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Abstract: The present study investigates the control strategy of a novel doubled-fed in-
duction generator (DFIG) with a series grid-side converter (SGSC) during grid faults. The
rotor-side inverter is subject to a control strategy derived from the Model Predictive Cur-
rent Control (MPCC) theory, which is implemented during periods of fault occurrence;
for the series grid-side converter, the positive and negative sequence component control
is implemented during both steady state and fault periods to enhance system stability
and performance. The proposed coordinated control strategy is implemented on a dou-
bly fed turbine with SGSC, while taking into account different degrees of symmetric and
asymmetric faults to further evaluate the efficacy of the proposed method. The results of
the simulations demonstrate the efficacy of the model-predictive current control scheme
applied to the rotor-side converter under conditions of asymmetric faults. This enables
the suppression of a range of phenomena, including rotor overcurrent, stator overcurrent,
and overvoltage, electromagnetic torque ripple, and DC bus voltage during low-voltage
ride-through (LVRT), among others. The present study confirms the viability of implement-
ing positive and negative sequences of voltage separation control in the SGSC during both
grid faults and steady state. This approach is expected to minimize the switching of SGSC
control strategies and thereby reduce output power fluctuations. The Rotor Side Converter
(RSC) and SGSC can perform coordinated control during faults, and the proposed method
is able to improve low-voltage ride-through performance compared to existing methods,
thereby preventing damage to the converter under multiple fault conditions.

Keywords: SGSC (series grid-side converter); positive and negative sequence voltage
separation; MPCC (model predictive current control); LVRT (low voltage ride through);
DFIG (doubly fed induction generator)

1. Introduction

The recent augmentation in wind power grid-connected capacity has been accompa-
nied by the formulation of novel grid operation guidelines that explicitly delineate the
requirements for the operation of grid-connected reactive power in large-capacity wind
power systems. A further consideration is imperative to guarantee that grid-connected
power quality requirements are satisfied. It is therefore essential that the negative sequence
content of the grid-connected current remains within a specified range. To fulfill the voltage
ride-through technical requirements of the power generation system under the recently
enacted power grid regulations, scholars have proposed a new topology to enhance the
performance of the DFIG system when connected to the grid. Most scholars firstly optimize
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the control strategy of SGSC under grid imbalance [1-6]. The LVRT operation of DFIG is
considered to be the biggest challenge of wind power grid-connected technology [7]. To
meet the technical requirements for low-voltage ride-through capability of power gener-
ation systems under the new grid regulations, some scholars have also investigated the
DFIG performance with improved topologies. For instance, as posited by literature [8], a
shift from a parallel to a series configuration is proposed for the connection of the grid-side
converter to the grid. This novel configuration offers distinct advantages in terms of fault
ride-through capability. However, related studies have identified challenges associated
with the doubly fed converter system employing this scheme, including inadequate power
handling capacity [9]. Consequently, the extant literature [10,11] displays the integration of
a parallel grid-side converter with the series grid-side converter. This configuration is em-
ployed to enhance the system’s power handling capacity, thereby facilitating ride-through
under balanced three-phase short-circuit conditions. However, the existing literature has
primarily focused on the investigation of the controls for the purpose of total output power
control in doubly fed converter systems that utilize SGSC. A paucity of in-depth research
exists with respect to the control of the system for the purpose of suppressing the output
current in the event of grid faults.

Model Predictive Control (MPC) [12] is a technique that employs a system model to
forecast future states and output variables. By continuously optimizing control inputs
based on an objective function, it determines the most effective control strategy. As detailed
in Reference [13], the utilization of MPC strategies within the domain of power electronic
systems has been thoroughly investigated and presented. This paper provides a compre-
hensive explanation of how Finite Control Set Model Predictive Control (FCS-MPCC) can
be applied to power converters. In addition, various studies have introduced anticipatory
current regulation strategies designed specifically for doubly fed induction machines oper-
ating within wind energy generation frameworks. This model is based on the maximum
wind energy tracking model of double-fed wind turbines. Reference [14] applied MPC
theory to a solid-state transformer and effectively suppressed power quality harmonics.
Reference [15] designed MPCC based on doubly fed wind turbine to solve the problem of
DC bus voltage overrun.

To maintain generator voltage and ensure DFIG connectivity during voltage dips,
coordinated control of the RSC and SGSC is employed for effective voltage dip mitigation.
The new control strategy proposed here comes from the perspective of limiting the transient
DC component and the negative sequence power frequency component. To manage
the operation of the RSC and the SGSC in the DFIG configuration, a control strategy is
formulated that incorporates model predictive current regulation in conjunction with a
T/4 delay-based separation technique for decomposing the voltage into its symmetrical
positive and negative sequence components. In the following, it is verified that the use
of MPCC during the fault can effectively suppress the overcurrent and reduce the DC
bus voltage amplitude, so that the effectiveness of the GSC can be guaranteed to achieve
power support. Furthermore, it is demonstrated that separating the positive and negative
sequences enables smooth SGSC control in steady-state conditions. The study indicates that
this work enhances the LVRT capability of the DFIG system, improving the adaptability of
grid-integrated doubly fed wind turbines to grid disturbances.

The innovations of this paper are as follows:

1. Avoltage ride-through strategy is developed through coordinated control of the SGSC
and RSC, where regulation of the SGSC output voltage suppresses the stator flux
transient component, and the MPCC strategy enables the RSC to directly track the
rotor current, effectively mitigating overcurrent issues. For example, in a single-phase
ground fault, the stator current fluctuation range under traditional PI control is —7.14
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to 7.14 kA, whereas the improved coordinated control reduces it to —4.3 to 4.3 kA, a
reduction of about 40%;

2. This paper also introduces the T/4 delayed voltage separation control strategy applied
to SGSC for positive and negative sequence component separation under both steady-
state and fault conditions. Equation (12) shows how to achieve voltage positive
and negative sequence separation, thereby avoiding the time delay problem of the
traditional PI controller. Simulation results indicate that this strategy can limit the
DC-link voltage fluctuation range between 1.17 and 1.22 kV during a single-phase
short circuit fault, significantly improving system stability compared to traditional
PI control.

2. The DFIG Model with SGSC

Compared with the mainstream DFIG system, the topology of the DFIG system using
SGSC has changed. It is an SGSC and a series transformer added to the generator stator
side in the original topology. The topology is shown in the Figure 1a.
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Figure 1. DFIG topology with SGSC and equivalent circuit. (a) DFIG topology with SGSC. (b) Equiv-

alent circuit of the series grid-side converter in the synchronously rotating reference frame. (c) Equiv-
alent circuit of the dc-link.

As shown in Figure 1a, the DFIG stator voltage vector results from the superposition
of the grid voltage and the compensation voltage injected through the series transformer.

The stator voltage space vector of the DFIG can be manipulated by regulating the
voltage generated by the SGSC, thereby optimizing the transition process of the DFIG
when the power grid is faulty. But whether a good low-voltage transition operation can be
achieved depends on the optimization result of the control strategy. In order to facilitate
the analysis of the problem and simplify the design of the control scheme, a simplified
equivalent circuit is used in the series transformer, that is, the excitation branch of the series
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transformer is ignored. As depicted in Figure 1b, the SGSC voltage within the synchronous
rotating coordinate system can be mathematically described as follows:

. . di
Ug = Riis + jweLis + Li?: + Us — Useries 1)
Pseries + steries = useriesfs (2)

where: u; is the generator stator voltage space vector in the static coordinate axis system;
Useries 1S the series voltage space vector injected by the series transformer; u is the grid volt-
age space vector; R; is the series transformer resistance and input filter resistance; L; is the
series transformer leakage inductance and filter inductance; Pseries, Qseries represent the real
and reactive power transmitted through the series-connected grid converter, respectively.

The mathematical representations of both the stator and rotor sides of the DFIG are

formulated as follows: .
Us = Rgig + %

| do, (3)
ur = Ryiy + T(’;
In the rotor coordinate system, the flux linkage of stator and rotor is expressed as:
Ps = Lsis + Lmir (4)

Pr = Lyiy 4 Lyyis

In Equations (4) and (5): us, u, and is, i, denote the stator and rotor voltages and
currents in the stationary reference frame, respectively; ¢s, ¢, are their flux linkages; Rs, R,
and Ls, L, represent the stator and rotor resistances and self-inductances; L, is the mutual
inductance; w; is the rotor speed. From the state-space Equation (5), the stator and rotor
flux linkage dynamics can be derived:

L .
(Pr = fm¢5 + U'Lrlr (5)
S
In this context, o denotes the leakage inductance coefficient.
o= (1 — Lzm/LsL,) ©6)

Substituting Equation (6) into Equation (4) enables the derivation of the connection
between the rotor voltage and the stator flux.

L des
Y=Lt

+ (0Ly + Ry)iy @)

As shown in Figure 1c, when the DC bus voltage of the DFIG system is constant, the
following relationship exists:
ngprfpserieszo (8)

In the above equation: P is the power of the parallel grid-side converter, and P, is the
power of the rotor-side converter.

3. Coordinated Control of Voltage Ride Through Based on SGSC
and RSC

In a typical DFIG setup, the generator stator is directly connected to the power grid.
When a grid fault causes voltage sag, the stator flux will include a transient DC component,
along with both positive and negative components (the latter occurring during unbalanced
faults). The transient DC component is one of the main causes of rotor overcurrent. For the
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DFIG system using SGSC, the introduction of SGSC can make the stator voltage flexible
and controllable. If the output voltage is adjusted to suppress the stator flux’s DC offset
during faults, rotor over-current protection is achieved. However, the PI controller with
sequence separation requires decomposing the current and voltage feedback into their
respective components. It will cause a time delay in the feedback amount, thereby reducing
the responsiveness and overall dynamic efficiency of the control system [16]. Therefore, it
is necessary to introduce RSC control on the basis of SGSC control to suppress overvoltage
and overcurrent.

3.1. Improved Control of SGSC During Grid Steady State and Fault

When the grid voltage is normal, RSC and PGSC employ vector control for generator
power regulation and DC link voltage stabilization. The RSC uses traditional vector
control. In the conventional vector control strategy, the three-phase stator current of the
asynchronous machine is transformed into current components in the two-phase stationary
reference frame (3 axis). Subsequently, a coordinate transformation (Park transformation)
is applied to equivalently convert these components into direct current components in the
synchronous rotating reference frame (dq axis). The PGSC employs a traditional PI control
strategy, while the SGSC adopts positive and negative sequence separation control during
asymmetric faults and PI control during symmetric conditions. For SGSC, some scholars
proposed that the control expression of positive and negative sequence separation can be
used for the control of DFIG when the power grid is normal and unbalanced at the same
time [17]. However, the author did not conduct valid verification. Therefore, it is inspired
to apply the T/4 delay voltage separation control to the SGSC control under steady state
and fault conditions in this paper. This is to reduce the switching of control strategies in
case of failure, and its effectiveness is verified in the following simulations.

In order to keep the generator stator voltage consistent with the secondary voltage of
the grid step-up transformer when the grid voltage is normal, and to eliminate the influence
of the leakage impedance of the series transformer, that is to achieve:

s = g ©)

Since most of the wind turbine grid-connected transformers are Yd-connected wind-
ings, during abnormal grid conditions, such as a fault occurrence, the voltage signal can
be decomposed to extract its zero-sequence component independently, thereby enabling
targeted analysis and control [6]. In addition, the grid connection method of DFIG is
usually three-phase three-wire system, and the zero-sequence current channel cannot be
formed. Therefore, the zero-sequence components of the system will not be considered
in the following control, and only the positive and negative sequence components will be
considered. For the convenience of distinction, in the following analysis, the superscript
+ and — represent the forward and reverse synchronous rotation coordinate systems; the
subscript + and — represent the positive and negative sequence components. The grid
voltage vector can be expressed as the following relationship:

Ug = Ugy + Ug— (10)

In the event of a grid voltage failure, it is imperative to ensure that the terminal voltage
vector and the grid positive sequence voltage vector are congruent. This is achieved by
controlling the stator negative sequence voltage vector to zero, thereby eliminating the
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impact of the grid’s negative sequence component on the DFIG during faults. The control
target of SGSC can be expressed as follows:

Usdg+ = Ugdg+ 11)
Llsdq, =0

In the equation, usg, 1, Usgy— and ugy,, are the positive sequence and negative se-
quence components of the stator voltage vector and the positive sequence component of
the grid voltage vector in the two-phase rotating coordinate system, respectively.

To fulfill the control objectives outlined in Equation (11), this study employs the T/4
delay technique to effectively decouple the positive and negative sequence components of

the voltage:
Ugy (1) 10 -1 Ugy(t)
uglg+(t) _1 01 1 0 ugﬁ(t) (12)
Uge ()]~ 2[1 0 0 1| |ug(t—T/4)
ugp— (1) 0 1 =1 0] | ug(t—T/4)

Uga+, Ugpy, Ugn—, Uga— are the positive and negative sequence components of the grid
voltage in the a8 frame.

Based on the derivation from Equation (12), the positive and negative sequence com-
ponents of the grid voltage can be extracted within the two-phase stationary reference
frame. Subsequently, through coordinate transformation involving rotational operations,
these components are mapped into the synchronous reference frames—yielding the corre-
sponding voltage components in both the forward and reverse rotating coordinate systems:

+ .
[ugdﬂ _ 2[cosﬂg+ sm0g+] [ug,ﬂ_] (13)

Ugoy 3| —sinfgy cosfgy | |ugpy
[”g_dl - \F cos(~0. ) sin(—6y,) [”gv‘—] (14)
Ugg— 3 —sin(—(?g+> cos(—6g+) Ugp—

In the equation: T is the grid period. 6. is the positive sequence grid voltage
vector angle, which can be obtained by the phase-locked loop [18]. However, under
unbalanced grid conditions, the conventional basic PLL structure is easily affected by
negative-sequence voltage components and harmonic disturbances, leading to significant
errors in the extracted 6. These errors negatively impact the accuracy of the dg-axis
coordinate transformation and deteriorate the current regulation performance of the DFIG
controller, potentially causing system oscillations.

To enhance the stability and robustness of the control system under asymmetric fault
conditions, this study adopts an improved PLL structure to obtain 6, during the separa-
tion of positive and negative sequence components. Common enhanced PLL algorithms,
Techniques like DSRE-PLL, DSC-PLL, and EPLL can reliably extract the positive-sequence
phase angle, even with negative-sequence components and grid disturbances. For the
purpose of simplifying implementation and simulation modeling, the DSRF-PLL structure
is selected in this study. It effectively mitigates the impact of reverse-sequence components
on the phase-locking outcomes, ensuring precise transformation between forward and
reverse sequence coordinate systems, thereby enhancing the system’s performance and
stability under unbalanced grid conditions.

The positive and negative sequence components of the stator and grid voltages are de-
rived from Equations (10) to (14) under the forward and reverse synchronous rotating axes.



Energies 2025, 18, 2537 7 of 17

The mathematical models for the forward and reverse sequence components of the
series grid-side converter can be expressed in the direct and inverse synchronous reference
frames under grid fault conditions.

+
u;riesd+ = Rii:d+ —cueLiiSt,Jr —i—Lile%% +u;+ —ug*dJr 15)
u;riew = Riigy, +weliify, + Lidlg—‘;* Fug — g

_ — — i, _ _
Ugpriosd— = Rilgg + welLilgy_ + Li% Fugy — gy 16)
us:eriesqf = Rii;y__WeLii;q— + Lidz;% + u;i_ — ugq_

Combining Equations (15) and (16), the voltage control is realized by using the PI
control of the voltage closed-loop. The SGSC positive and negative sequence voltage control
equations are:

ut . — [KpastD) | (+ ot
seriesdq—+ Ti18 gdq+ sdg+ 17)
u |:Kp2(TiZS+1) (0 —u_. )
seriesdg— — |7 Tps sdq—

In Equation (17), Kp1, 71 and Ky, Tj are the PI controller parameters for the positive-
and negative-sequence voltages, respectively. Notably, both K;,; < 0and K2 < 0.

This paper applies the above sub-sequence control to the SGSC in both normal and
fault modes, simplifying its control algorithm. The control flow is shown in Figure 2.

R BT e BT i i i =
| 111-(7’4 l o, Ly (k”)l l’rﬁ (k+1) | RSC PGSC -PGSC controller I
_ | .
0. - —> Value : ! —
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5 Tor . |reference e ) ol control strategy
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L

@ predictive current [«
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| ) —

. F . u. i ] and negative order _ . I

I — (Equations(25)- [ raff 3s/2s . 7 HS 3s/2s u_m,'g components ugdq— “sdq— .

N (26)) T ; . I — (Equations(10)14) —————— |

I X 7'y re, 7 " e
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Figure 2. DFIG topology with SGSC.

In Figure 2, a comprehensive set of electrical and control variables is employed to
achieve reliable operation under both low and high voltage ride-through (LVRT/HVRT)
conditions. The system state variables include the rotor current in the dq reference frame
irdq, the mechanical angular velocity of the wind turbine wy,, and the reference values for
reactive power and electromagnetic torque, denoted by Q,.r and Tor,., respectively. The
control structure utilizes both dg-axis current references i gy, irgref and their corresponding
af-axis references iyyyef, iyprer, while the angle 6 is used for coordinate transformation. The
optimal switching state determined by the predictive controller is represented by S;, and
the predicted rotor current at the next sampling instant is given by i,, (k + 1), 7 8 (k+1).
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The measured electrical quantities include the rotor electrical angular velocity wy,,
rotor voltages and currents in the af frame 1,4, i, and the stator voltages and currents
us, is along with their af components u,g, is,p. The reference angular speed and angle
used for transformations are denoted by w; and 67, while the electrical angles of the rotor
and stator are 6, and 0;, respectively. The rotor flux linkage is represented by @;.

The angle corresponding to the fundamental balanced component of the grid voltage,
obtained through phase-locked loop (PLL) synchronization, is indicated by 9; . The grid
voltage and its ff components are denoted as g, ug,p. To enable symmetrical component-
based regulation, the dg-domain representations corresponding to the fundamental and
unbalanced parts of the grid and stator voltages are introduced as u;d g+ Hodg—s ul, g+

U In addition, the SGSC-injected voltage for voltage compensation is represented by

u;riequr’ us;riesqf‘

In contrast to unbalanced voltage sags commonly encountered in power systems, a
symmetrical three-phase voltage swell allows the stator-side grid-side converter SGSC to
regulate the terminal voltage of the stator, thereby supporting continuous power transmis-
sion from the DFIG to the utility grid [19]. Furthermore, through appropriate modulation
of the RSC, the DFIG is capable of delivering reactive power assistance during the voltage
swell event [20]. Throughout this condition, the PGSC maintains its primary function of sta-
bilizing the DC-link voltage, which is essential to ensure reliable high-voltage ride-through
capability of the DFIG system.

Since the grid voltage under a symmetrical overvoltage condition consists solely of
fundamental balanced components, the control method designed for decomposing and
handling unbalanced sequence components during asymmetric faults is not required [21].
At this stage, the control objective for the stator voltage can be expressed as:

{ Hsd = Hgd = Usq (18)
Usg =0 = g,

In the above equation, u_, and u;q represent the stator terminal voltage vectors in the
dq coordinate system during a grid voltage surge, while u,; and us; represent the stator
terminal voltage vectors during steady-state grid conditions. By combining Equation (1),
The voltage expression at the stator side, when represented in the dq reference frame, can
be reformulated as follows:

digy
. . . q
Usdqg = Useriesdqg — Ugdq — Rilsdq - ]weLilsdq - Li? 19)

Based on the above, the stator voltage control equation in the dq coordinate system is
established as follows:

Ugy = [Kps(Tiserl) (M - d)

s st } o (20)

Usq = [KPS(%H (0~ usq)

Tis$
In Equation (20), Kps and ;s are the PI control gains for the SGSC in the «f3 rotating
frame after the voltage surge.

3.2. MPCC Strategqy Applied to RSC During Grid Failure

In the event that the generator continues to supply a significant amount of power
during a grid fault, the positive-sequence current of the stator will rise due to the abrupt
decrease in the generator’s stator voltage [22]. The rotor cutting stator positive sequence
magnetic field of the generator will also generate a large slip frequency current component
in the rotor winding [23], which is also an important cause of overcurrent on the rotor
side. Therefore, if the RSC control strategy can be improved during the fault process, the
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purpose of suppressing the stator overcurrent of the generator can be achieved, thereby
improving the low-voltage transient operation of the DFIG system.

3.2.1. Building a Predictive Model

To implement the MPCC during low voltage ride-through, the rotor voltage and
current are first discretely sampled, leading to the derivation of the following equation:

diul 1 |u(k)—u(k—1)
dtH - Ts[i(k)—i(k—l)] @)

A comparison of the MPCC strategy applied to RSC in this paper with the delayed
positive and negative sequence separation control applied to SGSC reveals that the former
does not require the separation of positive and negative sequences of voltage and current.
Furthermore, the MPCC strategy does not entail a time delay under PI control [16]. The
state-space model that accounts for a linear discrete-time system is as follows: In order
to realize the MPCC during low-voltage ride-through, the voltage and current of the
rotor must first be sampled discretely. This leads to the derivation of the subsequent
mathematical expression:

x(k+1) = Ax(k) + Byu(k) + Byd (k)

ye(k+1) = Cox(k) 22)

In Equation (19), the matrix A is the state transition matrix, discretized based on the
system’s electrical parameters—primarily the stator and rotor inductance and resistance—
along with the sampling interval T;. The control input matrix B;, characterizes the influence
of the control input u(k), which in this case represents the modulated rotor voltage vector
Upyp, ON the system state evolution. External disturbances, such as variations in stator
voltage u, grid faults, or flux oscillations, are modeled via the disturbance vector d(k)
and its associated input matrix B;, which maps the disturbance to its effect on the system
dynamics. The controlled output y.(k + 1) corresponds to the predicted output, typically
the rotor current to be regulated, and is derived through the output matrix C., which selects
relevant elements from the state vector—often implemented as an identity or selection
matrix depending on the control objective.

The current information, such as iy (k) and i,5(k), obtained from MATLAB/Simulink,
is used to define the state variable vector x(k), while the mathematical model u(k) of the
doubly fed machine is treated as the input control variable. Using this, the future current
values iry (k + 1) and i,5(k + 1), which represent the next time step of the controlled output
yc(k), are forecasted. Assuming all system states are measurable, Equation (19) is then
restructured into an incremental model.

Ax(k+1) = AAx(k) + B,Au(k) + ByAd (k)

ye(k) = Cebx (k) + ye(k — 1) (23)

where, Ax(k) = x(k) — x(k —1); Au(k) = u(k) —u(k —1); Ad(k) = d(k) —d(k —1).

The current value of k is represented by x(k), and the change in x(k) from its previous
value, x(k — 1), is calculated as Ax(k) = x(k) — x(k — 1). The quantity known as “Ax(k)”
can be utilized as a point of departure for the purpose of predicting the future dynamics of
the system, thereby enabling the estimation of the state that will be reached at time k + 1.
This process, in essence, constitutes a state increment. Equation (20) can be rewritten as:

Ax(k+1]k) = AAx(k) + B,Au(k) + ByAd(k) (24)
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In the given equation, the notation “k+1 | k” indicates a one-step-ahead prediction from
the current time k to the next time instant k+1, where the value at k+1 does not influence
the system output at time k. Once the state-space model is constructed, the corresponding
current prediction expression is formulated. Subsequently, various reference signals are
assigned to the rotor-side converter, subject to predefined constraints.

3.2.2. Current Predictive Control Algorithm

When an asymmetric fault occurs in the power grid, the generator’s stator voltage
decreases, leading to the emergence of a negative-sequence component. As a result, the
stator current contains both positive and negative sequence components. The stator flux
consists of three components, in addition to the components corresponding to the positive
and negative sequences, there is also a DC component of the stator flux formed by the
inability to suddenly change due to faults. The total stator flux can be represented by the
equation: g5 = [(us — Ryis)dt. Due to the relatively slow variation in the DC component of
the magnetic flux, the free component may be obtained by means of filtering the magnetic
flux through a low-pass filter. During the period of asymmetric voltage drop in the power
grid, transient DC flux linkage of the stator will be induced. By using a low-pass filter to
filter the magnetic flux, it was found that this component is small and gradually decays, so
it can be ignored. In order to facilitate comprehension, the influence of the stator transient
DC flux linkage is temporally disregarded in the analysis. That is to say, solely the positive
and negative sequence flux linkages and currents of the stator are taken into account.

Equation (7) can be reformulated as follow:

L2\ di
Ryiy + L—m)r—u—'w 25
rlr (r L. ) dt r — JWr@Pr ( )

The discretization of Equation (22) involves the implementation of the forward Euler
method, which replaces the difference quotient with the discrete difference value. The
result should be outputted as the current control increment at time k + 1, as demonstrated
in the subsequent equation:

(k) = Ryira (k) +cor grp (k)

ire(k+1) = T, L,—L% /L + i (k) (26)
px 7 k _err k)— rPra k .
izg (k1) = T, O en® g

3.2.3. The Establishment of the Value Function

A cost function needs to be defined in the predictive control scheme, so the motor
model established above is used to predict the current. The error of the reference current
and the predicted current must be considered in the value function, and then the value
function is established:

8= iraref(k+ 1) —ip(k+ 1)‘ +

irﬂref(k + 1) - l:f,B (k + 1) (27)

As illustrated by Equation (24), i;aref(k + 1) and i,g,. (k + 1) correspond to the refer-
ence values in the af coordinate system. These reference values are derived subsequent
to the coordinate transformation of the original control strategy. In this study, we sought
to determine the optimal switching sequence that would yield the desired control signal
for the RSC. To this end, we compared the reference value with the predicted value of
the current. We then identified the switch combination that corresponded to the current
vector, which resulted in the minimization of the cost function. Finally, we selected this
combination as the RSC trigger pulse signal. A two-level inverter is viewed as a nonlinear
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discrete system that can generate eight switching states and seven different voltage vectors.
as shown in the Table 1 below:

Table 1. Switch state and voltage vector.

Sa Sb Sc Voltage Vector V

0 0 0 V=0

1 0 0 W1 = %Vdc

1 1 0 V2:%Vdc+]‘§vdc
0 1 0 VBZ_%Vdc‘F]'@VdC
0 1 1 V= -2V,

0 0 1 V5:7%Vdcfjévdc
1 0 1 Vézlvdc*jgvdc
1 1 1 V; =0

Ultimately, to realize current regulation, the switching vector that yields the minimum
value of the cost function is determined and applied as the control output. The specific
implementation structure of the MPCC strategy for the (RSC) is illustrated in the control
block diagram presented in Figure 2, while the corresponding procedural steps are outlined
in the flowchart depicted in Figure 3.

Measure and calculate w, i,
and ¢, (Equations(4)—(7))
4
[Set 2, =inf. =0 |

Real time current
prediction(Equations(25)-(26))
!
Valuation function
g(Equation27)

Figure 3. Model predicts the current control flow.

4. Simulation Verification

To validate the performance of the designed control scheme under conditions of
voltage sags, a 2 MW doubly fed wind turbine is used to simulate the occurrence of
symmetrical and asymmetrical faults in the power grid. As a comparison, the simulation
results under the conventional control algorithm are also given in this paper. DFIG system
parameters are as Table 2.
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Table 2. Parameters of DFIG.

Parameter Numerical Value
Stator and rotor mutual inductance (mH) 25
Rotor leakage inductance (mH) 0.087
Stator leakage inductance (mH) 0.087
DC bus voltage reference value (kV) 1.2
Rated Capacity (MW) 2
Rated voltage (kV) 0.69
Stator resistance (m(Q) 2.6
Rotor resistance (m(Q)) 2.9
SGSC series transformer ratio 2:1
Capacity of the SGSC (MW) 2

Note: Data are collected from [15] according to the specific parameter.

At the moment of fault detection, the excitation converter detects a voltage dip at
the grid connection point. The system switches the RSC from the original PI control to
a model predictive current control strategy. The PGSC adopts a traditional PI control
strategy, while the SGSC employs positive-negative sequence separation control during
asymmetric faults and PI control during symmetric conditions. Figure 4 illustrates the
simulated waveform when the system voltage drops to 60% for a three-phase symmetrical
fault, Figure 5 illustrates the simulated waveform when the system voltage drops to 60% for
a single-phase ground fault, Figure 6 displays the waveform for a 70% voltage drop during
a two-phase short circuit. Panels 4 (a—e) depict rotor/stator currents, grid currents/voltages,
torque, and DC bus voltage in the dq frame. Figures 5 and 6a-1 cover key system responses,
including phase-a currents, SGSC voltage/current components, grid-side current, torque,
DC voltage, active power, and reactive power flow. In addition, the PI marked in the
Figure represents the conventional PI control (RSC adopts the directional control based
on the stator flux linkage, and SGSC adopts the T/4 positive and negative sequence
voltage separation control). The MPCC represents the use of improved coordinated control
(RSC uses MPCC, SGSC still uses positive and negative sequence separation control).
Specifically, in Figure 4, due to a symmetrical fault, the voltage is only positive sequence.
Therefore, SGSC adopts PI control instead of the T/4 delay positive and negative sequence
component control.

After a three-phase fault occurs, the voltage components drop symmetrically and only
have positive sequence components. When the fault occurs at 4 s, through the control of
RSC, the rotor excitation voltage is properly controlled according to the degree of grid
voltage drop, and the stator current of the generator shown in Figure 4b will also be
reduced accordingly, so as to further limit the stator current. In the MPCC scheme without
space vector control, the PWM control signal is sent directly to the RSC by means of
minimization of the cost function. This enables the control of the rotor current to be directly
tracked under faults, so that the rotor current fluctuation of Figure 4a is suppressed. The
enhancement of the grid-side power waveforms depicted in Figure 4c—d facilitates the
successful implementation of voltage dip recovery functionality for the DFIG system. At
this point, as shown in Figure 4e,f, the power quality of the grid is significantly improved
in contrast to traditional control methods, and the coordinated control of SGSC and RSC
effectively mitigates fluctuations in electromagnetic torque and bus voltage. In Figure 4,
due to a symmetrical fault, the voltage is only positive sequence. Therefore, SGSC adopts
PI control instead of the T/4 delay positive and negative sequence component control.
Thus, by comparing Figure 4 with Figures 5 and 6, it can be observed that when the fault is
removed, the switching of the control strategy in Figure 4 will cause significant voltage and
current fluctuations, which cannot be avoided.
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Figure 4. Comparison of LVRT performance between MPCC and PI for three-phase short-circuit fault.

Figures 5a and 6 show that the quality of the rotor current curve is stable if no fault
occurs before 4 s. After the fault occurs, The rotor generates a starting current due to the
negative-sequence component in the stator flux. Conventional PI control increases the rotor
current to a peak of 2.1 kA at 0.076 s after a single-phase fault, and to a peak of 1.9 kA at
0.049 s after a two-phase fault. This means that under asymmetric faults, conventional
PI control increases the rotor current to twice the steady-state value. However, under the
improved collaborative control using MPCC, the maximum rotor current in Figures 5 and 6
is around 1.1 kA. After 0.383 s of two-phase fault, the rotor current gradually decays after
reaching the peak value of 1.14 kA. In the later stage of fault, it is basically between —0.89
and 0.76 kA, and compared with the fluctuation range before fault —1.0 to 1.0 kA, the
exceeding limit does not exceed 24%.

As the terminal voltage drops, the stator voltage will also drop and the flux linkage
will change in a corresponding manner. At this point, there is also an inrush current in
the stator current, as shown in (b) of Figures 5 and 6. With MPCC, the flux linkage is
suppressed and the stator current amplitude is reduced. Compared to traditional PI control,
MPCC is more effective in suppressing the stator and rotor currents when a fault is detected.
This has the advantage that the stator can be controlled in such a way that reactive power
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can be sent via the rotor current after the voltage has dropped, thus providing reactive
power support for the grid.
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Figure 5. Comparison of LVRT performance between MPCC and PI for single-phase short-circuit fault.
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Figure 6. Comparison of LVRT performance between MPCC and PI for two-phase short-circuit fault.
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The key to fault control is suppressing the flux linkage AC component that the defect
causes, since the DC component and its impact are not taken into account in the study
above. Figures 5 and 6’s (g) illustrate how linkage cutting produces a sizable number of
double-frequency AC components in conventional PI control electromagnetic torque. To
some extent, MPCC limits the electromagnetic torque variation and keeps it at a relatively
constant amount by exerting an inhibitory impact. Switching between the fault algorithm
and the steady-state vector control technique creates some electromagnetic oscillation,
especially when the mains voltage recovers.

Regardless of the control strategy employed by the three converters during a distur-
bance, maintaining the stability of the DC bus voltage remains a fundamental requirement
for the proper functioning of the exciter converter and the enhancement of control effective-
ness. Figures 5 and 6, specifically part (h), illustrate the variations in DC bus voltage under
PI control and MPCC control, respectively. As demonstrated, in the absence of any fault,
the DC bus voltage remains stable at approximately 1.2 kV prior to the 4-s mark. However,
upon the occurrence of a fault, the energy begins to accumulate within the DC link, thereby
inducing voltage fluctuations. It has been demonstrated that, among the various fault
types, the voltage deviation under a two-phase short-circuit is more pronounced than
that under a single-phase ground fault. The MPCC strategy has been demonstrated to
effectively mitigate these oscillations and reduce harmonic distortion. This finding suggests
that the MPCC approach, as implemented for the RSC in this study, exhibits superiority
over the conventional PI method in preserving the stability of the DC bus voltage during
disturbances, whether these disturbances involve a ground fault in one phase, a short
circuit between two phases, or a balanced three-phase fault.

Throughout the fault duration, regardless of the specific control method implemented
by the converter, maintaining a stable DC bus voltage—reflecting the effective regulation
capability of the GSC—is a fundamental prerequisite for ensuring the reliable operation
of the converter and the validity of control enhancement strategies. As indicated by the
preceding analysis, the voltage deviation of the DC bus under MPCC regulation remains
within a 100 V margin. The GSC output current and voltage shown in (d) and (f) of
Figures 5 and 6 are also within a controllable range. This guarantees the effective regulation
of the GSC, while markedly improving the quality of the voltage and current waveforms at
the grid interface.

During a voltage sag, the DFIG compensates by injecting reactive power into the
power network, and the level of reactive support provided rises correspondingly. The
proposed scheme has less electromagnetic torque oscillation at the time of fault occurrence
and removal, which has less mechanical impact on the wind turbine shaft system. As
depicted in (k) and (1) of Figures 5 and 6, the generator only minimally takes in reactive
power from the grid in the later phase. Under the traditional control, an increased demand
for reactive power at the generator stator terminals can impede the restoration of voltage
levels within the power grid. At 4.625 s, the fault is removed, and following a short
transient response, the reactive power promptly stabilizes to its steady-state value prior
to the disturbance. It can be seen from (i)—(l) of Figures 5 and 6 that through the effective
control of the RSC, the output power fluctuation of the generator can be quickly suppressed
in a relatively stable range when a fault occurs.

5. Conclusions

This paper presents a fault-tolerant strategy for DFIG-based wind energy systems. The
proposed control mode enables DFIG to smoothly achieve low-voltage ride-through under
various fault conditions. A MPCC method for RSC and a positive and negative sequence
delay control scheme for SGSC are designed. The effectiveness of the control strategy
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presented is thoroughly assessed under normal, three-phase sag, single-phase grounding,
and two-phase short-circuit voltage sag conditions for the DFIG. By utilizing the approach
outlined in this study, the DFIG can withstand faults and maintain a stable connection to
the grid. The improved control strategy proposed in this article is mainly applied during
the fault period, but there are still strong impact issues caused by control strategy switching
after the fault ends. Therefore, further research is needed on collaborative control from the
beginning of the fault to the stage after the fault ends.
Quantitative analysis of the conclusions:

1.  Three-phase symmetrical fault: In a three-phase short-circuit fault, when the grid
voltage drops to 60%, the g-axis grid-side voltage under traditional PI control reaches
its peak value of 0.25 kV after 0.125 s, while the improved coordinated control stabi-
lizes it around 0.023 kV. Additionally, the improved coordinated control reduces the
electromagnetic torque fluctuation range from —0.8 to 21.6 kNm to a near-stable value.
The bus voltage fluctuation range is also reduced from 1.14-1.29 kV to 1.17-1.21 kV;

2. Single-phase grounding fault: For single-phase grounding faults, the comparison
between traditional PI control and the improved coordinated control demonstrates
clear performance differences. For example, in the case of a single-phase short-circuit
fault, the stator current fluctuation range under traditional PI control is from —7.14 kA
to 7.14 kA, while the improved coordinated control based on SGSC and RSC reduces
this range to —4.3 kA to 4.3 kA, representing a reduction of approximately 40%.
Furthermore, the improved coordinated control increases the minimum electromag-
netic torque from —23.4 kKNm to —22.1 kNm and quickly suppresses it to a relatively
stable level;

3. Two-phase short-circuit fault: For a two-phase short-circuit fault, the improved coordi-
nated control exhibits superior performance. For instance, in a two-phase short-circuit
fault, the DC-link voltage under traditional PI control peaks at 2.03 kV after 0.143 s,
while the improved coordinated control limits it to between 1.17 kV and 1.26 kV.
Additionally, the improved coordinated control ensures that the reactive power stabi-
lizes after 0.21 s, with the fluctuation range being only —0.4 MVar to 0.38 MVar. The
quantitative analysis demonstrates that the improved coordinated control strategy
significantly enhances system stability and response speed under various fault con-
ditions, providing more reliable low-voltage ride-through capability for DFIG wind
energy systems during grid faults.
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