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1. INTRODUCTION

Permanent magnet synchronous generators are widely used in wind turbines to convert wind energy
into electrical power. The use of five-phase generators offers improved fault tolerance and reliability [1], [2].
Compared to three-phase generators, when one of the windings or phases fails, the remaining four phases can
continue to generate electricity, and the windings in the permanent magnet synchronous generator (PMSG)
result in smoother and more constant power output. This is particularly beneficial in wind power applica-
tions, as wind speed fluctuations can lead to output power variations in three-phase generators. The five-phase
configuration reduces the impact of wind gusts and helps maintain a more stable electrical output. The Vi-
enna rectifier has gained recognition for its exceptional attributes, including high power factor, low harmonic
distortion (THD), and high efficiency, particularly when operated under space vector pulse width modulation
(SVPWM). The SVPWM provides an improved power output with less electromagnetic noise. In their com-
parative study [3]], Hussein and Mohammed found that SVPWM exhibits the lowest THD among various pulse
width modulation (PWM) techniques, indicating its superiority in reducing distortion and improving power
quality. Another study, [4] reviewed different SVPWM methods and their applications in multilevel inverters
and concluded that SVPWM proves to be the most efficient method for minimizing harmonic distortion and
improving the output power quality.
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A plethora of nonlinear controllers have been explored in the existing literature [5]-[8]. Backstepping
control is a nonlinear control technique that has undergone extensive research and practical implementation in
diverse systems. It offers a systematic methodology for controller design involving the recursive construction
of Lyapunov functions to stabilize the system dynamics. Backstepping control provides several advantages,
including robustness and precise control, especially for systems characterized by nonlinearities and uncertain-
ties [9]-[11]. To design the controller, the reference speed is provided by an artificial neural network (ANN)
algorithm generated using only electrical measurements. This method is quite effective, outperforming tradi-
tional methods and yielding superior performance [12]-[15]. The paper is structured in the following manner:
it starts with the introduction, then the system modeling in section 2. Section 3 covers the controller design,
while section 4 details the simulation procedure and presents the results. Finally, the conclusion will conclude
the study.

2. SYSTEM MODELING
The five-phase aerogenerator-based PMSG mathematical model is stated as shown in previous studies
[16]-[18] as (1)—(5).
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In dg-coordinates, the stator current and voltage are denoted by (is4, isq) and (vsq, vdq), respectively. Similarly,
the xy-coordinate projections of stator current and voltage are represented by (isz, isy) and (vVsg, vqy). The
viscosity coefficient is indicated as F', whereas rotor inertia and rotor speed are denoted as J and €2, respectively.
Additionally, p signifies the pole pair number, T, represents the input torque, and the flux generator parameter
is represented by K 5. Finally, the whole model of the proposed structure in Figure[T] referring to [19] can be
stated as (6)—(9).
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The variables uq, 4, Uz, and u,, indicate the input signals control’s average values of (81,82, 83, 84, S5)-
V4. denotes the output voltage of the Vienna rectifier. The Vienna output voltage V., can be expressed as (10).

dVg. 5 . . . . .
C d: = §(udzsd + Uqglsq + Uzty + uyly) - 27’ld (10)

Let us define the following state variables for convenience: [x1, ¥2, T3, 24, T5]7 = [Q, isq, isd, a1y -
With this notation, by performing transformations on the system model equation, we can derive a state-space
representation of the subsystem, which encompasses both the Vienna rectifier and the PMSG. The model can
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be rewritten as (11)—(15):
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Figure 1. Electrical scheme of a five-phase PMSG with Vienna-type rectifier topology

3.  WIND TURBINE CONTROLLER DESIGN
3.1. Control objectives

The work presented in this study aims to accomplish three primary objectives:

- Apply an electrical parameter-based neural network optimizer to extract the maximum power from wind
speed.

- Improving the performance of the five-phase PMSG by regulating the stator machine currents, specifically
lsds sz, and g, to zero, as discussed in [20].

- Maintain voltage equilibrium at Vienna rectifier output and cancel neutral current [21]], [22]].

3.2. Space vector pulse width modulation

SVPWM is a sophisticated control technique extensively used for five-phase PMSGs. It involves dy-
namically modulating five distinct voltage vectors to generate precise sinusoidal voltage waveforms, optimizing
power generation, reducing harmonics, and improving overall system performance. SVPWM plays a crucial
role in maximizing energy conversion efficiency and promoting the adoption of renewable energy sources. This
approach generates the output waveform using voltage vectors, which span ten sectors with 32 states each [23]],
[24]]. Refer to Figure [2|for an overview of the fundamental notion of this strategy.

3.3. Wind turbine speed reference

The design of the speed optimizer utilizes advanced machine learning techniques. One key aspect of
this design involves determining the reference speed, which plays a pivotal role in extracting the maximum
power from the aerogenerator. Notably, this reference speed is established solely through electrical measure-
ments. This emphasis on electrical parameters underscores the significance of precision in power extraction.
The entire process is facilitated by an ANN, as visualized in Figure
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Figure 2. SPVWM in the dq and xy axes
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Figure 3. ANN speed optimizer

3.4. Speed regulation loop

The speed regulator is developed using the backstepping control technique, as described in the refer-
ence [25]. The speed error is defined as (16).

z1 =] — 1 (16)

The expression for the time derivative of z1, denoted as Z;, can be written as (17).

1
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Considering the quadrature Lyapunov function V; = %z% The dynamic of V; may be stated as (18).
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Let use @ = %xg as a virtual input control for the z; —dynamics. The actual control inputs u,

indirectly influence z; through a. To get a stabilizing control law, we consider the quadrature Lyapunov
function candidate V; = %zf, the following virtual control o* can be proposed as (19):

* 1
a = =T+ —

7 JTq+9b’{+klzl (19)

k1 presents a regulator gain.

Now, we proceed to design the current regulation loop for the quadratic component 4, and provide the
control law signal u,. We define the current error for the quadratic component as (20):

z=a" —a (20)
Based on (19), it can be deduced from (T7) that the dynamics of z; can be described by the (21).

21 =—kiz1 + 22 21
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To ensure asymptotic stability of the (21, z2) error system, the next step involves determining the control input
uq. First, let’s obtain the trajectory of the error z». The expression for the dynamics of 2, is as (22):

iy = B(x,t) — kiz1 + k12 — %uquc (22)
where
Blx,t) :% <§:l’2 + prix3 + Q;ZIM) - %2331 + %3@2 - }?]1;0 + % —
Let us consider the quadratic Lyapunov function candidate Vo = %z% + %z% The time derivative of V5 is:
Vo= —k122 + 2120 + 2230 (23)
for the (21, z2)-system to be globally asymptotically stable, it is sufficient to design the control u, as (24):
Vo = —ki2i — koz3 (24)
with ks being a design positive parameter, and the 2o dynamic’s is selected as (25):
21 = —kozg — 21 (25)
The input control law u,, based on (22)) can easily conclude that.
Ug = [?;L];/ZC ((k1 + ko) 22 — (k7 — 1) 21 + B(x, 1)) (26)

3.5. Five-phase PMSG current regulation
3.5.1. D-axis current regulation
We will now define the tracking error 23:

23 = T3 — 15 =13 27)

to analyze the system stability, we use the quadratic Lyapunov function candidate V3 = %zﬁ The time deriva-
tive of V3 is represented as (28).

Vs = st(%xa — prizs — %w) (28)
Based on (28)) and considering the stabilizing Lyapunov condition, the control law u; may be easily deduced
as (29):

2L,
- Vdc
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L
with k3 is a design positive parameter.

3.5.2. Current control along XY-axis
As the xy-stator’s current components demonstrate a comparable shape, the control law will share the
same shape. Let’s define the tracking error z4:

Zy =Ty — Ty =Ty (30)

let’s consider the Lyapunov function candidate, V; = %zZ The time derivative of V}; can be expressed as (31).

; R Vie
Vi = Z4(fsx4 - 2;/3 Ua:)
By considering the stabilizing Lyapunov condition and referring to (31]), we can readily deduce the input control

law u, as (32).
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The expression for the y-control law can be derived in the following manner:
2Ls (R
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with k4 and k5 being positive design parameters.
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3.6. Simulation results

In this study, the electrical configuration comprises a five-phase aerogenerator linked to a Vienna
AC/DC converter and subjected to an R-load, which may be considered an alternating current (AC) network,
a storage battery system, or a direct current (DC) network. The performance of the designed controller was
evaluated through a simulation using MATLAB/Simulink software. Figure [ presents the simulation results,
showcasing a variety of signals that reflect the performance of the adopted techniques. The purpose of this
figure is to provide a comprehensive overview of the techniques’ effectiveness. Figure f{a) presents the cho-
sen wind profile, and Figure Ekb) shows the rotor speeds. The signals of rotor speeds ) and §),..; converge
with a small excess, demonstrating the controller’s successful extraction of the maximum power from the wind
turbine. Figure Ekc) demonstrates another control objective, where the ¢4, current, representing the machine’s
torque, undergoes variations in response to changes in wind speed while maintaining stability near zero. More-
over, the i44 currents i, and i, remain at zero, as shown in Figure Ekd), aligning with the earlier established
control objective. The simulation results in Figure f[e) showcase the voltage through the Vienna rectifier’s
output capacitors. It is essential for the rectifier’s output voltage to remain balanced, which is confirmed by
the equality of Vo1 and Voo in the simulation results. This balance verifies the SVPWM controller method’s
efficiency. Furthermore, the Vienna output voltage Vj. is also presented. This voltage exhibits fluctuations cor-
responding to the rotor speed. It is worth noting that this study does not incorporate voltage regulation, which
could be a separate focus for future research. The depicted control laws in Figure [{f) illustrate the sinusoidal
shape of the stator currents, showcasing a significant benefit of the Vienna rectifier with a low THD value.
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Figure 4. Simulation outcomes: (a) wind speed evolution, (b) 2 and .., (c) stator current (i54, i54) (A), (d)
stator current (i, sy) (A), (€) capacitance voltage (V1, Vo) and HVDC-line voltage V. (V),
and (f) stator currents (A)

4. CONCLUSION

The integration of a five-phase aerogenerator, a Vienna AC/DC converter, and the SVPWM technique
presents a viable solution for managing power flow in WECS. Through simulation results, it is evident that the
backstepping controller and SVPWM work harmoniously to maintain a balanced voltage throughout the output
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capacitors, maintaining a constant output voltage. Moreover, the incorporation of backstepping control for the
five-phase machine has proven effective in achieving the desired control objectives. As a natural extension of
this study, it would be worthwhile to investigate the overall system stability, encompassing the energy flow
between these distinct entities.
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