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Abstract 
For speed and the system frequency doubly-fed wind power generator rotor completely 
decoupling can't take the initiative to participate in the problem of system frequency 
regulation, is proposed based on super capacitor doubly-fed wind power generator 
(doubly fed wind turbine, DFIG) limit torque frequency modulation control strategy, To 
improve the frequency stability of the microgrid island with wind turbine. A large 
amount of rotor kinetic energy is released when the system frequency drops beyond the 
dead zone, and the active power output is increased to participate in the frequency 
regulation of the system through the additional optimized torque limiting control of the 
doubly-fed wind turbine. The DFIG rotor speed recovery curve can be changed to 
increase the active power output while reducing the active power plunge. Meanwhile, 
the supercapacitor is used to increase the output active power when the wind turbine 
exits the inertia support to play the role of power support, so as to reduce the secondary 
drop amplitude of the system frequency. Finally, a microgrid simulation model is 
established in Matlab/Simulik to verify the proposed control strategy. The results show 
that the proposed combined frequency modulation control strategy can effectively 
participate in the frequency adjustment of the system and improve the frequency 
secondary drop. 
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1. Introduction 

The access of distributed energy with high permeability will have many adverse effects on the safe 
operation and power supply quality of distribution network. As an important means of effective 
management of distributed energy, microgrid technology has become an important development 
direction of modern power grids [1]. However, due to the small inertia of distributed energy in 
microgrid and the lack of active frequency modulation capability, when the system load changes, it 
will show a sharp frequency offset, threatening the stable operation of the system [2]. 

In the microgrid system dominated by wind power, in order to avoid the rapid frequency decline of 
the system when large load disturbance occurs, the wind turbine needs to have the ability to actively 
respond to the frequency change to maintain the frequency stability of the system. At present, doubly-
fed wind turbines generally adopt rotor kinetic energy control strategy [3-6], load reduction control 
[7-9], traditional variable pitch control [10-11] and energy storage equipment [12-14] to participate 
in frequency modulation. The kinetic energy control of the rotor controls the output of the wind 
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turbine by changing the rotor speed, so as to achieve the purpose of balancing the system frequency. 
Literature [15] proposes to simulate the sag characteristics of synchronous generators and provide 
active power support through response frequency deviation. In literature [16], virtual inertia control 
was added to release rotor kinetic energy in response to inertia control through frequency change rate 
to participate in system frequency modulation. Literature [17] simulates the sag characteristics and 
virtual inertia characteristics of synchronous generators at the same time, and uses the comprehensive 
inertia control method to improve the response ability of wind turbines to the system frequency 
modulation. The conventional inertia control method can extract limited kinetic energy in a short time. 
Therefore, a torque limiting control method was proposed in literature [18]. Torque limit control by 
frequency deviation response inertia control, the electromagnetic power of the fan is increased to the 
torque limit in the moment of load surge to provide active power support. The response speed of this 
control is faster than that of the virtual inertia control, but the frequency secondary drop in the process 
of speed recovery is more serious than that of the virtual inertia control. 

There are also many shortcomings in using only the active power generated by releasing the stored 
rotational kinetic energy of the double-fed wind turbine to participate in the frequency modulation of 
the system. For example, the frequency modulation time is short, and the frequency secondary drop 
occurs when the speed is restored, which cannot meet the requirements of the system frequency 
modulation. In recent years, energy storage equipment has developed rapidly and been widely used. 
Literature [19] proposes to parallel energy storage devices at the grid-connected part of wind farms, 
and only energy storage devices provide inertia support for wind farms. However, in reality, the 
installation of a large number of energy storage equipment will directly increase the investment cost 
of wind farms. Therefore, some scholars proposed to integrate several control methods to participate 
in the system frequency modulation. 

2. Microgrid Model 

 
Fig. 1 Microgrid model 

 

In Fig. 1, the microgrid consists of four parts: photovoltaic, diesel engine, double-fed wind generator 
and load. In the model, the diesel generator is replaced by a synchro, and its control system is 
composed of a governor and a power system stabilizer, which can participate in the system frequency 
modulation as a balance point in the island operation mode. A bidirectional power transmission 
channel between DFIG and microgrid is established through rotor-side converters and network-side 
converters, and DFIG operates in maximum power mode in steady state. At the DC bus between the 
rotor side and the grid side converter, the supercapacitor is connected through a bi-directional DC-
DC converter. The optimized torque limiting inertia response is attached to the rotor-side converter. 
Coordinate to adjust the system frequency when the system frequency drops. Because the 
photovoltaic cell itself is greatly affected by temperature and light, it does not participate in the system 
frequency modulation. Table 1 lists the power capacity configurations of the system. 
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Table 1. Capacity configuration of each power supply in the system 

microgrid parameters 

diesel engine 
    

 

DFIG    

photovoltaic    

supercapacitor   

3. Dfig Unit Frequency Control Strategy Analysis 

3.1 Operation Characteristics of DFIG 

The structure diagram of DFIG is shown in Figure 2. The captured wind power of DFIG can be 
expressed as: 
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Where,   is the air density; PC  is wind energy utilization coefficient of wind turbine;   is the 
fan pitch Angle; A  is the area swept by the wind turbine; mv is measured wind speed; 1  is a 
formulaic intermediate variable;  is the tip velocity ratio; 𝜔r is the rotational angular speed of wind 
turbine.  is the radius of wind turbine blade. 

 

 

Fig. 2 DFIG structure schematic diagram 

 

Wind chance in maximum power tracking point mode can captured by the wind. 

 
3

MPPT g rP k                                    (2) 

 

Where, gk  is the scale coefficient of the maximum power tracking curve. 

The output torque in MPPT mode is: 

 

N 10MWP  N 10.5KVU  Ncos 0.8 

N 50Hzf 

N 5MWP  N 0.69 /10.5KVU  N 50Hzf 

N 2MWP  N 0.4KVU  N 50Hzf 

N 0.5MWP  N 0.025MW hE  
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2
max g rT k                                    (3) 

 

DFIG can generate more active power than its own rated power in a short period of time without 
causing operational accidents, considering that the maximum active power increment is less than or 
equal to 0.2(pu). 

3.2 Inertia Response Capability of DFIG 

When participating in microgrid frequency modulation, DFIG can simulate the inertia response 
characteristics of synchronous generator set and regulate the system frequency. Due to its rotor speed 
operating range of 0.7~1.2(pu), its frequency modulation capability is much greater than that of 
synchronous generator sets. The rotational kinetic energy stored by DFIG can be expressed as: 
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Where J  is the moment of inertia. 

Compared with the formula of synchronous generator, the inertia time constant H of DFIG can be 
expressed as: 
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Where, n  is the rated speed of DFIG; nS  indicates the rated capacity of DFIG. 

When the frequency changes, the FM power increment ∆P can be expressed as: 
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It can be obtained from equations (5) and (6): 
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Formula (7) is expressed in per unit value as: 
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Where *  is per unit value of DFIG rotor speed. Plug it into the above equation: 
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By integrating both sides of equation (9): 
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Where *
0f  and *

1f  are unit values of the system frequency at time 0t  and 1t  respectively; *E  
is the per unit electrical energy of the inertia response of DFIG. 

According to equation (10), when the system frequency fluctuates, the inertia response can be added 
to DFIG to reduce the change of system frequency and achieve the purpose of stabilizing the system 
frequency. 

3.3 Conventional Frequency Control Strategy based on Torque Limiting 

The conventional torque limiting control is triggered by the frequency deviation response process, 
which can increase the active power output value at the moment of frequency drop, and the set active 
power output reference value is limited within the torque limit. 

The response process of torque limiting control is shown in Fig. 3. 

 

 

Fig. 3 DFIG power-speed curve of the unit 

 

When the system is in steady state operation, DFIG maintains the operation in MPPT mode, and the 
active power is balanced without triggering limited torque control. The dotted line O-B is the 
maximum active power reference value at different speeds, that is, the torque limit. 

When the system load changes abruptly and the frequency deviation exceeds the dead zone, DFIG 
reduces the frequency drop by limiting the torque inertia response. The operating point of DFIG is 
raised from point A to the set point B, and the output electromagnetic power of DFIG at this stage is: 

 

       T lim 0 MPPT min
1 r min MPPT min

0 min

 +
P P

P P
 

  
 


 


                   (11) 

 

Where, min is the minimum speed stipulated for the normal operation of the fan, and MPPT 0( )P  is the 
corresponding electromagnetic torque at this time. Tlim 0( )P  is the electromagnetic power at point B 
after the output power is increased. Considering that the rotor speed of wind turbines should be 
controlled in the normal and safe operating range, the general regulation is that min is 0.67(pu), and 
the maximum speed change rate is 0.45(pu)/s. 

In the inertia response stage, the active power increment ∆P of DFIG is greater than 0, the rotor speed
r continues to decrease, and the rotational kinetic energy in the fan is converted into electromagnetic 

power to provide active power support for the power grid. When DFIG runs to point C, r min/d d 
decreases to 0, the mechanical power and electromagnetic power reach the balance again, and the 
inertia response ends. 
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During the speed recovery phase, DFIG runs on the D-E-A power curve. In order to meet the rotor 
speed acceleration conditions, the electromagnetic torque is set to be less than the mechanical torque. 
After exiting the inertia response, DFIG runs at point D, where the electromagnetic power 2P is: 
 

2 c deP P P                                    (12) 
 

deP is the power plunge of DFIG after load reduction. The larger the power gap, the more serious the 
secondary drop phenomenon will be caused. At the same time, the recovery time of rotor speed is 
reduced. Then the speed of DFIG accelerates to run in the state of output power 2P until the running 
track coincides with the MPPT curve again, and the electromagnetic power 3P is: 
 

3
3 MPPT g rP P k                                  (13) 

 

After that, the DFIG will follow the MPPT curve, and the rotor will accelerate and recover until it 
returns to steady state operation, and the whole speed recovery stage is completed. 

According to DFIG limited torque inertia response control process, limited torque control can release 
the maximum rotor kinetic energy below the torque limit in the kinetic energy extraction stage to 
damp the frequency change of the system. When the rotational speed recovers after the inertia 
response, there is a non-negligible frequency drop phenomenon due to the power shortage. 

4. Torque Limiting Control based on Supercapacitors 

In the rotor speed recovery stage, the conventional torque-limiting control strategy leads to power 
shortfall in order to support the speed recovery, which will lead to serious frequency secondary drop, 
and also result in low output power of DFIG. To solve the above problems, this paper proposes a 
comprehensive control strategy for coordinating the torque-limiting of wind turbines and 
supercapacitors on the basis of torque-limiting control. 

4.1 Torque Limit Optimization Control 

The optimized limited torque control is the same as the conventional limited torque control in the 
inertia response stage. When the system load increases abruptly, the output active power is instantly 
increased to the torque limit, and the rotor kinetic energy is released by reducing the rotor speed to 
provide active power support and participate in the system frequency modulation. After the inertia 
response, the system frequency decline slows down and the lowest frequency increases. When DFIG 
runs to the G-point in FIG. 3, the active power output of DFIG at this moment drops to the maximum 
power value 

AP
 on the MPPT curve under steady state before load surge. In conventional torque 

limiting control, the rotor speed will continue to decrease until the electromagnetic power is equal to 
the mechanical power. However, through analysis, the maximum active power output before the 
inertia response is reached when the fan runs to the G-point, and further reducing the rotor speed 
cannot play a power support role. Therefore, the operation of DFIG to G-point is set as the switching 
condition of DFIG limited torque control from kinetic energy extraction inertia response stage to 
speed recovery stage. 

During speed recovery, the power plunge gfP  should be considered from two aspects. On the one 
hand, the output active power should be less than the mechanical power to ensure the rotor 
acceleration and recovery; on the other hand, the difference between the mechanical power and the 
output power should not be too large to reduce the secondary drop value of the system frequency and 
maximize the output active power. Therefore, the reference value of active power output by DFIG 
along the power curve F-A in the speed acceleration recovery stage is: 
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Where, 𝜔F is the rotor speed corresponding to F point when the wind turbine exits the frequency 
modulation. Equations (15) and (16) can respectively determine the output power FP  and rotor speed 
of DFIG at the corresponding stage of exiting inertia. 

By synthesizing equations (11) to (16), the control block diagram of DFIG participating in system 
frequency regulation through optimized torque limiting control can be constructed, as shown in Fig. 
4. 

 

 

Fig. 4 DFIG torque limit control block diagram 

4.2 Control Mode of Supercapacitor 

In view of the frequency secondary drop of DFIG after the withdrawal of inertia response caused by 
conventional torque limiting control, the problem can be solved by joint energy storage devices 
participating in system frequency modulation. Controlling the active power output of energy storage 
devices to make up for the power shortfall caused by speed recovery when the power drops sharply 
can greatly reduce the frequency secondary drop value. 

Under the normal operation of the microgrid system, the frequency crossing the frequency dead zone 
of the unit may reach thousands of times per day. Therefore, in order to control the frequency 
fluctuation within a certain range, the energy storage devices involved in the system frequency 
modulation need to operate frequently, and the response speed of the energy storage devices involved 
in the system frequency modulation is required to reach S-level. The supercapacitor itself has 
relatively large energy storage power and extremely fast reaction speed, and can play an obvious 
frequency adjustment effect when applied to small-scale wind power plants and microgrids. Therefore, 
the supercapacitor and DFIG limited torque control are selected to participate in the system frequency 
modulation, and the supercapacitor is connected to the DC bus of the fan in parallel through the 
bidirectional converter. Figure 5 is the control block diagram of the supercapacitor. 
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Fig. 5 Control block diagram of supercapacitor 

 

When the microgrid operates normally, the frequency fluctuation is within the allowable range, and 
the supercapacitor does not emit active power to provide active power support for DFIG. When the 
system load increases abruptly and the system frequency drops beyond the allowable range, DFIG 
participates in frequency modulation by limiting torque control. At 1t , when DFIG switches from the 
inertia response mode to the speed recovery mode, the supercapacitor starts to discharge, providing 
power support for the power deficit of DFIG and reducing the frequency secondary drop value. The 
active power output of the supercapacitor is expressed as: 

 

E1 G F gfP P P P                                  (17) 

 

If the active output power of a supercapacitor is constant E1P  equal to the power plunge gfP , to 

avoid frequency overshoot during speed recovery caused by constant E1P , control the output power 
of the supercapacitor to gradually decrease with speed recovery. The power output of the 
supercapacitor is measured in real time and adjusted continuously by the drooping method. The 
corresponding discharge power EdrP  is: 

 

 E1
Edr E1 1

2 1

P
P P t t

t t
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                              (18) 

 

Where, t  is the real-time measurement time; 1t  is the time when the speed is F , and E1P  is the 
active power emitted by the supercapacitor at this time. 2t  Specifies the frequency status of the 
system. 

In order to slowly reduce the output power of the supercapacitor and reduce the power fluctuation 
during the speed recovery process, a PI regulator loop can be added, whose output results are 
superimposed with the output of PEdr to slow down the reduction of the supercapacitor. The input of 
the PI regulator is the deviation between the actual output power of the supercapacitor and the 
reference value 0. The supercapacitor power output reference value is: 

 

E_ref Edr EPIP P P                                (19) 

 

Where EPIP  is the output power of the PI controller. 

4.3 Combined Frequency Modulation Control of Air Storage 

When the frequency modulation of air storage is combined, its control flow is shown in Figure 6. The 
purpose of the control strategy proposed in this paper is to solve the problem of frequency secondary 
drop caused by power plunge when DFIG exits the inertia response, so as to effectively solve it and 
provide more stable dynamic frequency support. 
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The optimal limiting torque control based on supercapacitors proposed in this paper includes the 
following three stages: 

(1) Inertia response stage. When the system load increases suddenly, the frequency drops beyond the 
allowable range and the DFIG rotor speed runs in the specified range, the DFIG unit adopts optimal 
torque limit control to increase the active output of the fan to participate in the system frequency 
modulation. 

(2) When the active power output decreases to the maximum power value PA before the disturbance, 
DFIG switches from the inertia response mode to the speed recovery mode, exits the inertia support 
instantaneously, and the supercapacitor switches to the power output mode to emit active power to 
make up for the power shortage. 

(3) During the rotor speed recovery stage, the DFIG unit recovers the speed along the F-A curve. In 
order to avoid frequency overshoot, the output active power of the control supercapacitor gradually 
decreases with the increase of speed until the frequency adjustment is withdrawn. 

 

 
Fig. 6 Air storage joint frequency modulation process 

5. Simulatuon Analysia 

5.1 Torque Limit Control Simulation 

All the simulation experiments in this paper are completed in the simulation model based on 
Matlab/Simulink. Set the microgrid for a 10% load surge at 20s. When the wind speed is 11m/s and 
the active power increment is 0.2(pu), the influence of gfP  on the speed recovery speed and 
secondary frequency drop magnitude is obtained, as shown in FIG. 7 and FIG. 8. 
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(a) Microgrid frequency deviation 

 

(b) DFIG rotor speed 

Fig. 7 System dynamic response with different power drop 

 

 

Fig. 8 Speed recovery time and secondary frequency deviation under different power plunge 

 

As can be seen from FIG. 7(a) and 7(b), when the power plunge is 0.021(pu), the frequency recovery 
time of DFIG is the longest, and it takes about 60s to fully recover to steady state, and the speed 
recovery time is also about 30s, but the secondary frequency drop is less than 0.008Hz. With the 
increase of power plunge gfP , the rotor speed recovery time decreases. When the power drop is 
0.105(pu), the rotor speed recovers the fastest, around 15s. But at the same time, the secondary 
frequency drop is the most serious, which is 0.042Hz more than that when the power drop is 0.021(pu). 

Observe Figure 8 to analyze the influence of sudden drop on secondary frequency drop and rotor 
speed recovery, taking the wind speed of 11m/s as an example. With the increase of power plunge, 
the frequency secondary drop value is larger, and the speed recovery time is shortened. The two 
factors of secondary drop amplitude and speed recovery time are considered comprehensively. When 



International Core Journal of Engineering Volume 10 Issue 4, 2024
ISSN: 2414-1895 DOI: 10.6919/ICJE.202404_10(4).0011

 

88 

the wind speed is set at 11m/s, the value of power plunge gfP  in the range of 0.040(pu)~0.070(pu) 
is more in line with the research purpose, and the simulation effect is better. 

5.2 Simulation of Combined Frequency Modulation of Air Storage 

In the simulation, the active power increment is 0.2(pu) at a constant wind speed of 11m/s, and the 
power drop is 0.060(pu) based on the simulation results in section 4.1. For the three cases of joint 
frequency modulation of supercapacitor and DFIG, frequency modulation only with limited torque 
of DFIG and no frequency modulation of DFIG, the simulation results of system frequency, DFIG 
rotor speed and active power under the three control strategies are compared to analyze whether the 
control strategy proposed in this paper can effectively solve the problem of frequency secondary drop 
and output active power reduction. The simulation results are shown in Fig. 9. 
 

 
(a) Microgrid frequency deviation 

 
(b) DFIG rotor speed 

 
(C) DFIG output power 

Fig. 9 System dynamic response under different control strategies 
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As can be seen from FIG. 9(a), when the frequency fluctuates, the non-modulation control strategy 
of DFIG is adopted, and the frequency deviation of frequency drop is 0.37Hz. When only DFIG 
participates in frequency modulation, the maximum frequency deviation of the system is 0.32Hz 
through limited torque inertia control, which is 0.05Hz higher than that without frequency modulation. 
The limited torque inertia response can effectively control the fan participating in the system 
frequency modulation. However, there is also a common problem of rotor kinetic energy control. At 
33s, there is an obvious frequency secondary drop phenomenon in DFIG due to the power shortage 
generated by speed recovery. When the frequency returns to the steady state, the difference between 
the frequency and the original frequency before the fluctuation is 0.21Hz. 

When using DFIG limited torque control and supercapacitor combined control, the maximum 
frequency deviation and steady-state frequency deviation are improved compared with DFIG limited 
torque control only. As the torque limit control in the optimization strategy exits the inertia response 
in time, the output active power of the wind turbine is improved. The simulation results show that the 
frequency drop is 0.16Hz higher than that of DFIG without participating in frequency modulation, 
and 0.07Hz higher than that of only DFIG limited torque control frequency modulation. The problem 
of secondary frequency drop during speed recovery of the system is effectively improved because the 
active power is emitted by the supercapacitor in the event of power drop. When the frequency returns 
to steady state, the frequency deviation is reduced by 0.03Hz, which is increased by 0.18Hz compared 
with the other two control strategies. 

It can be seen from FIG. 9(b) that the rotor speed recovery time of reduced torque control and 
coordinated control strategy of wind turbine and supercapacitor is basically completed around 25s. 

6. Conclusion 

In order to solve the problem of double fed wind turbine participating in the system frequency 
modulation and torque limiting control, the serious frequency secondary drop is generated. In this 
paper, the frequency modulation of the system is proposed by using supercapacitor and DFIG torque 
limiting control. A 10KV microgrid model including doubly-fed wind turbines was built on 
Matlab/Simulink. Through simulation analysis, the following results can be obtained: 

(1)When DFIG participates in the system frequency modulation through inertia response, the 
adoption of torque limiting control can make the fan release more rotor kinetic energy, improve the 
lowest frequency drop, and significantly enhance the frequency adjustment ability of wind power in 
response to microgrid. 

(2) In the inertia response stage, DFIG exits the inertia response when the output active power is equal 
to the maximum value in MPPT mode before the load surge, and restores the speed along the new F-
A curve. The active power output capacity of the fan is improved. 

(3) When DFIG switches from inertia response mode to speed recovery mode, the combined 
supercapacitors jointly output active power, and the active power emitted by the supercapacitors 
makes up for the power shortage of DFIG, greatly alleviating the phenomenon of secondary frequency 
drop. 

The simulation results show that the combined frequency modulation strategy of the proposed 
supercapacitor and DPF can improve the ability of wind power to participate in the dynamic 
regulation of microgrid frequency and reduce the secondary frequency drop value. 
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