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This paper presents a direct power control (DPC) method for a doubly-fed
induction generator (DFIG) used in variable-speed wind power systems,
combining sliding mode control (SMC) with space vector modulation
(SVM). The proposed SMC-based DPC with SVM (SMC-DPC_SVM)
achieves decoupled power control through flux orientation, enhancing
performance through the robustness of SMC and the precision of SVM.
Simulation results demonstrate the effectiveness of this control strategy. The
conventional direct power control (C-DPC) approach delivers fast and robust
power response, and a comparative analysis between C-DPC and the
proposed SMC-DPC_SVM strategy highlights the advantages of the latter.
Robustness was evaluated under varying machine parameters, confirming
system stability. The proposed control method was implemented and
validated using MATLAB/Simulink, achieving a total harmonic distortion
(THD) of less than 5%, indicating high-quality power delivery to the

Space vector modulation electrical grid.
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1. INTRODUCTION

Currently, most wind turbines utilize doubly-fed induction generators (DFIGs) due to their numerous
advantages, such as variable speed operation (+30% around synchronous speed), independent control of active
and reactive power, reduced mechanical stress and noise, improved power quality, and lower costs [1].
However, DFIGs face several challenges, including parametric uncertainties caused by factors like heating and
magnetic saturation, as well as disturbances due to rotor speed fluctuations. These factors can lead to suboptimal
system performance, highlighting the need for robust and high-performance control strategies [2]. To address
this, we have adopted a direct power control (DPC) approach enhanced by sliding mode control (SMC) and
space vector modulation (SMC-DPC_SVM).

Though the doubly-fed induction machine (DFIM) was first introduced in 1899 [2], it is not a new
structure, but rather a renewed supply method [3]. In wind turbine applications, where DFIGs are widely used,
the rotor speed is adjusted based on wind speed, enabling both sub-synchronous and super-synchronous
operation. Variable speed capability allows wind turbines to extract maximum power across a wide range of
wind conditions [4]. Initially, the control of electric machines was handled using direct torque control (DTC),
which manages stator flux and electromagnetic torque without modulation blocks [3], [4]. This was later
extended to DPC by [5], [6], primarily for grid-connected rectifiers, where the focus shifted to controlling
instantaneous active and reactive power.
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This study focuses on the modeling and control of the DFIG system, including the converter and
turbine, using a combination of SVM and SMC within a DPC framework. Our approach introduces a novel
hybrid strategy (SMC-DPC_SVM) that aims to enhance the performance of conventional direct power
control (C-DPC) by reducing ripples in active/reactive power and minimizing the THD in stator and rotor
currents. Simulation results demonstrate that the SMC-DPC_SVM strategy significantly outperforms the
conventional C-DPC. The THD in both stator and rotor currents remains below the 5% threshold set by the
IEEE Standards Association, confirming the effectiveness and efficiency of the proposed method [6].
Comparative simulations of C-DPC and SMC-DPC_SVM under various step changes in active and reactive
power further validate these findings.

2. DESCRIPTION OF AWIND ENERGY CONVERSION SYSTEM

The wind energy conversion system depicted in Figure 1 consists of several key components: a wind
turbine that captures kinetic energy from the wind, a gearbox (or speed multiplier) that increases the
rotational speed to match the operational requirements of the generator, a doubly-fed induction generator
(DFIG) that facilitates variable-speed operation and efficient energy conversion, and a power electronic
converter that regulates the power flow between the generator and the electrical grid, ensuring stable and
controlled energy output.

The turbine converts the Kkinetic energy of the wind into mechanical energy. The total Kinetic power
available to the wind turbine can be mathematically represented as (1):

P= %pSV3 1)

In wind turbines, the power extraction coefficient C,, which is a function of both wind speed and the

turbine’s rotational speed, typically varies between 0.35 and 0.59 [7]. The DFIG subsequently converts the
mechanical energy into electrical energy. Power converters are utilized to optimize the transfer of the
generated energy to the electrical grid, ensuring maximum efficiency under varying wind conditions [8], [9].
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Figure 1. Schematic representation of a wind energy conversion system
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3. MODELING AND VECTOR CONTROL OF THE DFIG
The modeling of the DFIG is conducted within the park reference frame. The following set of
equations represents the comprehensive mathematical model of the generator.
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4. SLIDING MODE CONTROL

SMC belongs to the class of variable structure control systems, which operate by switching between
multiple control laws. SMC is valued for its key advantages: high precision, rapid dynamic response, inherent
stability, ease of design and implementation, and strong robustness against both internal and external
parameter variations [10], [11].
a) Choice of the switching surface

Consider a nonlinear system represented in the following form:

{x = f(X,t) + g(X, t) u(X, t) (8)

X E Ru e R

Where f(X, t), g(X,t) are two continuous and uncertain nonlinear functions are supposed to be bounded. We
take the general equation form proposed in [12] to determine the sliding surface:

S(X) = G+ )" e 9)
e=X4-X (10)
X=[x%, «.x"17,X4=[x4 %454 .. ...]T (11)

e : Adjustment error in the controlled variable, A: positive coefficient, n: system order, X¢: desired size, X:
The state variable representing the quantity ordered.
b) Condition ensuring convergence

The condition of convergence is defined by the Lyapunov equation [11], it makes the surface
attractive and invariant according to:

S(X)$(X) < 0 (12)

¢) Control calculation
The control algorithm is characterized by the following relationship:

u=u®l+u" (13)
u: order size, u®? = equivalent control quantity, u™ = control switching term:
u" = um*sat(S(X)/9) (14)

sin(s) if [s| > @

sat(S(X)/9) = { s/0 if|s| < @

(15)

sat(S(X)/®): saturation function, @: threshold width of the saturation function. The equivalent control is a
continuous function designed to keep the system's state constrained to the sliding surface S = 0. It is derived
based on the surface invariance conditions: S =0 and S = 0. From a physical perspective, the equivalent
control represents the average value of the control input u. However, this control alone does not guarantee
that the system trajectories will reach the sliding surface. Therefore, the control input u is composed of two
parts: the equivalent control and a discontinuous component (3), which ensures convergence to the sliding
surface and maintains the system in the sliding mode.

u = ul + uwithu™ = —asign(S) (16)
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5. DIRECT POWER CONTROL STRATEGY
5.1. Conventional DPC of the DFIG

The core principle of DPC involves choosing a sequence of switching commands (Sa, Sb, Sc) for
the semiconductors from a predefined switching table. This selection is based on the errors between the
reference and actual values of active and reactive power, which are processed through two hysteresis
comparators generating digital outputs Hp and Hq, respectively. Additionally, the choice depends on the
sector (zone) where the rotor flux vector is located [13], [14].

5.2. Estimation of active and reactive powers

Rather than directly measuring the power transmitted through the line, this method involves
monitoring the rotor currents to indirectly estimate the stator's active and reactive power components,
denoted as Ps and Qs, respectively. By analyzing the rotor current signals, it becomes possible to infer the
electromagnetic behavior within the stator windings, thereby enabling more responsive and earlier control of
power exchange at the stator side. This approach enhances dynamic performance and has been validated in
prior studies [15], [16].
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By defining the angle & between the stator and rotor flux vectors, the expressions for Ps and Qs can be
written as:

3 L
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6. SMC-DPC_SVM of the DFIG
6.1. SMC of the DFIG

To regulate the power, a relative degree of n=1 is considered. The control surface expressions for
the active and reactive power are given by (21) and (22) [17], [18]:

S(P) = Ps_er — Ps (21)
S(Q) = Qs—rer — Qs (22)
During the convergence phase, in order to satisfy the condition S(P)S(P) < 0, we impose:

$(P) = Vo Vi (23)

Hence, the switching term is defined as:
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VI, = KV, sat(S(P)) (24)

To verify the system stability condition, the parameter KV, must be strictly positive. To prevent the
reference voltage V,, from exceeding its limits, it is often beneficial to include a voltage limiter, which is
defined as (25) [19]:

Vim = ymaxsat(P) (25)

During the convergence phase, to ensure the condition S(Q)$(Q) < 0 is met, we set:

M n

S(Q = —Vs Vi (26)

S 6LgLy
Consequently, the switching term is expressed as:
Vdr = KVq sat(S(Q)) (27)

To ensure system stability, the parameter KV, must be positive. To prevent the reference voltage V4, from
exceeding its limits, it is often helpful to include a voltage limiter defined as (28):

V" = Vii¥sat(Q) (28)

6.2. SMC-DPC based on the SVM

In this approach, the active and reactive powers are regulated using two sliding mode controllers
(SMCs) integrated with the SVM algorithm, thereby obviating the need for switching tables and hysteresis
controllers. The SVM technique utilizes a digital algorithm to generate a switching sequence for the inverter
switches, resulting in an output voltage vector that closely approximates the reference voltage vector [20],
[21]. A representation of the voltage vector is presented in Figure 2. The sector is identified based on the
position of the vector V;. .r within the complex plane (ar-fr), where the phase angle 6 of the vector is defined
as follows [23]:

0 = arctan (L@ (34)
Vref(«)
ref(a

Table 1 determines the sector Z (i) with (i =1, ..., 6) for the different angles 6.

Figure 3 presents the schematic diagram of the proposed control architecture, referred to as SMC-
DPC_SVM, designed for application in DFIGs. The control system integrates two independent sliding mode
controllers: one responsible for regulating the stator active power and the other for managing the stator
reactive power. These controllers operate in coordination with a space vector modulation (SVM) unit, which
ensures the generation of optimal switching signals for the power converter. This architecture aims to achieve
robust and precise power control under varying operating conditions while reducing switching losses and
enhancing the dynamic response of the system.
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Figure 2. Representation of voltage vectors in the reference (a, ) coordinate frame [22]
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Table 1. Sector identification
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Figure 3. Schematic diagram of DFIG-based SMC-DPC_SVM

7.  SIMULATION RESULTS

Both control strategies, C-DPC and the proposed SMC-DPC-SVM, are simulated and evaluated in
terms of their reference tracking accuracy, harmonic distortion in the stator currents, and robustness to
variations in machine parameters.

7.1. Reference tracking test

The simulation results are presented in the following figures, which illustrate the dynamic performance
of the proposed control system under various operating conditions. The simulations were conducted using
MATLAB/Simulink, a widely used platform for modeling, simulating, and analyzing dynamic systems. This
environment enables accurate representation of the system components and control algorithms, allowing for
comprehensive evaluation of the control strategy’s effectiveness.

7.2. Robustness test

In order to test the robustness of the C-DPC and SMC-DPC_SVM control, we will study the influence
of parametric variations (rotor and stator resistance and inductances). The simulation results show that the
SMC-DPC_SVM command is the most efficient in terms of the minimization of the active power and reactive
power pulsations as well as the stator current harmonics, compared to the conventional C-DPC command. On
the other hand, it can be seen from Figures 4 and 5. The comparison of the differences in the reactive and
active powers of the two control strategies, C-DPC and SMC-DPC_SVM, of the DFIG. The results indicate
that the SMC-DPC_SVM control strategy is more effective in minimizing the ripple in both active and
reactive powers compared to the conventional C-DPC method. Furthermore, the stator and rotor current
waveforms, as illustrated in Figures 6 and 7, exhibit nearly sinusoidal shapes with reduced ripple content,
reflecting an improved quality of the power delivered to the grid.

The SMC-DPC_SVM control reduces THD (harmonic distortion rate) down to 0.34% compared to
C-DPC, where THD is 0.77% by alleviating the chattering phenomenon as shown in Figures 8 and 9. The
latter is less than 5% which means a good quality of energy supplied to the electrical networks [24], [25].
Finally, the robustness test results, as shown in Figure 10, show that the SMC-DPC_SVM is more robust
compared to C-DPC in the presence of parametric variations of the DFIG. These results allow us to conclude
that the SMC-DPC_SVM control is the most efficient in reducing the ripple of active and reactive powers
compared to the conventional C-DPC control.
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Figure 4. Active and reactive power (C-DPC)
Figure 6. Rotor and stator currents (C-DPC)
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Figure 10. Active and reactive power [C-DPC, SMC-DPC_SVM] (robustness test)

8. CONCLUSION

This paper presents an SMC-DPC_SVM control scheme for a grid-connected DFIG system,
implemented on a 1.5 MW wind turbine. The proposed control strategy regulates the active and reactive
power exchanged between the doubly fed induction generator and the electrical grid in wind energy
conversion systems. By combining the benefits of vector control and conventional DPC, the SMC-
DPC_SVM approach effectively addresses power and current fluctuations generated by the DFIG. It achieves
precise power decoupling and significantly reduces chattering, even under variations in machine parameters.
Therefore, this robust control method emerges as a highly promising solution for devices utilizing DFIGs,
such as wind energy conversion systems.
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