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Abstract

This paper presents a control scheme using active and reactive power control with advanced backstepping control of doubly-
fed induction machine (DFIM) based on variable-speed wind-energy-conversion system (WECS). The modelling and control
of WECS are introduced using DFIM with back-to-back converters for a variable-speed application. Also, the aim is to design
and compare two-distinct decoupling control strategy to control the rotor-side converter with integral proportional (PI) control
(indirect control) strategy and nonlinear integral backstepping control strategy, this system employs a maximum power-point
tracking (MPPT) strategy to maximize the extraction of power during the conversion process. The proposed studied system is
tested using MATLAB/Simulink in terms of decoupling, the robustness against-parameters variations and the reference-
tracking stability. This results is completed by a comparative study which reflect the better performance of studied control
method. According to simulation data, the control scheme improves DFIM-turbine system performance.
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5. INTRODUCTION

Renewable energies refer to a group of methods for generating energy from resources or sources that are, in
theory, limitless, available at all times, or reusable more quickly than they are used up [1]. Renewable energy is
generated from potentially limitless sources on a human scale, such as the sun's beams or the wind's speeds.
Double-fed induction machines (DFIM) are a common feature of wind turbines that are currently in use [2].

Variable-speed turbines commonly use DFIM because they can operate effectively across a wide range of
speeds. Additionally, the rotor converters are designed to handle only 20% to 30% of the total power that is
nominal. This design significantly decreases both energy losses and overall system costs, making it a more
efficient choice [1,2].

To maximize wind energy extraction and maintain a unity power factor, the DFIM employs Stator Voltage-
Orientation (SVO) or Stator Flux-Orientation (SFO) techniques, optimizing control strategies for enhanced
performance and efficiency [1, 3], which allowed to control independently the active and reactive power [4, 5].
This transformation is combined with integral proportional (PI)-controller which assembles inner-loop for rotor
currents control and outer-loop for reactive and active powers control.

Variable-speed turbines commonly use DFIG because they can operate effectively across a wide range of
speeds. Using the Maximum Power Point Tracking (MPPT) technique, it effectively keeps the power coefficient
at its optimal level [6-10].

The conventional Pl-controller has good performers, low costs and it is easy to maintain, therefore it’s the
most used for industrial applications [6-14]. However, the performance is highly reliant on machine parameters,
and any variations in these parameters can lead to deterioration in functionality, affecting the overall effectiveness
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and efficiency of the system. Accurate parameter management is crucial for optimal operation [15-20]. Numerous
control strategies have been put forth for DFIM with wind turbine systems [18-25].

To tackle this challenge, a nonlinear Backstepping controller incorporating integral actions associated with a
Lyapunov function has been suggested to maintain the stability of the entire system. This method ensures that the
system remains globally stable, even when faced with variations in parameters. By utilizing this approach, stability
can be achieved within a finite period, effectively enhancing the system's resilience against changes and
uncertainties in its parameters [1,14].

This paper presents a description and modelling of the wind turbine linked to DFIM in the d-q Park reference
frame. The PI controller (indirect-control) than the integral backstepping controller are tested and compared for
active and reactive power independently control by using a stator flux-oriented strategy applied to the rotor side
converter. The dynamic performance is analyzed by MATLAB-Simulink software. The outcome is supplemented
by a comparative analysis that demonstrates the effectiveness of the advanced backstepping control scheme.

The remaining part of this paper is organized as follows. In Section 2, the description and modelling of variable-
speed turbine energy is introduced. The vector control of DFIM, Pl-control strategy and advanced nonlinear-integral
backstepping of DFIM are studied, respectively in Section 3. The results obtained are discussed and presented in
Section 4. Conclusion is described in Section 5.

2. DESCRIPTION AND MODELLING OF THE VARIABLE-SPEED TURBINE ENERGY

The system is shown in (Fig.1); the DFIM is connected to grid by its rotor which is connected to two-converters
(back-to-back), while the stator circuit is directly connected to the power grid.

Turbine

{mm Power ) Grid

RsC G5C

—Ll Filtre
1 %1 =l
o Power

Fig. 1. Wind Energy System.

The wind-turbine mathematical model is defined as follow [8-10]:

sv3
R=5 (1)
Pacr = CpPy = ZpmRZV3C, (4, B) @

The aerodynamic power-coefficient C, depends on the Tip Speed Ratio 2 (TSR) and the blade-pitch angle (5)
is giving by [2,14]:

Cp (A, B) = (0.5 — 0.0167. (B — 2)). sin (%) ~0.00184. (A —3).(B—2) 3)
where: A = 28 4)
\%

In the case of a variable speed, the variation of the power coefficient C, as a function of A for different values
of the pitch angle £ is illustrated in Fig.2.

The maximum value of C;, (4, ) is Cpmax = 0.5 for Aopx=9.2and g = 2.
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Fig. 2. Power Coefficient Cp.
The multiplier is represented by the gain (G), which adjusts the turbine's slow rotational speed to match the

generator's higher mechanical speed. he overall inertia J is influenced by the generator's inertia Jg on the fast axis
and the turbine's inertia J; on the slow axis [1].

J
] = G_tz + ]g (5)
The electromagnetic and mechanical torques equation is given by:
deec
]T=Cmec=cg_cem_cf (6)
where:

Cgy : The torque from the multiplier is applied to the shaft of the generator
C.m : The electromagnetic torque produced by the generator
Cr = f,Qmec - The torque of viscous friction.

The turbine model is shown on the block diagram model below in Fig.3, regrouping the preceding equations
[4,8,15,17].
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Fig.3.Schematic diagram of turbine-model with MPPT-control.

In order to optimize energy capture, it is crucial to constantly adapt the turbine's rotation speed to match the
wind speed [11]. The idea behind this directive is to ensure the turbine is always rotating at an optimal speed ratio

)\,:7\‘0 pt .

In this study, the turbine is regulated without speed control (Fig. 3). The electromagnetic torque reference
Cg ref is calculated based on an estimation of wind speed and the measurement of mechanical rotation speed [12].

0, = e )
QaerR
V — aer 8
Aopt (8)
Caer = %Cglaxp“R?’ 9)
_ Caerref _ 1 max 512
Cg_ref - G - 2G7\opt2 CC pT[R Qt (10)

The DFIM mathematical model in d-q frame is presented as follows [15-17]:

dosq

Vsa = Rg.igq + & Os ¢sq
Stator voltages: O o (11)
Vsq = Rg.igq + dtq + wg. g
. dor
Viqa = Rpipg + jtd — (ws — wy). q)rq
Rotor voltages: o, 12)
Viq = Rpipq + dtq + (ws — 0p). drq
. Gsq = Ls.isg + Muirg
Stator flux: {d)sq = Lo ig + M.irg (13)
¢Grg = Lr.irg + Migq
Rotor fl :{ . . 14
otor flux bsq = Lp-ipg + Muigg (14)
3 . .
P,== (V dlsd + Vi )
Stator powers: N s (15)

3 . .
Qs = 2 (Vsqlsd - Vsdlsq)
where:
ws : The currents stator-pulsation, and w,: The currents rotor-pulsation.
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Wy = Wg — P. Qmec (16)
The electromagnetic-torque is given as follows:

3 M . .
Cem_ref = EpL_S (d)sq- irg — $sa- qu) (17)
3. ADVANCED-BACKSTEPPING CONTROL OF DFIM WIND-TURBINE

The field-orientation control (FOC) or vector control as known was introduced like an easily control strategy
(Fig4); that allows to carry out an independent control of active and reactive powers and making it similar to a
DC generator by orientation of the stator flux which ensures decoupling between his variables. The following
state equations in the synchronous reference-frame with the d-axis aligned to the stator-flux orientation describe
the DFIM model [6,17]:

.': Qﬁxoi

Stator
Ve o
Fig. 4. Stator-Flux Orientation
By aligning the stator field vector with d-axis, getting:
{¢sq =0 (18)
bsa = bs
From equation (14), having:
q)s = LS' iSd + M. ird
{0 = Ly.isq + M.irg (19)
i u i
sd = 7 L.rd
M (20)
lSq L_s qu
The rotor flux becomes:
_ . M.V
{q)rd = 0. Lr.llrd + Ls.ws (21)
brq = 0. L. 0q
2
With the dispersion coefficient of Blondel is givenby: o =1 — LML
Using (13), the control variables V.4 and V., are written as follow:
Vig = Rpipg + 0. L. d(iirtd — 8 ws 0. Ly ipg
d (22)

Viq = Rpoipg + 0. Ly lrtq + g ws.0.Lpig + &

M.V
d s

L

Replacing the equations of iy, is;and ¢pg4in (15) and (16), The stator's active power, reactive power, and

electromagnetic torque expressions are as follows:
M 3 M.V .

3 .
Cemz—g.p.L—S.d)s.qu:—E.p.Lsms.qu (23)
Py=—2.Vo g
s (24)

3 ® M .
Qs = E(Vs-L_:_Vs-L_S-lrd)
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The simplified model of the DFIG in Park reference (d-q) is shown in Fig.5 [3,8,9].
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Fig. 5. Block diagram of DFIM in the Park-reference.

The PI-controller for DFIM combines proportional action to regulate system speed with integral action to close
the gap between the desired setpoint and the actual output, enhancing control accuracy [6].

Two regulation loop functions are implemented for each axis, the first controlling the current and the second
control the power (Fig.6) [6,10].

Fig. 6. Block diagram of Indirect Control with the Power Loop.

The Backstepping control design focuses on using "virtual control” to break down complex nonlinear control
problems into simpler, more manageable components. It consists of sequential design steps, with each step
referencing the previous one. Stability and performance are ensured through Lyapunov theory. To achieve precise
control and effective power tracking despite parameter variations, integral action is incorporated, similar to
methods for doubly fed induction generators. (Fig.7) [5,7,9].
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Fig. 7. Schematic diagram of Integral-BSC strategy for DFIM.
The Integral-Backstepping control is determinate by the following expressions [14], where the error is defined

as:
ep =P — P -
€q = Q; - Qs ( )
It derivative is:
€po = €p
{e(.qO = eq (26)
t
epo = A [ ep(T) .dt A>0 @
eq = A f, eq(1) .dt A>0
The function of Lyapunov defines by:
1 1
{V(ep) =_.ef +-.eh 8)
1 1 1 1
V(ep eq) =5.ep +5.e50 +-.ef +-.ed
It derivative is:
{V(ep) = ey (€, + o) 29)
V(ep eq) = —kp. €2 + eq. (€5 + €q0)
With:
. S S _ D o.Lg.Ly dir
ep=Ps—PS—PS+TVS.d—tq 20
o.Lg.Ly Cll_rd ( )

O G = O
eq_QS QS QS+ M.V Todt

Replacing by its expression of the derivative of the current i., and i., , in the voltage V., and V,,
expressions, to obtain:

M.Vg
o.Lg.Ly
M.Vg
o.Lg.Ly

M.V

€, = P!
p S + wg.Lg

-(Vtg = Rpipg — 0. L. @p.ipg + 8 )

(31)

eq = Qs+ (Vea = Rpoirg + 0. Ly 0p.irq)

Replacing the pervious expression in (29):

V(e,) = ep. (PS* + :AL—:]: (qu —Ry.ipg = 0. Ly 0. ipg + 8 ﬁ) + epo)
M.V,

V(ep eq) = —kp. €3 + e (Q’g t oot (Vea — Rpvira 4 0. Ly @p.ipg )+ eqo)

(32)

The expressions of 1., and V,., are extracted as following:
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LsLr s . . M.V Lg.Lp

qu = — GMTS'PS + Rr.qu + o. Lr. Wy lpg — gm - O-MTS. (kp.ep + epo)

LeLr ox . . Ls.Lp
Vig = — GM—VS Qs + Rpvirg — 0. Ly 0p.ipg — GM_VS .(kq. eq t eqo)
(33)

With:

V(ep) = —k,.ef <0 (34)

V(ep, eq) = —kp.e3 —Kkq.e3 <0

4. SIMULATION RESULTS

In this part, the wind-energy-conversion system (WECS) simulation is carried out using the MATLAB/Simulink
platform. Both P1 and integral-backstepping control techniques are utilized and evaluated for their ability to handle
changes in DFIM parameters and track power references effectively.

A random wind profile is applied which varies between 5m/s and 9 m/s, as shown clearly in Fig.8. (a).

From Fig.8. (b), the mechanical speed extracting from the MPPT controller varies in the same shape as the
wind speed.

The MPPT technique, kept the power coefficient Cp at its maximum value, which corresponds to Cpmax =0.5
for =2° as shown in Fig.8.(c) and the relative speed still around Aqp = 9.2 (Fig.8.(d)).
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Fig. 8. Performance and System responses with MPPT strategy.

The results plotted show the powers generated with reference signals application.

Fig.9 shows the responses of the system for the indirect controller (P1) and the Integral Backstepping
controller.
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Fig. 9. System responses with Proportional-Integral (Pl) and Integral Backstepping controller.
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After analyzing the results, it is apparent that there is a complete separation between the active and reactive
power.

The generator accurately monitors power instructions for both active and reactive powers.

In Fig.9. (a), shows the stator's active power tracking the wind profile and its reference set by the wind turbine,
with a negative value indicating generator operation.

During the reference reactive power reference variation, the reactive power is modified in accordance with the
network requirements as shown in Fig.9. (b).

The simulation results show that the proposed Integral Backstepping control strategy surpasses the
Proportional-Integral controller in variable wind conditions, exhibiting a more effective dynamic response. This
improvement underscores the Integral Backstepping method's capability to adapt to fluctuating environmental
factors, proving to be more effective than conventional control techniques in maintaining performance under
changing conditions.

To evaluate the robustness of the Integral Backstepping control approach, testing was conducted under various
conditions and scenarios., the values of stator and rotor resistances (Rs, Rr) and the mutual inductance M are
doubled from its nominal values, (Fig.10) show the effect of parameter variations on the system performance.

These results show almost perfect track of reference and decoupling of the stator and rotor parameters: the
active power in Fig.10. (a) and the reactive power in Fig.10. (b), the stator current and the rotor current from
Fig.10. (c) and Fig.10. (d) respectively, and the power factor in the last figure (Fig.10.(e)), which confirming the
robustness of Integral Backstepping controller the variations in these DFIG parameters do not significantly impact
the power curves, and the power factor remains optimized throughout the testing process.

At the stator side, to ensure unity power factor and to optimize the quality of the energy produced on the grid,
we maintained  Qsret = 0 VAR (Fig.11. (a)).
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Fig.11. Power factor control.

Based on the simulation results, the stator reactive power in Fig.11.(a) and the stator active power in Fig.11.(b)
are decoupled and track their references. However, some differences appear between the two control strategies,
as the response times.

A unity power factor (cos(¢p)=1) is perfectly achieved by the active power control for variable speed operation
(Fig.11. (c)).

5. CONCLUSION

This paper examines both PI control and Integral Backstepping control strategies for managing the speed of
variable-speed wind turbine systems. Using the Maximum Power Point Tracking (MPPT) technique, it effectively
keeps the power coefficient () at its optimal level. Simulation results reveal that both control strategies enhance
system performance, particularly in decoupling, reference tracking stability, and robustness against parameter
fluctuations, while maintaining a unity power factor. Notably, the Integral Backstepping control outperforms the
P1 controller under variable wind conditions, demonstrating superior dynamic response, disturbance rejection, and
resilience to parameter changes. This advantage ensures not only high performance but also more effective
operation of the doubly fed induction generator. Overall, the findings underscore the Integral Backstepping control
strategy as a more effective solution for speed control in wind turbine systems compared to traditional PI control,
particularly in challenging and variable operational environments. The outcomes of the different simulations
conducted were discussed and enabled the validation of the control mathematical representations of the suggested
system.
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