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The study explores the integration of an optimal Benz limit Doubly Fed 
Induction Generator (DFIG) with IEEE Kundur's test multi-machine power 

system, emphasizing the use of meta-heuristic algorithms and controllers. This 

work is scoped at the DFIG power coefficient, output voltage, and phase angle 

oscillations during integration. The controllers’ performances were compared 

with three techniques: the hippopotamus (HO), Sine cosine (SC), and Morth 
flame (MFO) algorithms to verify the competence of the proposed method in 

achieving better system stability. To improve the proposed Hybrid Multi-

source integration of DFIG, Hydrogen Fuel Cell (HFC) to augment (Wind, 

Solar cell, Battery energy storage system), the proposed work presents the 
mathematical formulation of DAE, the designed models, and the 

implementation of wind aerodynamic/mechanical coupling shaft. ODE as 

solver in MATLAB 2021a Simulink environment as presented. The results 

presented an optimal Benz limit for the blade tip speed ratio 𝜆𝑜𝑝𝑡 = 8.1, blade 

pitch angle 𝛽=0, rotor power coefficient 𝐶𝑝= 𝐶𝑝𝑚𝑎𝑥 =0.48, and turbine output 

power 𝑃𝑡 =5 MW described by equation 7. A symmetrical fault was set up on 

bus 2 at t = 1 second; the governor load reference increased by 1%, the system 
loading by 1%; and a nonlinear time-domain simulation was carried out on 

the integrated network to assess controllers’ robustness. Likewise, the result 

validates the usefulness of the proposed SC, HO, and MFO tuned Tilt, PID 

for DFIG output voltage and phase angle control that outperforms the 
traditional MFO tuning techniques in terms of resilience, efficiency, and 

convergence. 

 

. This is an open access article under the CC BY-SA license. 
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1. INTRODUCTION 

Energy sources such as wind, geothermal, solar, biomass, and hydrogen fuel cells have been increasingly 

integrated into power grid systems to meet energy needs and reduce carbon emissions. These systems are 

rapidly growing in integration and development [1]. Variable-speed wind turbines are the result of 

technological developments in wind energy; they can capture the maximum amount of wind energy across a 

range of wind speeds. DFIG, a well-liked wind energy conversion device, improves power quality (generating 

and absorbing reactive power) and offers high power output efficiency [2]. Grid stability and overall system 

performance, however, need to be considered. The regulation and stability of the electrical grid are affected by 

the distinct power characteristics of wind energy conversion systems based on power electronics converters, 

as opposed to traditional synchronous generator-based systems [3]. 

According to Betz, the actual percentage is 59.3%, indicating that only 59.3% of the wind's kinetic energy 

can be used to turn the turbine and produce power. In reality, turbines cannot reach the Betz limit and usually 

have an efficiency of 35 to 45 percent. The greatest power it can transform into motion and electricity is known 

as the Betz limit [4]. The complexity and instability of the system arise from the interconnection of 

conventional power sources across different areas, leading to mismatches between demand and generation. 

https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/
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This results in frequency, tie-line power, and voltage deviations, which affect power quality and reliability 

[5][6]. Traditional methods of frequency control and voltage regulation are ineffective in solving these 

problems. This research proposes using the SC, MFO, and HO algorithms to optimize gains of the (PID and 

Tilt) controllers and minimize error signals to achieve minimum DFIG output voltage and phase angle 

deviations in an IEEE Kundur’s two-area power test system [7]. 

 

2.  METHOD 

A turbine, gearbox, filter, induction generator, and power electronics converters make up DFIG. The 

DC/AC grid-side converter and the AC/DC rotor-side (machine-side) converter are examples of power 

electronics converters.  The gearbox connects the wind turbine to the induction generator, which uses the 

turbine's mechanical energy to produce electricity. DFIG provides reactive and active power regulation as well 

as a variety of variable-speed operations, and is highly appealing for wind energy generation [8]-[9]. Figure 1 

depicts the DFIG system. 

 

 

 
Figure 1. DFIG-WECS system [8] 

 

The aerodynamic mathematical formulation model, the wind turbine's mechanical power (Pm), and the 

rotational speed 𝑉𝑤 are related. The drive train and wind aerodynamic models link the wind speed to the rotor 

speed of the induction generator. Equation (1) expresses the wind aerodynamic model, which is used to depict 

the rotor's wind power extraction. It gives the drive train the mechanical power output (Pm), which is dependent 

on the wind speed (𝑉𝑤), power coefficient (𝐶𝑝) and turbine blade length (R) [8]. 

 

Figure 2. Schematic diagram of wind power system [8] 

Wind energy is converted into mechanical energy by wind aerodynamics, and the WPS's electrical power 

output fluctuates with wind speed and weather. The rotor Cp calculates the amount of energy extracted, and 

the mechanical power is proportional to the wind speed cube [8]. 
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where  𝐴𝑏𝑙𝑎𝑑𝑒(= 𝜋𝑅2) is the swept area of the blade in 𝑚2;  𝜌𝑎𝑖𝑟 is air density in Kg/m3; 𝜔𝑡 represents the 

wind turbine mechanical angular rotor speed in rad/s; R is the radius of the blade in m;  α1 to α6 are the 

coefficients [8]-[9]. 

Pm =
1

2
ρairAbladeV3Cp(λ, β)                     (1) 

Cp(λ, β) = (
α2

λi
− α3β − α4)e

−
α5
λi  +α6λ                   (2) 

where   
1

λi
=

1

λ+0.08β
−

0.035

β3+1
                     (3) 

λ=
ωtR

Vw
                       (4) 

𝐶𝑝(𝜆) = 𝜅2𝜆2 + 𝜅1λ + 𝜅0                     (5) 

where 𝜅2, 𝜅1 and 𝜅0 are the constant coefficients. Under the stochastic alteration of wind speed, the maximum 

power can be derived by setting 
dCp(λ)

dλ
=0, i.e., 

dCp(λ)

dλ
=2k2λ + k1 = 0                     (6) 

λopt=(
k1

2k2
)  

where λopt represents the optimal tip-speed ratio.  

𝐶𝑝(𝛽, 𝜆) = 0.5176 (
116

𝜆+0.08𝛽
−

4.06

1+𝛽3 − 0.4𝛽 − 5) 𝑒
(

−21

𝜆+0.08𝛽
+

0.735

1+𝛽3)
+ 0.0068λ                 (7) 

In contrast, the drive train is represented and drives the induction generator using the mechanical output from 

the wind aerodynamic model. 
dωg

dt
=

1

2𝐻𝑔
(𝑇𝑠 − 𝑇𝑔)                     (8) 

𝑇𝑠 = 𝐾𝑡𝑔𝜃𝑡𝑔 + 𝐶𝑡𝑔
𝑑

𝑑𝑡
𝜃𝑔                     (9) 

𝑑

dt
𝜃𝑡𝑔 = ωelB(𝜔𝑡 − 𝜔𝑠)                   (10) 

𝑑

dt
𝜔𝑡 =

1

2𝐻𝑡
(𝑇𝑡 − 𝑇𝑠)                    (11)

  

where subscripts g, s, and t refer to the generator, shaft, and turbine, respectively. ω represents the rotor speed 

of the generator, 𝜃𝑡𝑔  is the shaft angle twist of the generator, H is the generator inertia, and T represents the 

drive train shaft stiffness, 𝐶𝑡𝑔 is the coefficient of damping of the drive train, and  𝑒𝑙𝑏 is the electrical base 

speed. 

 

Induction generator: The generator takes the rotor speed from the turbine and the generator bus voltage from 

the network model as inputs; in turn, it generates the output current and electrical torque. The name DFIG 

stands for a device with two feeds: the stationary stator and the rotating rotor. The arrangement of the stator 

windings creates a magnetic field that rotates the rotor in the air gap at an angular speed due to the output stator 

currents. Similar to the traditional power grid system, the generator uses the 𝑑𝑞 reference frames. These 

reference frames represent the stator currents. 

 

𝐿𝑠
′

ωelB

𝑑

𝑑𝑡
𝑖𝑠𝑑 = −𝜔𝑠𝐿𝑠

′ 𝑖𝑠𝑞 − 𝑅1𝑖𝑠𝑑 +
𝑒𝑠𝑞

′

𝜔𝑠𝑇𝑟
+

𝜔𝑔𝑒𝑠𝑑
′

𝜔𝑠
+ 𝑣𝑠𝑑 + 𝐾𝑚𝑟𝑟𝑣𝑟𝑑              (12) 
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𝐿𝑠
′

ωelB

𝑑

𝑑𝑡
𝑖𝑠𝑞 = 𝜔𝑠𝐿𝑠

′ 𝑖𝑠𝑑 − 𝑅1𝑖𝑠𝑞 −
𝑒𝑠𝑑

′

𝜔𝑠𝑇𝑟
+

𝜔𝑔𝑒𝑠𝑞
′

𝜔𝑠
− 𝑣𝑠𝑞 + 𝐾𝑚𝑟𝑟𝑣𝑟𝑞               (13) 

The text describes a system with stator currents, electrical base speed, generator and shaft speed, transient stator 

inductance, stator voltages, rotor voltages, 𝐾𝑚𝑟𝑟transformational parameter, and generator voltages behind 

transient impedances, based on Park's transformation [8][9]. 
1

𝜔𝑠𝜔𝑒𝑙𝐵

𝑑

𝑑𝑡
𝑒𝑠𝑑

′ = −𝑅2𝑖𝑠𝑞 − (1 −
𝜔𝑔

𝜔𝑠
) 𝑒𝑠𝑞

′ −
𝑒𝑠𝑑

′

𝜔𝑠𝑇𝑟
+ 𝐾𝑚𝑟𝑟𝑣𝑟𝑞               (14) 

1

𝜔𝑠𝜔𝑒𝑙𝐵

𝑑

𝑑𝑡
𝑒𝑠𝑞

′ = −𝑅2𝑖𝑠𝑑 + (1 −
𝜔𝑔

𝜔𝑠
) 𝑒𝑠𝑑

′ −
𝑒𝑠𝑑

′

𝜔𝑠𝑇𝑟
+ 𝐾𝑚𝑟𝑟𝑣𝑟𝑑               (15) 

where 𝑒𝑠𝑞
′  and 𝑒𝑠𝑑

′  relate the rotor flux 𝜓𝑟𝑞 and 𝜓𝑟𝑑, respectively, by Equations (16) and (17): 

𝑒𝑠𝑑
′ = −𝐾𝑚𝑟𝑟𝜔𝑠𝜓𝑟𝑞                                              (16) 

𝑒𝑠𝑞
′ = −𝐾𝑚𝑟𝑟𝜔𝑠𝜓𝑟𝑑                   (17) 

The stator and rotor fluxes themselves are given by Equations: 

𝜓𝑟𝑞 = 𝐿𝑟𝑖𝑟𝑞 + 𝐿𝑚𝑖𝑠𝑞                   (18) 

𝜓𝑟𝑑 = 𝐿𝑟𝑖𝑟𝑑 + 𝐿𝑚𝑖𝑠𝑑                   (19) 

𝜓𝑠𝑑 = 𝐿𝑠𝑖𝑠𝑑 + 𝐿𝑚𝑖𝑟𝑑                   (20) 

𝜓𝑠𝑞 = 𝐿𝑠𝑖𝑠𝑞 + 𝐿𝑚𝑖𝑟𝑞                   (21) 

where 𝐿𝑟 , 𝐿𝑚 , 𝐿𝑠  represent the rotor, mutual, and stator inductances, correspondingly; the rotor generator 

currents are given by Equations (22) and (23): 

𝑖𝑟𝑞 = (
𝑒𝑠𝑑

′

𝑋𝑚
) − 𝐾𝑚𝑟𝑟𝑖𝑠𝑞                   (22) 

𝑖𝑟𝑑 = (
𝑒𝑠𝑞

′

𝑋𝑚
) − 𝐾𝑚𝑟𝑟𝑖𝑠𝑑                   (23) 

The equations describe the reactive and active powers of the generator rotor and stator, as well as the electrical 

torque. 

𝑃𝑟 = 𝑉𝑟𝑞𝑖𝑟𝑞 + 𝑉𝑟𝑑𝑖𝑟𝑑                   (24) 

𝑄𝑟 = −𝑉𝑟𝑞𝑖𝑟𝑑 + 𝑉𝑟𝑑𝑖𝑟𝑞                   (25) 

𝑃𝑠 = 𝑉𝑠𝑞𝑖𝑠𝑞 + 𝑉𝑠𝑑𝑖𝑠𝑑                   (26) 

𝑄𝑠 = −𝑉𝑠𝑞𝑖𝑠𝑑 + 𝑉𝑠𝑑𝑖𝑠𝑞                   (27) 

The filter connects the rotor windings of the power grid system. This study employed an inductor–

capacitor–inductor (LCL) type of filter, which consists of a damping resistor 𝑅𝑐 , a capacitor 𝐶𝑓 , and two 

inductors (Li, Lg), Inverter voltage (𝑣𝑖𝑞, 𝑣𝑖𝑑) and stator voltage (𝑣𝑠𝑞, 𝑣𝑠𝑑) are inputs to the LCL model, which 

outputs the current injected into the grid via the filter (𝑖𝑔𝑞, 𝑖𝑔𝑑). The represented currents are those that enter 

the filter. 

 
𝐿𝑖

𝜔𝑏

𝑑

𝑑𝑡
𝑖𝑖𝑞 = 𝑣𝑖𝑞 − 𝑣𝑐𝑞 − (𝑅𝑖 + 𝑅𝑐)𝑖𝑖𝑞 + 𝜔𝑔𝐿𝑖𝑖𝑖𝑑 + 𝑅𝑐𝑖𝑔𝑞               (28) 

𝐿𝑖

𝜔𝑏

𝑑

𝑑𝑡
𝑖𝑖𝑑 = 𝑣𝑖𝑑 − 𝑣𝑐𝑑 − (𝑅𝑖 + 𝑅𝑐)𝑖𝑖𝑑 − 𝜔𝑔𝐿𝑖𝑖𝑖𝑞 + 𝑅𝑐𝑖𝑔𝑑               (29) 

Filter currents exiting are given in Equation (31): 
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𝐿𝑖

𝜔𝑏

𝑑

𝑑𝑡
𝑖𝑔𝑞 = 𝑣𝑐𝑞 − 𝑣𝑠𝑞 − (𝑅𝑔 + 𝑅𝑐)𝑖𝑔𝑞 + 𝜔𝐿𝑔𝑖𝑔𝑑 + 𝑅𝑐𝑖𝑖𝑞               (30) 

𝐿𝑖

𝜔𝑏

𝑑

𝑑𝑡
𝑖𝑔𝑑 = 𝑣𝑐𝑑 − 𝑣𝑠𝑑 − (𝑅𝑔 + 𝑅𝑐)𝑖𝑔𝑑 + 𝜔𝐿𝑔𝑖𝑔𝑞 + 𝑅𝑐𝑖𝑖𝑑                    (31) 

The filter capacitor voltage is represented by (33) 

𝐶𝑓

𝜔𝑏

𝑑

𝑑𝑡
𝑣𝑐𝑞 = 𝑖𝑖𝑞 − 𝑖𝑔𝑞 − 𝜔𝐶𝑓𝑣𝑐𝑑                      (32) 

𝐶𝑓

𝜔𝑏

𝑑

𝑑𝑡
𝑣𝑐𝑑 = 𝑖𝑖𝑑 − 𝑖𝑔𝑑 − 𝜔𝐶𝑓𝑣𝑐𝑞                      (33)

   

Lastly, the reactive and active powers exiting the filter are represented. 

𝑃𝑔𝑠𝑐 = 𝑉𝑖𝑞𝑖𝑖𝑞 + 𝑉𝑖𝑑𝑖𝑖𝑑                      (34) 

𝑄𝑔𝑠𝑐 = −𝑉𝑠𝑞𝑖𝑔𝑑 + 𝑉𝑠𝑑𝑖𝑔𝑞                      (35) 

The power electronics converters: The systems developed represent mechanical or electrical subsystems of 

the DFIG power test system and differ from controllers or converters. Power electronics converters, including 

machine-side and grid-side converters, have a simple two-cascaded proportional-integral model. The machine-

side converter receives voltages, generator rotor speed, and current [13][14]. The block diagram of the 

machine-side converter is shown in Figure 3. 

 

 

 
Figure 3. Simulink representation of the machine-side converter [13] 

The grid-side controller, like the machine-side converter, uses two cascaded proportional integral controllers 

to regulate the voltage capacitor and reactive power flow at the wind turbine generator bus [13][14]. The 

Simulink representation of the grid-side converter is shown below in Figure 4. 
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Figure 4. Simulink representation of the grid-side converter [14] 

 

Wind energy torque is transmitted to the generator rotor via a mechanical shaft. Two-mass system (used 

to amplify the rotor speed at varying wind), which represents WPS shaft dynamics, coupling a low-speed 

turbine and a high-speed generator through a gearbox, spring, and damper system, as shown in Figure 5. The 

mechanical coupling shaft's dynamics are described using equation (38), which includes mechanical torque 

(Tm), generator torque (Tgen), inertia constants ((Hr and 𝐻g), rotor damping coefficients (Dr and Dg), internal 

torque(Tsr), and shaft stiffness constant [14]. 

 

 

Figure 5. Conceptual mechanical connection shaft two-mass model [14] 

dωr

dt
= (−

Dr+Dsh

Hr
) ωr+(

Dsh

Hr
) ωg −

Tsr

Hr
 +(

1

Hr
) Tm                 (36) 

dωg

dt
= (

Dsh

2Hg
) ωr- (

Dg+ Dsh

Hg
) ωg +

Tsr

NgHg
 -(

1

Hg
) Tgen                (37) 

dTsr

dt
= Ksh (ωr −

ωg

Ng
)                                (38) 
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Figure 6. Simulink representation of DFIG [14] 

 
Figure 7. Simulink representation of the SMIB and DFIG system integration [14] 

 

Multimachine Kundur’s two-area Test System: Kundur's two-area test system, an IEEE benchmark power 

test system, was used in this investigation. It has two synchronous generators in each area, eleven buses, and 

four (4) synchronous generators. Bus 3, connected to synchronous generator 2, is considered the slack bus. 

 
Figure 8. Multi-machine power system Kundur’s two-area test system [14] 
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A DFIG integrated at bus 14 was added to this power test system in Figure 7 above, converting it to a fourteen 

(14) bus network. An illustration of the updated power test system on a single line is shown in Figure 8. The 

bus and line data of the four-machine, Kundur’s two-area system in actual values are presented [14]. 

 

3.     RESULTS AND DISCUSSION  

This paper presents simulation results generated from the implementation of the methodology in 

MATLAB/Simulink. Most importantly, the optimal rotor power coefficient, simulation of HO, SC, and MFO 

algorithms, and their performance evaluation on the IEEE Kundur test systems. The system was subjected to 

some operating conditions (perturbations) such as a three-phase fault without a damping controller (i.e., a 

symmetrical fault was applied to bus 2 at t = 1 second), governor load reference increased by 1% in SMIB, 

system loading by 1%, and a time-domain simulation that was nonlinear was carried out on the integrated 

Multimachine network. The SMIB, DFIG, and the integrated electrical or power system structure used were 

modeled in the SIMULINK environment, and the complete system data are available in [13][14]. Finally, in 

this paper, we evaluate the performance of the DFIG using power coefficient, phase angle, and output-voltage 

deviations, and HO, SC, and MFO controllers based on the algorithms. 

   

3.1. Power Coefficient (𝑪𝒑) Tuning and DFIG Optimal Power Output 

Optimization of the power coefficient to obtain an optimal theoretical power output of DFIG. 𝐶𝑝(𝛽, 𝜆) is 

the 𝐶𝑝  of the blades, which solemnly depend on pitch angle (𝛽) and tip speed ratio (𝜆). The theoretical 

maximum value of 𝐶𝑝  is limited to 0.593, which is called the Betz limit. Table 1 presents the comparison of 

the simulated power coefficient and the Betz limit.  

 

Table 1. Simulated power coefficient 
Betz Limit (Cp)/Simulated result Pitch Angle (β) Tip Speed Ratio (λ) 

0.593 - - 

0.480 0.0 8.1 

 

The β of the wind turbine data used in this study ranges from 0 to 23 degrees; when the blades are facing 

the wind and generating the most energy, β is 0 degrees. Figure 9 displays 𝐶𝑝  plots for various β values (0, 4, 

8, 12, 16, and 24 degrees). As the β is increased to turn the blades away from the wind, it is evident that 𝐶𝑝 

drops. The 𝜆 affects 𝐶𝑝 (and consequently, turbine output power 𝑃𝑡) for a given 𝑉𝑤 and β. The turbine speed 

𝑤𝑡 can be adjusted to alter the 𝜆. 

 

 
Figure 9. Plot of turbine performance coefficient versus tip speed ratio for different pitch angles. 

When the blades are facing the wind, the highest value for 𝐶𝑝 is obtained for β=0. Figure 9 shows a solid 

blue line plotting 𝐶𝑝 vs 𝜆 Lamda for β=0. For the above turbine settings, the optimal 𝜆 value at β = 0 is at 𝜆𝑜𝑝𝑡 
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= 8.1, where the maximum value of 𝐶𝑝, 𝐶𝑝𝑚𝑎𝑥 = 0.48, occurs. Substituting 𝐶𝑝= 𝐶𝑝𝑚𝑎𝑥 and 𝑃𝑡 =5 MW in Figure 

9, the 𝑉𝑤 required to produce the rated output at 𝛽=0 is obtained as 15 m/s. This is the rated 𝑉𝑤 of the turbine. 

The rated 𝑉𝑤, above is the β of the turbine is increased to reduce 𝐶𝑝 to limit output to 5 MW as presented in 

equation 7 after substitution of the coefficients. 

 

3.2. Phase Angle Variation Characterization for Algorithm Robustness  

Optimization curve for HO, SC, and MFO damping controller, analytical clarification of why HO is 

superior compared to SC and MFO, presented in Figure 10. 

 

 
Figure 10. Optimization curve for HO, SC, and MFO damping controller 

 

Figure 11, presented integrated phase angle variation damping and robustness of HO, SC and MFO 

contorllers based performances, however the operating conditions for controller design robustness 

(Symmetrical fault was situation on bus 2 at t = 1 second, shown in Figure 8, governor load reference increased 

by 1%, system loading increased by 1%, and a time-domain simulation that was nonlinear was carried out on 

the integrated Multi-machine IEEE Kundur’s test system and DFIG network) were unchanged. 

 
Figure 11. DFIG phase angle deviation 

 

Variations in DFIG phase angle deviations for the Tilt and PID controllers were presented, and Table 2 

shows numerical transient analysis results for OS, US, and ST, which are crucial indicators of each algorithm's 

success. The performances of the Tilt controller-based HO, MFO, and SC algorithms were better than those of 

the PID controller-based HO, MFO, and SC algorithms. 
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Table 2. Improved OS, US and ST damping oscillation for DFIG phase angle deviation 
Optimization 

Techniques 
OS  US  ST 

Optimization 

Techniques 
OS  US  ST 

HO-Tilt -0.095198 -0.96989 4.02017 HO-PID 0.108861 -0.83953 8.95122 

SC-Tilt -0.095198 -0.96989 4.02017 SC-PID 0.108861 -0.83953 8.95122 

MFO-Tilt -0.095198 -0.96989 4.02017 MFO-PID 0.108861 -0.83953 8.95122 

Integrated 0.54741 -1.2694 - Integrated 0.54741 -1.2694 - 

 

Before the improved OS, the US and ST damping oscillation for DFIG phase angle deviation, the system 

is unstable during the simulation period without a controller, and its ST is not taken into consideration. as 

illustrated in Figure 11. ST is the time it takes each algorithm applied in the controller’s design to stabilize and 

control. 

 

3.3. Output voltage variation characterization of algorithm robustness 

Figure 12 presents the output-voltage oscillation and robustness of the HO, SC, and MFO controllers, 

based on their performance; the operating conditions were unchanged. The oscillation demonstrations 

improved significantly in terms of output-voltage deviations for the Tilt and PID controllers. 

 
Figure 12. DFIG output voltage deviation 

 

The figure shows a numerical momentary study, in terms of OS, US, and ST, which are essential 

indicators of the effectiveness of each algorithm, and the robustness of Tilt controllers based on MFO, HO, 

and SC algorithms, which are slightly better than the PID controller based on MFO and HO. 

 

Table 3. Improved OS, US and ST damping oscillation for DFIG output voltage deviation 
Optimization 

Techniques 
OS US ST 

Optimization 

Techniques 
OS US ST 

HO-Tilt 1.665 0.693 3.949 HO-PID 1.541 0.933 9.079 

SC-Tilt 1.665 0.693 3.949 SC-PID 1.665 0.693 3.949 

MFO-Tilt 1.665 0.693 3.949 MFO-PID 1.541 0.933 9.079 

Integrated 1.750 0.346 - Integrated 1.750 0.346 - 

 

Table 3 presents numerical damping oscillation for the DFIG output voltage deviation for the three 

compared algorithms, HO, SC, and MFO, which show robustness improvements in terms of OS, US, and ST 

variations damping for the Tilt and PID controllers. Performances of Tilt and PID controllers based on SC 

algorithms were more pronounced than those of controller-based HO and MFO algorithms, as indicated by ST 

in Table 3. 

 

4. CONCLUSIONS 

An integrated Kundur's two-area network DFIG Damping, controller oscillations were demonstrated, an 

optimal  wind  rotor power coefficient (𝐶𝑝) has been examined at 0.48, very close to the theoretical Benz limit, 

output voltage and phase angle oscillations deviations were presented. The controllers’ performances were 

compared with three techniques: Tilt controllers based on MFO, HO, and SC algorithms. The performances 

of the MFO, HO, and SC algorithms are slightly better than those of the PID controller-based. In the future, 

damping controllers such as flexible alternating current transmission systems (FACTS) with power oscillation 

dampers (POD) can be introduced into the system. 
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