulator can be utilized to 
achieve seamless and flexible transitions between dif-
ferent operational intervals. This method circumvents 
the gradient issues associated with the lookup table 
method and preserves the operational interval of the 
unit’s MPPT to the greatest extent [31]. 

C. Adaptive Inertia Response Control in a Full Wind 

Range 

As shown in Fig. 2, in range Ⅰ, the output power of the 
WT is minimal, and its speed is controlled at the lowest 
operating speed. As a result, it cannot release the rotor’s 
kinetic energy and thus has no inertia response capabil-
ity when the grid frequency drops. In this mode, the 
input command value for the current controller is given 
by: 

e1L VC IC dc

s ref1

e1L IC dc

( ) ,  ( 0)

,  ( 0)
d

T T K su
I

T K su


 


＞

＜
           (8) 

The rotor kinetic energy VCE  released by the WT 

generator during the inertia response is defined as: 

inr inr
mC n inr C n

VC VC
0 0

gn gn

d e d

t
t t

TK S t K S
E P t t

f f



        (9) 

where inrt  is the duration of the inertia response and 

VCP  is the power from the inertia transfer portion; nS  

is the rated power; and gnf  is the rated frequency of the 

grid. At this point, the WT generator absorbs power, and 
the energy boundary that slows the system frequency 
variation is described by: 

2 2

VC max1 max r0

1
( )

2
E E J    ≤              (10) 

where max1E  is the maximum kinetic energy that can 

be released by the rotor of the WT generator at a con-

stant low speed; max  and r0  are the maximum al-

lowable and current rotary speeds, respectively. 
Similarly, in phase Ⅱ, the WT operates in the MPPT 

mode. At this time, the rotor speed can increase or de-
crease, allowing the WT to respond to grid frequency 
increase or decrease. The input command value for the 
current controller during this phase is given by: 

2

opt r VC IC dc

s ref2 2

opt r VC IC dc

( ) ,  ( 0)

( ) ,  ( 0)
d

k T K su
I

k T K su





 
 



＞

＜
         (11) 

During this phase, the energy boundary of the WT 
generator used for the inertia response is given by: 

2 2

VC max 21 max r0

2 2

VC max 22 r0 min

1
( )

2

1
( )

2

E E J

E E J

 

 


  



   


≤

≤

          (12) 

In phase Ⅲ, the rotor speed reaches its rated value. At 

this time, the WT can release rotor kinetic energy to 

support the transient frequency drop in the grid. How-

ever, the inertia response to the system frequency in-

crease may cause the speed to exceed its bounds due to 

the reduction in the output of the WT. Therefore, during 

this phase, the WT does not respond to frequency rise 

events caused by load shedding. The input command 

value for the current controller during this stage is given by: 

e2H VC IC dc

s ref3

e2H VC IC dc

( ) ,  0

( ) ,  0
d

T T K su
I

T T K su


 



＞

＜
           (13) 

The inertia response boundary during this stage is 
given by: 

2 2

VC max 3 r0 min

1
( )

2
E E J    ≤            (14) 

In phase Ⅳ, since the output power of the WT has 

reached its rated value, the increased output power that 

can be achieved by the unit’s inertia response to a drop 

in grid frequency is limited, making inertia response 

unfeasible. During this stage, the inertia response con-

trol capability of the WT generator should be limited 

according to changes in the grid frequency, that is: 

s ref3 s ref4d dI I                                (15) 

In the constant power operation mode, the boundary 

of the inertia response is the same as that in the constant 

high speed mode: 

VC max 4 max 3E E E  ≤                       (16) 

Based on the above considerations, this paper pro-
poses an adaptive inertia response control method for 
the full wind speed range. It can respond “selectively” 
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to grid frequency variations based on the current oper-
ating state of the WT and protection requirements. This 
achieves inertia response capabilities throughout the 
wind speed range, with its output expressed as: 

VC VC dc r VC dc( , ) ( )T S u G s su                (17) 

where VC dc r( , )S u   is defined as the inertia response 

selection function, which is a binary function in terms of 

dcu  and r ; VC ( )G s  is the low-pass filter in Eq. (5).  

Figure 4 presents the framework of the adaptive in-

ertia response control. Based on the rate of change in 

dcu  and r , the grid frequency variation and the wind 

speed range in which the WT operates are instantly 

identified. By outputting 0/1 signals, the enabling and 

blocking of the inertia response capability are realized. 

 
Fig. 4.  Adaptive inertia response schematic. 

With the inclusion of the adaptive inertia transfer 

control module, the input value of the current control 

loop can be expressed as: 

s ref eref VC dc r VC dc IC( ( , ) ( ) )dI T S u G s su K        (18) 

where erefT  is the output of the speed PI controller. 

According to Eq. (18), with the addition of adaptive 

inertia transfer control, the IsynC-based WT can au-

tonomously respond to frequency change based on the 

rate of change of dcu  across the full wind speed range. 

It selectively releases/stores rotor kinetic energy based 

on the real-time operating state of the WT, so as to 

support the system frequency. This realizes a holistic 

control strategy for the WT, addressing both frontend 

protection and direct speed control. 

Ⅳ.   SIMULATION VERIFICATION 

First, an IsynC-based WT is selected and is subjected 

to a fixed grid frequency variation and four wind speeds 

corresponding to different phases. The seamless speed 

switching control strategy for the full wind speed range 

proposed in this paper, as well as the adaptive inertia 

response function, are then verified. In the second step, 

a wind farm comprising 100 IsynC-based WTs is set up 

in the grid model. This includes WT groups operating at 

different wind speeds to verify the enhancement effect 

of the control strategy proposed in this paper when 

multiple units are running in parallel. The WT electrical 

and mechanical parameters are shown in Tables Ⅰ and Ⅱ, 

respectively. 

TABLE Ⅰ 

ELECTRICAL PARAMETERS OF A FULL-POWER WIND TURBINE 

Symbol Description Value 

N (MW)S  Rated power 2.0  

N (kV)U  Rated value of AC voltage 0.69  

dcn (kV)u  Rated value of DC voltage 1.2 

dc (mF)C  DC-link capacitor 32.76 

f (μH)L  Filter inductance 160 

f (μH)C  Filter capacitor 600 

N (Hz)f  Rated frequency of PMSG 9.75 

wt (s)H  Inertia time constant of PMSG 4.0 

s (mH)L  Synchronous inductance 5.12 

ms (Hz)f  Switching frequency of MSC 2000 

gs (Hz)f  Switching frequency of GSC 3000 

TABLE Ⅱ 

MECHANICAL PARAMETERS OF THE WIND TURBINE 

Symbol Description Value 

A (m)R  Rotor radius 60.5 

in (m/s)v  Cut-in wind speed 2.5 

n (m/s)v  Rated wind speed 9  

out (m/s)v  Cut-out wind speed 25 

  Optimal tip speed ratio 11 

wJ (kg·m2 ) Rotational inertia of turbine 3.134×107 

A. Verification of Seamless Speed Transition Control 

The simulation conditions are as follows. At 15 st  , 

the wind speed wv  jumps from 6 m/s to 10 m/s, transi-

tioning the WT from the MPPT operating phase to the 

constant power operating phase. At 25 st  , wv  drops 

to 6 m/s, causing the WT to transition from the con-
stant-power operating phase back to the MPPT operat-
ing phase. The corresponding simulation waveforms are 
shown in Fig. 5(a). 

From Fig. 5(a), it is evident that prior to 15 st  , the 

rotor speed r  is 0.85 p.u. and the unit’s output active 

power gP  is 0.55 p.u., operating in the MPPT phase. 

After wv  jumps to 10 m/s, r  starts to increase. By 

16 st  , gP  climbs to 1.0 p.u., and the pitch control 

mechanism is then activated. The pitch angle β gradu-
ally increases from 0° to 1.5°. At this point, the output 
power is constrained at 1 p.u., and the WT operates in 

the constant power phase. At 25 st  , when wv  drops 

to 6 m/s, r , gP , and β revert to their respective values 

before the wind speed change. Throughout the process, 

dcu  is maintained at its rated value, and is consistent 

with the grid frequency gf . The simulation results 

demonstrate that during a step change in wind speed, the 
proposed full wind speed range speed control strategy 
can achieve smooth control of the rotor speed and 
seamlessly transition between the MPPT, constant 
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speed, and constant power operating phases. 
To further validate the effectiveness of the control 

strategy proposed in this paper, another simulation is set up 
where the wind speed changes from 3 m/s to 10 m/s at a 
certain slope. In this scenario, the IsynC-based WT se-
quentially operates in constant low-speed mode (Ⅰ), MPPT 
mode (Ⅱ), constant high-speed mode (Ⅲ), and con-
stant-power mode (Ⅳ). The corresponding simulation 
waveforms are shown in Fig. 5(b). 

As shown in Fig. 5(b), prior to 15 st  , the wind 

speed wv  remains at 3 m/s, and the WT operates in con-

stant low-speed mode, with an output power gP  of 0.05 

p.u., a rotor speed r  of 0.6 p.u., and a torque eT  of 0.1 

p.u. At 15 st  , wv  begins to rise at a rate of 1.0 m/s 

until it reaches 10 m/s. Between 15 st   and 20 st  , 

the WT operates in MPPT mode, during which both r  

and eT  increase, and consequently increasing gP  until 

r  reaches 1.0 p.u. at 20 st  , signifying the entry of 

WT into mode Ⅲ, i.e., the constant high-speed mode. At 

this point, because gP  is 0.9 p.u. and is less than the rated 

value, the pitch angle β remains at 0. However, as wv  

rapidly increases to 10 m/s by 22 st  , gP  reaches 1.0 

p.u. and the wind turbine’s captured power wtP  exceeds 

1.0 p.u. Consequently, pitch angle control is activated, 
which gradually increases it to 1.9°. At this condition, 

wtP  equals gP  at 1.0 p.u., and the WT operates in con-

stant power mode. The simulation waveforms in Fig. 5(b) 
show well-controlled electromagnetic torque, rotor speed, 
and output power of the WT across all four operating 
modes, without any large transients, thus thoroughly 
validating the effectiveness of the proposed seamless 
speed transition control strategy. 

Finally, as observed from Figs. 5(a) and (b), 
throughout the entire operational process of the step 

change and slope variation in the wind speed, dcu  con-

sistently aligns with gf , remaining stable at 1 p.u. This 

indicates that the seamless speed transition control 
strategy proposed in this paper does not affect the 
characteristics of DC voltage mapping to the grid fre-
quency. 

 

 
Fig. 5.  Response waveforms of the IsynC-based WT during wind 

speed variations. (a) Wind speed step change. (b) Wind speed 

slope variation. 

B. Verification of Adaptive Inertia Response Control 

1) Case I: Operation in Low-constant-speed Mode 

wv  is set to 3 m/s, while CK  is selected as 5 and 10, 

respectively. At 5 st  , the grid frequency gf  de-

creases at a rate of 0.005 p.u./s to 0.98 p.u., and then, at 
15 st  , it recovers to the rated frequency at the same 

rate. The corresponding simulation waveforms are 
shown in Fig. 6, where Figs. 6(a) and (b) represent the 

scenarios with the CK  values of 5 and 10, respectively. 

At 5 st  , dcu  follows the change in the grid fre-

quency, maintaining its synchronization. r  remains at 

0.6 p.u., with its active power output gP  at zero. At 

15 st  , when the grid frequency increases, for C 5K   

in Fig. 6(a), r  increases from 0.60 p.u. to 0.62 p.u., 

and gP  changes from 0.05 p.u. to 0.2 p.u. For C 10K   

in Fig. 6(b), r  increases from 0.60 p.u. to 0.65 p.u., 

and gP  changes from 0.05 p.u. to 0.1 p.u. 

The simulation results demonstrate that during the 

constant low-speed operation mode of the WT, when 

the grid frequency drops, the unit does not participate in 

inertia response. However, when the grid frequency 

increases, the rotor speed increases, storing kinetic en-

ergy, indicating the WT’s capability to absorb power 

from the grid for inertia response. 

2) Case Ⅱ: Operation in MPPT Mode 

wv  is set to 6 m/s, and the settings for CK  and gf  

changes are the same as those in Case Ⅰ. The simulation 
waveforms corresponding to these changes are shown in 
Fig. 6. 

At 5 st  , when gf  decreases with a RoCoF of 0.01 

p.u./s, dcu  instantly decreases by 0.01 p.u. At C 5K  , 

r  decreases from 0.90 p.u. to 0.885 p.u., and gP  

changes from 0.5 p.u. to 0.6 p.u. For the larger CK  of 10, 

r  decreases from 0.9 p.u. to 0.7 p.u., and gP  changes 
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from 0.5 p.u. to 0.7 p.u. At 15 st  , when gf  recovers, 

for C 5K  , r  increases from 0.90 p.u. to 0.915 p.u., 

and gP  changes from 0.5 p.u. to 0.4 p.u. For C 10K  , 

r  increases from 0.90 p.u. to 0.93 p.u., while gP  

changes from 0.5 p.u. to 0.3 p.u. 
The simulation findings show that throughout the 

MPPT mode, a decrease in the grid frequency causes the 

WT to decrease its velocity, thereby extracting kinetic 

energy from the rotor. This suggests that the unit can 

effectively provide power for the inertia response. 

Conversely, when the grid frequency increases, the 

wind turbine’s speed increases to store kinetic energy. 

3) Case Ⅲ: High-constant-speed/Constant-power Mode 

Operation 

Given that the constant-power mode mainly relies on 

the action of the pitch control and that the rotation speed 

remains at the maximum limit, such as in the constant 

high-speed mode, these two scenarios will be discussed 

together. 

wv  is 8 m/s, and the settings for the changes in CK  

and gf  are the same as those in Case I. At 5 st  , gf  

decreases from 1.0 p.u. to 0.98 p.u., while at 15 st  , 

gf returns to its nominal value of 1.0 p.u. The corre-

sponding simulation waveforms are shown in Fig. 6. 

The WT operates at its rated speed, and gP  reaches 

the maximum value, positioning the unit in the constant 

high-speed operation mode. At 5 st  , as gf  decreases, 

dcu  promptly diminishes by 0.02 p.u., synchronizing 

with the former change. When C 5K  , r  transitions 

from 1.0 p.u. to 0.99 p.u., and gP  shifts from 0.9 p.u. to 

1.0 p.u. Conversely, with C 10K  , r  moves from 1.0 p.u. 

to 0.98 p.u., and gP  changes from 1.0 p.u. to 1.1 p.u. 

Upon reaching 15 st   as gf  is reinstated, dcu  con-

tinues to reflexively mirror the fluctuations in the grid 
frequency. However, both the rotor speed and power 
output remain stable. 

The waveforms show that during the constant 
high-speed operation phase, as the grid frequency de-
creases, the rotor decelerates, dispensing its kinetic 
energy and endowing the unit with the capability to 
extract power for the inertia response. However, when 
the grid frequency increases, the system refrains from 
the inertia response. 

Moreover, in both Figs. 6(a) and (b), the variations in 

dcu  are completely consistent with those in gf , 

demonstrating that changes in the CK  coefficient do not 

affect the mapping relationship between the DC voltage 
and grid frequency in the IsynC. 

 
Fig. 6.  Inertia response waveform of the WT under different wind speeds. (a) C 5.K   (b) C 10.K   
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C. Verification of Enhanced Control in Wind Farm 

To validate the efficacy of the enhanced inertia re-

sponse control method proposed in this paper when 

multiple units operate in parallel, a model of a syn-

chronous generator connected to a wind farm equipped 

with 100 grid-forming WTs is established in the 

PSCAD/EMTDC simulation software, as illustrated in 

Fig. 7. 

The model shown in Fig. 7 consists of one SG (G1), 

four buses (Bus1Bus4), and a grid-forming voltage 

source wind farm utilizing inertia-synchronization 

control. The fixed load and temporary load are con-

nected via Bus2, while the wind farm is connected via 

Bus4. The parameters for the SG and loads are provided 

in Table Ⅲ, and those of the WTs can be found in Table Ⅰ. 

TABLE Ⅲ 

SYNCHRONOUS GENERATOR PARAMETERS 

Symbol Description Value 

SG (GW)S  Rated power of SG 1.0 

R  Regulation coefficient 0.092 

H (s) Inertia time constant of SG 4.8 

RH (s)T  Time constant of reheater 10 

HPF  Power proportion of HP 0.3 

Lo (MW)S  Fixed load 500 

Tr (MW)S  Temporary load 50 

 

Fig. 7.  Simulation model of inertia response control in the full 

wind speed range. 

To enhance the simulation efficiency, the power 

equivalent aggregation method is employed, condens-

ing the 100 WTs into 4 equivalent units with identical 

capacity. To validate the inertia response control in this 

paper, the simulation conditions are as follows. 

1) Unit 1 has a wind speed of 3 m/s and operates in 

the constant low-speed mode with an inertia control 

coefficient C1 10K  . 

2) Unit 2 has a wind speed of 5 m/s and functions in 

the MPPT mode with C2 10K  . 

3) Unit 3 has a wind speed of 7 m/s and operates in 

the constant high-speed mode with C3 10K  . 

4) Unit 4 has a wind speed of 10 m/s and functions in 

the constant-power region with an inertia control coef-

ficient C4 20K  . This is used to differentiate from 

Mode Ⅲ. 
It is important to note that in reality, a more common 

scenario is to have different units within the same wind 

farm operating in three distinct states simultaneously [32], 

whereas having all four mentioned states concurrently 

present in the wind farm is an extreme case. Two simula-

tion cases are considered here. 

1) Case Ⅰ: System Load Suddenly Increases by 50 MW 

The corresponding simulation waveforms are illus-

trated in Fig. 8. Among them, r1 r4   represent the 

generator speeds of the four equivalent WT units, while 

g1 g4P P  signify the active power output of each unit. 

Figure 8 depicts the inertia response waveforms of 

the units under two different control methods in the case 

of a sudden increase in the load. By comparison, it is 

evident that at 5 st  , when the system experienced an 

active power deficit, only unit 2 responds with inertia 

under the traditional control method in [19]. By contrast, 

when adopting the control method proposed in this 

paper, units 2, 3, and 4 all exhibit inertia responses. 

Moreover, each unit remains within its safe design 

boundaries. 

 

Fig. 8.  Waveforms of the speed and power of the IsynC WT unit 

during a sudden load increase in the power system. (a) With 

traditional control in [19]. (b) With enhanced control. 

2) Case Ⅱ: System Load Suddenly Decreases by 50 MW 

The corresponding simulation waveforms are illus-

trated in Fig. 9, which illustrates the inertia response 

waveforms during a sudden load decrease under two 

distinct control methods. It can be seen that at 5 st  , 

when the system faces an active power surplus, only 

unit 2 exhibits an inertia response under the conven-

tional control approach. However, employing the pro-

posed control strategy, both units 1 and 2 execute inertia 

responses. 

Furthermore, Fig. 10 compares the grid frequency 

responses between the conventional control method and 

the proposed control strategy during both sudden load 

increase and decrease. As illustrated in Fig. 10(a), for 

the traditional control method, when the system load is 
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increased, the RoCoF is 0.161 p.u./s, with the lowest 

frequency value of 0.9913 p.u.. In comparison, when 

employing the enhanced control strategy, the RoCoF is 

reduced to 0.137 p.u./s, with the lowest value recorded 

as 0.9919 p.u. Moreover, as shown in Fig. 10(b), when 

the system load drops suddenly, the traditional control 

method in [19] results in a maximum RoCoF of 0.243 

p.u./s, with the lowest frequency value of 1.0092 p.u. By 

contrast, the approach proposed in this paper registers a 

maximum RoCoF of 0.190 p.u./s and a frequency 

minimum of 1.0086 p.u. 

 

Fig. 9.  Waveforms of the speed and power of the IsynC WT unit 

during a sudden load decrease in the power system. (a) With 

traditional control in [19]. (b) With enhanced control. 

 

Fig. 10.  Grid frequency and wind farm power response wave-

forms. (a) Load step up. (b) Load step down. 

3) Case Ⅲ: CK  Changes from 0 to 15 

In this case, the impact of varying the inertia response 

coefficient CK  on the overall output power of the wind 

farm is further analyzed. In the IsynC wind farm, CK  is 

set to the same value for all the WTs. The waveforms of 

the system frequency drop and the wind farm’s output 

power under different CK  values are depicted in Figs. 

11(a) and (b), respectively. All other simulation pa-

rameters remain consistent with those in Case Ⅰ. 

As observed from Fig. 11, with CK  of 0, the output 

power of the wind farm remains at 0.6 p.u., and is un-

responsive to system frequency changes. However, as 

CK  increases to 5, 10, and 15, the maximum active 

power response of the IsynC wind farm to frequency 

changes increases to 0.64 p.u., 0.66 p.u., and 0.69 p.u., 

respectively. The lowest points of the system frequency 

are improved from 0.9906 p.u. to 0.9912 p.u., 0.9916 p.u., 

and 0.9918 p.u., respectively. This indicates that in-

creasing CK  enhances the inertia response capability of 

the IsynC wind farm, which helps to reduce the system 

frequency variations and elevate the lowest frequency 

points. 

 
Fig. 11.  Grid frequency and wind farm output power response 

waveforms under different KC values. 

The simulation results clearly show that, compared to 
the traditional method in [19], the proposed inertia re-
sponse control strategy for the full wind speed range, 
enhances the ability of the WTs to support grid fre-
quency. Additionally, the response power of the WTs 

can be adjusted by tuning the value of CK . This im-

proved strategy can more effectively reduce the rate of 
grid frequency fluctuations and lessen the extent of 
frequency changes. 

Ⅴ.   CONCLUSION 

Based on the control principle of IsynC, this paper 
proposes a control method that allows IsynC-controlled 
full-power conversion WTs to selectively participate in 
inertia response during all wind speed operating phases. 
This paper introduces an evaluation index for the inertia 
response performance of a WT, provides the design 
range and process for inertia transfer control parameters, 
and validates the proposed control method through 
simulations. The main conclusions of the study are as 
follows. 
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1) At low wind speed, the WT cannot respond to the 
system’s positive frequency deviation with inertia. At 
high wind speeds, the unit does not respond to the sys-
tem’s negative frequency deviation with inertia. By 
adopting a composite judgment method based on the 
rate of change in the DC voltage and generator speed, 
selective inertia response control of the WTs throughout 
all wind speed ranges can be realized. This enhances the 
inertia response capability of the WTs. Moreover, by 
adjusting the inertia transfer control coefficient, the 
magnitude of the inertia response power can be varied. 

2) The introduction of respective speed controllers in 
the low wind speed range and high wind speed range 
ensures that the regulators operate in a consistently 
saturated states. Setting the torque output upper limit 
value during the low wind speed range equal to the 
torque output lower limit value during the high wind 
speed range allows for a flexible, seamless transition 
between different operating regions using the desatura-
tion effect of the PI regulators. This approach maxim-
izes the operating range of the unit’s MPPT mode. 
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