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1. Introduction 

Doubly-fed induction wind generators (DFIWGs) have been exposed to grid disruptions when 

they were directly connected, via lengthy transmission lines (TLs), to the grid at near-to-ground 

voltages. In grids, imbalanced grid voltages (GVs) are the most prevalent. Unequal GV drops on TLs 

or unstable loads linked at the point of common connection (POCC) can cause imbalanced GV [1]-

[4]. As a result, key grid codes were distributed by energy system operators, mandating that DFIWGs 

be bright to sustain a 2% and 4% for steady-state and short-term, respectively disproportion in GV 

without triggering [5]-[8]. Negative sequence stator/rotor current parts are produced by an 

imbalanced GV. There will be strong fluctuations in DCL voltage (DCLV\𝑉𝐷𝐶), torque, and power 

at twofold supply frequency. Consequently, an imbalanced generator voltage can damage generator 
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 These days, one of the most used layouts in the wind power industry is a 

variable-speed doubly-fed induction wind generator (DFIWG). For 

providing active power (P) and reactive power (Q) control during grid 

failures, this research examines the DFIWG. The system's transient 

behavior is examined under normal and abnormal circumstances. Through 

control of rotor side (RSC) and grid side (GSC) converters, Q assistance 

for the grid, and power converter stress reduction, the suggested control 

approach achieves system stability while enabling DFIWG to operate 

smoothly during grid failures. The DFIWG is exposed to three- and two-

phase faults to analyze the machine's performance. The crowbar and 

STATCOM tools are implemented to enhance the system performance 

under faults and compared with the base case. The implemented tools 

successfully suppress rotor and stator overcurrent, over voltage at the DC 

link (DCL), and power oscillations, as well as supporting the grid voltage 

understudied cases. The obtained results prove that both STATCOM and 

crowbar not only enhance the system's effectiveness and performance but 

also enable the system to achieve the fault ride-through capacity (FRTC). 

MATLAB/SIMULINK 2017b is used for time-domain computer 

simulations. 

 

Keywords 

Grid Faults; 

Transient Behavior; 

Control Strategy; 

MATLAB Simulation; 

Clean Energy 

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

 

http://pubs2.ascee.org/index.php/ijrcs
http://dx.doi.org/10.31763/ijrcs.v4i3.1498
mailto:ijrcs@ascee.org
mailto:mfelnaggar@yahoo.com
http://creativecommons.org/licenses/by-sa/4.0/
http://creativecommons.org/licenses/by-sa/4.0/


1264 
International Journal of Robotics and Control Systems 

ISSN 2775-2658 
Vol. 4, No. 3, 2024, pp. 1263-1278 

 

 

Mohamed F. Elnaggar (Design and Implementation of Crowbar and STATCOM for Enhanced Stability of Grid-Tied 

Doubly Fed Induction Wind Generators) 

 

bearings, DCL capacitors, and DC/AC inverters. To solve these issues with no disconnecting the 

generating systems, the DFIWG controller systems must handle these conditions [9]-[11]. GSCs are 

meticulous to adjust DCLV and total Q supplied to the network, while RSCs are managed to fine-

tune stator P and Q.  

Numerous control systems, for instance vector (VC) and direct power (DPC) control, are 

investigated to regulate DFIWG in a typical setting [12], [13]. One of the favored control strategies 

was the DPC of DFIWG. When weighed against VC, DPC offers a number of benefits, including 

ease and quick response time [14]. Under uneven and deformed GV, the functioning of DPC was 

investigated [15]. 

RSC-based DPC was controlled by PI resonant controllers (PIRs) in [16]. In order to accomplish 

various control objectives, a power adjustment method (PAM) was included. To obtain the (+ and - 

sequence) parts of GV and current, nevertheless the stator deconstruction method is necessary. A 

static target framework DPC-based sliding mode (SM) regulator with a PAM was developed [17]. A 

vector-PI (VPI) controller was developed in [18] to enhance the DPC of DFIWG in the presence of 

harmonic GV. Synchronous relative frame implementation was used for the regulator. DPC and a 

separated framework for DFIWG that utilizes lagging control were coupled in [15]. Tests are 

conducted on the suggested controller's functionality in both symmetric GV dip and typical 

circumstances. Rather than employing traditional immediate power elements, the DPC method was 

constructed in [19] utilizing expanded concepts of P. A second-order (SO) generalized integrator 

(GI) was cast-off to estimate the delayed values and filtered stator voltage. DPC employs frequency 

adaptive vector PI (FAVPI) in [20] to lessen the impact of harmoniously and imbalanced GV. DAVPI 

requires an axis conversion and a frequency estimation. A voltage-modulating DPC (VM-DPC) was 

proposed in [21] to enhance both intermittent and constant-state performance in balance GV 

scenarios. An additional parallel adjuster is intended to work in tandem with the VM-DPC to regulate 

(-sequence) current and enhance stator current, P, and Q. Nonetheless, the gathering of the voltage 

and current elements of a stator in (+ and - sequence) was necessary. Ref. [22] uses extended P to 

build an SM-DPC approach for DFIWG. 

In [23], the MP-DPC of RSC under unbalanced GV is examined. Moreover, observations of the 

rotor current (RC) were necessary for the computation of the rotor voltage (RV) vector. A unified 

PAM was suggested for a low complexity MP-DPC that was designed in [24], [25]. MP-based RC 

control for matrix converters was designed in [26]. RV vectors were delivered in [26] during a 

predetermined sample interval. On the other hand, there might be a rise in shift frequency and losses. 

PI regulators have been made to function well both in abrupt and stable conditions when it 

comes to electrical control. Nonetheless, there are two grid frequency (GF) fluctuation elements 

when the grid is out of sync. Because of the inadequate gain at two times GF, PIR would not be 

suitable [16], [27]. To address the shortcomings of PIR, PIR was proposed [28]. PIR has the potential 

to attain nil steady-state error; however, the pole distribution of the control object DFIWG may cause 

an unanticipated peak in magnitude response at a GF greater than the resonant frequency, which is 

destructive to constant closed-loop (CL) process [29], [30]. Precise AC pulse monitoring and 

sufficient CL phase tolerance are features of the PIR. PIR can be built to eliminate the DFIWG stator 

P and Q pulsation components built on pole-zero annulment to prevent the surprise advance spike 

[29].  

The performance study of DFIWG to the weak grid is examined in this research. For preventing 

the axial transformation of stator voltage and current, RSC regulation is built on a stationary reference 

frame. Equations for electromagnetic torque and stator power are derived using rotor flux under 

balance and imbalanced GV as inputs. To assess the DFIWG's performance, it is used with a crowbar, 

a FACTS device, and no additional tools. Simulation outcomes are analyzed and investigated for 

assessing DFIWG's performance. The performance of several approaches is assessed under balanced 

and unbalanced GV. 
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2. Description, Mathematical Modeling, and Control of the Investigated System   

2.1. System Description 

A back-to-back converter (BTBC) structure based on voltage source converter (VSC) has been 

castoff for DFIWG, and it’s called by this name because of it has two parts (stator and rotor) can 

supply power. For grid-connected DFIWG, the stator is straight linked to the network, and the rotor 

is linked to the network via BTBC. The VSC of the rotor involves of two components, the RSC and 

GSC, which are regulated autonomously [31]-[33].  

RSC is utilized to provide the required magnetizing current in the rotor winding for controlling 

P and Q which flow from the stator terminals of DFIWG to the network. The GSC’s chief mission is 

to preserve the DCLV fixed. The DFIWG permits a variable speed process at )  + / -) 30% around the 

synchronous speed. Thus, the power movement in the rotor system is bidirectional. This necessitates 

a 4-quadrant VSC as given away in Fig. 1. Nevertheless, the VSC requirements to work only ± 30% 

of the rated value. The usage of lower-capacity VSCs outcomes in a low price, weight, and physical 

size as well [34]-[36]. 

   

Fig. 1. Addressed grid-tied DFIWG 

2.2. Mathematical Model 

A mathematical model of DFIWG in a dq frame reference is recognized. The GV-oriented VC 

is cast-off for GSC to keep a persistent DCLV and to recompense for Q at the system. The stator 

field-oriented VC is approved in the RSC , so long as effectual conduct of P and Q [35], [37], [38]. 

The winding arrangement of the asymmetrical induction machine (IM) is shown in Fig. 2 [39], [40]. 

The corresponding circuit illustration of an IM is given away in Fig. 3 and Fig. 4.  In these Figures 

the IM is epitomized as a 2-Ø IM. For the modeling of DFIWG in d-q frame reference, the 2-Ø stator 

(𝑑𝑠-𝑞𝑠) and rotor (𝑑𝑟-𝑞𝑟) variables in a d-q frame are represented. The stator circuit formulas can be 

expressed as [41]-[44]: 
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𝑉𝑠

𝑞𝑠 = 𝑅𝑠 𝐼𝑠
𝑞𝑠 +

𝑑

𝑑𝑡
𝜓𝑠

𝑞𝑠 (1) 

 
𝑉𝑠

𝑑𝑠 = 𝑅𝑠 𝐼𝑠
𝑑𝑠 +

𝑑

𝑑𝑡
𝜓𝑠

𝑑𝑠 (2) 

where 𝜓𝑠
𝑞𝑠  and 𝜓𝑠

𝑑𝑠  are q-axis and d-axis stator flux linkages, respectively. When changing 

equation (1) and equation (2) to a d-q frame, the (3) and (4) is expressed as: 

 
𝑉𝑞𝑠 = 𝑅𝑠𝐼𝑞𝑠 +

𝑑

𝑑𝑡
𝜓𝑞𝑠  + 𝜔𝑒𝜓𝑑𝑠 (3) 

 
𝑉𝑑𝑠 = 𝑅𝑠𝐼𝑑𝑠 +

𝑑

𝑑𝑡
𝜓𝑑𝑠  − 𝜔𝑒𝜓𝑞𝑠 (4) 

where all the variables are in a synchronously rotating frame. The bracketed terms are defined as the 

back e.m.f. When  𝜔𝑒 = 0 the d and q axis is zero and the formulas change to stationary system. If 

𝜔𝑟 =  0, (5) and (6) are expressed as: 

 
𝑉𝑞𝑟 = 𝑅𝑟𝐼𝑞𝑟 +

𝑑

𝑑𝑡
𝜓𝑞𝑟  + 𝜔𝑒𝜓𝑑𝑟 (5) 

 
𝑉𝑑𝑟 = 𝑅𝑟𝐼𝑑𝑟 +

𝑑

𝑑𝑡
𝜓𝑑𝑟  − 𝜔𝑒𝜓𝑞𝑟 (6) 

If the rotor rotates at 𝜔𝑟, at that time the d-q axes static on the rotor dishonestly will change at 

𝜔𝑒-𝜔𝑟. Equations (7) and (8) are expressed by replacement 𝜔𝑒-𝜔𝑟 in position 𝜔𝑒: 

 
𝑉𝑞𝑟 = 𝑅𝑟𝐼𝑞𝑟 +

𝑑

𝑑𝑡
𝜓𝑞𝑟  + (𝜔𝑒 − 𝜔𝑟)𝜓𝑑𝑟 (7) 

 
𝑉𝑑𝑟 = 𝑅𝑟𝐼𝑑𝑟 +

𝑑

𝑑𝑡
𝜓𝑑𝑟  − (𝜔𝑒 − 𝜔𝑟)𝜓𝑞𝑟 (8) 

The 𝜓 for rotor and stator is inferred from Fig. 3 and Fig. 4 in (9)-(14): 

 𝜓𝑞𝑠 = 𝐿𝐼𝑠𝑖𝑞𝑠 + 𝐿𝑚(𝑖𝑞𝑠 + 𝑖𝑞𝑟) = 𝐿𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟 (9) 

 𝜓𝑑𝑠 = 𝐿𝐼𝑠𝑖𝑑𝑠 + 𝐿𝑚(𝑖𝑑𝑠 + 𝑖𝑑𝑟) = 𝐿𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟 (10) 

 𝜓𝑞𝑟 = 𝐿𝐼𝑟𝑖𝑞𝑟 + 𝐿𝑚(𝑖𝑞𝑠 + 𝑖𝑞𝑟) = 𝐿𝑟𝑖𝑞𝑟 + 𝐿𝑚𝑖𝑞𝑠 (11) 

 𝜓𝑑𝑟 = 𝐿𝐼𝑟𝑖𝑑𝑟 + 𝐿𝑚(𝑖𝑑𝑠 + 𝑖𝑑𝑟) = 𝐿𝑟𝑖𝑑𝑟 + 𝐿𝑚𝑖𝑑𝑠 (12) 

 𝜓𝑞𝑚 = 𝐿𝑚(𝑖𝑞𝑠 + 𝑖𝑞𝑟) (13) 

 𝜓𝑑𝑚 = 𝐿𝑚(𝑖𝑑𝑠 + 𝑖𝑑𝑟) (14) 

Equations (1)-(14) describe the complete electrical modeling of DFIWG. Whereas equation (15) 

couriers the relatives of mechanical variables. The 𝜔𝑟 is linked to the torque as: 

 𝑇𝑒 = 𝑇1 +  J
𝑑ω𝑚

𝑑𝑡
+ B𝜔𝑚 = 𝑇1 +

2

𝑝
 J

𝑑ω𝑟

𝑑𝑡
 +

2

𝑝
B 𝜔𝑚 (15) 
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Fig. 2. 𝑑𝑞-coordinate frame of the IM 

 

Fig. 3. Q-axis circuit of the DFIWG 

 

Fig. 4. D-axis circuit of the DFIWG 

2.3. Control of DFIG  

Fig. 5. displays the detailed control scheme of DFIWG [26]. The stator voltage vector angle 

(𝜃𝑠), and the rotor position angle (𝜃𝑟), angles are used to clarify the control process. The slip angle 

is identified by 𝜃𝑠1 = 𝜃𝑠 − 𝜃𝑟. The abc /  dq and dq/abc transformation blocks are also utilized. The 

𝜃𝑠 is obtained where 𝑉𝑎𝑠, 𝑉𝑏𝑠, and 𝑉𝑐𝑠 are measured [45]-[47]. 

The optimal torque MPPT block generates the 𝑇∗
𝑒. The 𝑖∗

𝑑𝑟 is calculated according to equation 

(5). For a given 𝑄∗
𝑠 the 𝑖∗

𝑞𝑟 is calculated by equation (6). The 𝑖∗
𝑑𝑟 and 𝑖∗

𝑞𝑟 are then compared to 

the measured values, 𝑖𝑑𝑟 and 𝑖𝑞𝑟, and the errors passed through PI controllers. The output of the PI 

controllers, 𝑣∗
𝑑𝑟 and 𝑣∗

𝑞𝑟are transformed into 𝑣∗
𝑎𝑟, 𝑣∗

𝑏𝑟 and 𝑣∗
𝑐𝑟 PWM block generates gating 

signals for the RSC. The GSC performs two main functions: (1) it keeps the DCLV constant, and (2) 

provides Q to the grid when required. The 𝑄∗
𝐺𝑆𝐶 can be set to zero for the unity power factor (UPF) 

operation. The overall PF of the DFIWG is then controlled by the RSC through 𝑄∗
𝑠 [48]-[50].  
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Fig. 5. Block diagram of a DFIWG with stator voltage-oriented control 

2.4. Modelling of Crowbar 

The crowbar action can often be represented as in (16). The parameters for each of the 

subsequent equations are explained in detail [51]-[53]. 

 𝑉𝐶 = 𝐹𝑆 𝑅𝐶  𝐼𝐶 (16) 

 
𝑇𝑟

𝑆𝐶 = (
𝐿𝑟

𝑆𝐶

𝑅𝑟 + 𝑅𝜏𝑐
) (17) 

 
𝐼𝑟

𝑚𝑎𝑥 = (
𝑉𝑟

𝑚𝑎𝑥

√(𝑋𝑟
𝑠𝑐)2 + (𝑅𝜏𝑐)2

) (18) 

 
𝑅𝜏𝑐 < (

√2 𝑋𝑟𝑠
𝑠𝑐  𝑉𝑟

𝑚𝑎𝑥

√3.2 (𝑉𝑠)2 + 2( 𝑉𝑟
𝑚𝑎𝑥)2

) (19) 

 
𝑉𝑟 = 𝑘 𝑚 𝑉𝐷𝐶  , 𝑎𝑛𝑑 𝑘 = (

1

√3
)

𝑉𝐷𝐶
𝑏

𝑉𝑟
𝑏

 (20) 

 𝑉𝑟
𝑚𝑎𝑥 = 𝐼𝑅𝐷𝐶 − 𝑉𝐷𝐶 = 𝑂 (21) 

2.5. Modelling of STATCOM 

The STATCOM (shunt reactive compensator) can either generate or absorb reactive power. In 

a three-phase configuration, the following equations are used to represent STATCOM and fully 

discussed in [54], [55]: 
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L

dia

dt
=-RIa+(Va-Va1) (22) 

 
L

dib

dt
=-RIb+(Vb-Vb1) (23) 

 
L

dic

dt
=-RIc+(Vc-Vc1) (24) 

 
L

did

dt
=-RId+ωLIq(Vd-Vd1) (25) 

 
L

diq

dt
=-RIq+ωLId(Vq-Vq1) (26) 

 Vd1=KmVdc sin(δ)  (27) 

 Vq1=KmVdc cos(δ) (28) 

 

m=

√Vd1
2 +Vq1

2

km
 

(29) 

 
δ=tan-1

Vq1

Vd1

 (30) 

 Pac=1.5 (VdId+VqIq) =0 (31) 

 Q
ac

=1.5 (VdIq-VqId) (32) 

3. Simulation Results and Discussion 

Simulation has been done on a 1.5 MW,575 V, 60 Hz, 3poles DFIWG by using 

MATLAB/Simulink [10], [56]. Studying DFIWG performance includes the time response of p, Q, 

𝑉𝐷𝐶, 𝑉𝐴𝐵𝐶, and 𝐼𝐴𝐵𝐶 during normal and abnormal conditions like symmetrical and asymmetrical 

faults. Crowbar and STATCOM devices are used for enhancing the performance of DFIWG, and 

their connections are illustrated in Fig. 6 and Fig. 7. The DFIWG parameters are listed in Table 1. 

Table 1.  DFIWG data 

DFIWG Parameters Value 
Rated power 1.5 MW 

Rated stator voltage 575 V 

Rated frequency 60 Hz 

DC-Link voltage 1150 V 

Pole pairs 3 

Stator resistance 0.023 pu 

Rotor leakage inductance 0.16 pu 

Mutual inductance 2.9 pu 

Stator leakage inductance 0.18 pu 

Rotor resistance 0.016 pu 

Inertia constant 0.685 pu 
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Fig. 6. Schematic diagram of crowbar connected to DFIWG [57] 

 

Fig. 7. Schematic diagram of STATCOM connected to DFIWG  [58] 

3.1. Studying the Dynamic Performance of DFIWG During Starting 

Fig. 8 from (a) to (e) shows the performance of grid-connected DFIWG in the case of balanced 

grid operation. Set point P=1.5 MW and Q=0 which means that DFIWG is operated at UPF. The 

DCLV is maintained constant at 1150 V. The system voltage is 1 pu during the time simulation as in 

Fig. 8 (a). Some overshoot happens in the rest of the presented parameters.  Results show that both 

STATCOM and crowbar enhanced the dynamic performance of DFIWG under this situation. 

3.2. Studying the Dynamic Performance of DFIWG Under Three Phases to Ground Fault 

(3ØGF) 

Dynamic performance of the system is studied with crowbar and STATCOM under 3ØGF. The 

most severe fault is this sort which leads to the voltage decreased to zero roughly. In this paper 

assumption of grid disturbance occurs at t=0.25 seconds and cleared at 0.3 seconds as seen in Fig. 9 

(a). During the fault period, the P decreased to zero and after fault clearing, the P returned to its rated 

value of 1.5 MW as seen in Fig. 9 (b), but Q drawn from the grid increased during the fault period 

which reached 1Mvar roughly and after fault clearing Q returns to its rated value 0 as seen in Fig. 9 

(c). The 𝑉𝐷𝐶 increased during the fault period to reach 1800 V, but with a crowbar and STATCOM 

decreased to reach 1268 V only that is protecting the BTBC from damage as seen in Fig. 9 (d). Fig. 

9 (e) depicts the injected current to the grid. Fig. 9 proves that both STATCOM and crowbar have 
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superior performance compared to the base case in this event. The DFIWG with the investigated 

tools achieves FRTC and keeps the 𝑉𝐷𝐶 below permissible limits. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 8. Simulation results during normal operation: (a) 𝑉𝐴𝐵𝐶 , (b) 𝐼𝐴𝐵𝐶 , (c) P, (d) Q, (e) 𝑉𝐷𝐶 
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3.3. Studying the Dynamic Performance of DFIWG Under the Double Line to Ground Fault 

(2ØGF) 

At the occurrence of the 2ØGF the system voltage changes as depicted in Fig. 10 (a). The P 

drops to nearly 0.5 MW with a crowbar and reaches 0.62 MW with STATCOM as shown in Fig. 10 

(b). The DFIWG absorbs about 1Mvar during the fault period but STATCOM gives the highest Q to 

support the system voltage as depicted in Fig. 10 (c). The 𝑉𝐷𝐶 reaches about 1330 V in the base case 

and reaches 1250 V with STATCOM but with the crowbar reaches 1200 V as depicted in Fig. 10 (d). 

Fig. 9 (e) depicts the injected current to the grid. Fig. 10 proves that both STATCOM and crowbar 

have superior performance compared to the base case in this event. The DFIWG with the investigated 

tools achieves FRTC and keeps the 𝑉𝐷𝐶 below permissible limits. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 9. Simulation results under 3ØGF: (a) system voltage, (b) P, (c) Q, (d) grid current, (e) 𝑉𝐷𝐶 
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(c) 

 
(d) 

 
(e) 

Fig. 10. Simulation results under 2ØGF: (a) system voltage, (b) P, (c) Q, (d) grid current, (e) 𝑉𝐷𝐶 

4. Conclusions 

When failures occur, DFIWG is under a lot of stress. By using a crowbar and STATCOM, 

DFIWG may remain connected to the grid and restrict currents and voltages below predetermined 

thresholds. Q regulation cannot be provided by DFIWG equipped with a crowbar, although it can 

withstand grid disturbances, according to simulations. Investigations are conducted into the use of a 

STATCOM linked to a DFIWG to enable uninterruptible FRTC of GV faults. Whereas the DFIWG 

can carry on with its nominal operation and satisfy any grid code requirement without requiring 

additional protective mechanisms, the STATCOM can make up for the defective line voltage. 
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Simulation results declared that the voltage dip in the grid leads to overvoltage in the DC link, over-

currents in DFIWG winding, and a decrease in active power. From the previous discussion, we find 

that the DFIWG connected to the utility grid gave a better dynamic performance with the STATCOM 

tool in case of a three-phase fault and double line to ground fault compared to an active crowbar. 

Active crowbar and STATCOM tools have succeeded in enhancing the machine's performance. 
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