Algerian Journal of Renewable Energy and Sustainable Development Volume: 5 | Number: 2 | 2023| December

Adaptive Backstepping and PID Control Strategy with Genetic
Algorithm for PMSG by a Grid-Connected Wind Turbine

Yousra Izgheche!, Tahar Bahi?
1Department of Electronic, Laboratory of Automatic and Signal Annaba , University Badji Mokhtar Annaba,
Annaba, Algeria
2Department of Electrotechnic, Laboratory of Automatic and Signal Annaba , University Badji Mokhtar Annaba,
Annaba, Algeria
“Corresponding author; Email: yousra.izgheche@univ-annaba.org.

Article Info ABSTRACT
Article history:

In view of the importance of the trend and the need for energy

Received , 29/07/2023 transition throughout the world, and in Algeria in particular, the
Revised , 10/09/2023 production of electrical energy based on renewable energy, wind
Accepted , 12/10/2023 energy depends essentially on wind speed, and as this is of a random

nature, it therefore constitutes the problem of control to instantly
extract the maximum power produced. The aim is to apply adaptive

Keywords: backstepping control on the turbine side and to evaluate the
Back-stepping control performance of the permanent magnet synchronous generator
Wind turbine operating at variable speed. As well as a genetic algorithm-adjusted
PMSG Integral Proportional Controller (IPC) to overcome the drawbacks of
Genetic Algorithm parameter sensitivity, in order to ensure efficient power management

on the grid side to which the wind turbine system is connected, makes
a significant contribution to improving performance, stability,
reliability and research in the field of grid-connected wind power
systems. The efficiency of the structure under consideration is
validated using MatLab Simulink.

I. Introduction

Wind power generation is the fastest-growing form of renewable energy (RE) where the permanent magnet
synchronous generator (PMSG) is the most widely used due to its advantages such as high efficiency, fast response
and high power density [1] and [2]. However, this type of configuration presents many problems that complicate
PMSG control, such as parametric uncertainties, variable operating conditions, non-linear dynamics and external
disturbances [3]. Consequently, a lot of researchers have been talking about this problem and there are a lot of
papers in the literature [4]-[9]. One of the most promising energy sources is wind power, which represents an
interesting alternative, particularly for the production of electricity. The development of wind turbines has taken
off in recent years, both in terms of their use around the world and in terms of their design, which has seen them
evolve from small, isolated turbines to large wind farms connected to the electricity grid. On the one hand, there
seems to be a need for simulation tools that can model the entire energy conversion chain and predict its
performance. The overall aim is to optimize the electromechanical energy conversion of wind turbines, and to
develop appropriate control. In this work, an adaptive backstepping control and a generic algorithm PID control
are applied to a PMSG-based variable speed wind turbine connected to the grid via a back-to-back converter.

Based on the results of the research findings, the issues when using this control strategies in grid-connected
wind turbines may include the following aspects [10]-[13]:-to ensure the system stability under variable conditions,
such as wind shifts and grid load fluctuations, while maintaining optimum , the ability of adaptive backstepping
control to effectively adapt to external disturbances such as wind gusts, load fluctuations, and weather changes
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to maintain system stability and top performances and integrating permanent magnet motor wind turbines into the
power grid presents challenges in terms of synchronization, active and reactive power control, and electromagnetic
interference management, and adaptive backstepping control must be able to effectively manage these aspects. In
summary, the aim is to maintain the DC voltage and reactive power at their respective values, to guarantee stability,
performance, adaptation to disturbances and management of system complexity.

The paper is structured as follows: Section 1 describes the conversion system, Section 2 introduces the turbine
model and operation details of the permanent magnet synchronous generator, and Section 3 describes the design
procedure of the proposed control strategy and describes the PI controller. We will introduce how it is applied on
the network side based on Genetic Algorithm (GA). Finally, we present simulation results and conclusions.
Numerical results are presented in Section 4 and Section 5, respectively.

1. Description of the conversion chain

A wind energy conversion system with a PMSG s illustrated in Figure 1. The wind energy is captured and
transformed into mechanical energy by the wind turbine blades, which is then converted into electrical energy by
the PMSG [14].
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Figure 1. Schematic diagram of a generator lateral control system based on a PMSG.

An adaptive backstepping control is connected to the PMSG side to extract the maximum power required by
the wind turbine depending on the wind speed. On the grid side, control is based on a proportional-integral
controller (PI). In this work, in addition to classical techniques for adjusting the coefficients of the proportional
term (Kp) and integral term (Kj), in particular the polar compensation technique, we also use general algorithmic
approaches to: improve both performance and track maximum power points.

11.1. Modeling of Turbine

Figure 2 shows the evolution of the power coefficient as a function lamda (1) for different values of beta (B).
A maximum power coefficient of C, = 0.45 is obtained for an optimum ratio of A_opt = 7.07 and a fixed-pitch
turbine f = 0.

The objective of PMSG-WECS is to ensure the maximum power point by adjusting the peak speed [15]. The
maximum power point by adjusting the peak speed ratio is given by (1). Therefore, the rotor speed must be adjusted
according to changes in wind speed. Wind speed, rotor speed must be controlled so that the turbine system operates
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at an optimal speed ratio lop lopt and maximum power coefficient Cp_opt: maximum power coefficient Cp (A, B)
[16] and [17].
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Figure 2. Power coefficient as a function of o and p.

P, = % pR2C, (4, p)V3 (1)

Where p is the air density, R is the blade radius, V is the wind speed and Cp(A,f) de notes the power coefficient
of the wind turbine, which is a function of both tip-speed-ratio 1 and blade pitch angle B. The mechanical torque
of the turbine T, is given [18].

P, PTRZCH(ABV3

Wrm 20m

T, = 2

Where on is the rotation speed of the wind turbine conversion system. The power coefficient (C,) used in this
study is a nonlinear function of lamda and beta, which can be expressed as follow [19]:

C

_ G2 T
GO = € (E-CB—Ci) el +Cod 3)
With,
i 1 _ 0.035 (4)

A A+0.088 B3+1

Where the coefficients C; to Cg are: C; =0, 45, C, =116, C3 =0,167, C4 =5, Cs = 14.34 and Cs = 0, 00184; Tip-
speed-ratio lamda is defined by:

A=REm ®)

11.2. Modeling of Permanent Magnet Synchronous Generator

The mathematical model of the PMSG in the rotor reference dq frame is the commonly used and it is shown as:
dgsq

d
d‘PZq (6)

dt

Vsa = Rgid — WePsq T

V;q = Rgiq — WePsq T
Where, Vgq and Vgq represent the stator voltage, i and iq represent the stator current, ¢4 and ¢, represent the
stator flux in the frames , Ry is the stator resistance, w, is the electrical rotation speed of the PMSG, defined as
follows [20] and [21]:

We = PrWrm (7
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With, py: is the number of pole pairs.
The stator flux expressions are as follows:

®sa = Lala + ¢
oo ®)
Psq = Lqlq
Where: Lq, Lqare the generator inductances on the d and g axes, ¢ris the permanent magnetic flux.
The electromagnetic torque is expressed by:
3 . .
T, = Epr(gosdlq — Psq lq) ©)

Substituting (8) for (6), the PMSG model in the synchronous reference frame can be expressed as follows:

o dig .
Vga = Rgig + Lg T Lyiqw,

, dig , (10)
Voq = Ryig + 1, s Lyiqgwe + w0
The electromagnetic torque in (9) is rewritten as follows:
3 . P
Te = EPr[‘Pflq + (La = Lg)iqla] (1)

Assuming the PMSG has equal inductances on the d and q axes (L4 / Lg), the electromagnetic torque expression
in (12) can be described as follows [22]:

3 .
T, = Eprqu)f (12)

I1l. Adaptative control Backstepping

For maximum power point tracking, PMSG reference commands are defined as optimal PMSG reference
commands are defined as optimal mechanical angular velocity optimal mechanical angular velocity [23],
Wrm_ref = Wrm_ope AN the desired d-axis current, iy or =0 .

Considering the following tracking errors:

(13)

{ew = Wrm_opt — Wrm

€q = lagref —la

Next, our goal is to design controllers that guarantee that the system tracking errors in (13) to reach the
neighborhoods of the origin despite uncertainties and external disturbances [24] and [25].

The PMSG control output is calculated by applying adaptive control backstepping and generating a stabilization
function. The strategy based on linear feedback passivity is used to generate the current controller iqis used to
generate the current controller iy", dg expressed in (14), represents the current reference for the controller
backstepping to generate the stabilization function [26]-[28]:

First, the current tracking error vector is defined as follows:

eaq = 2] = 1] (14)

q~iq

Using (13) the derivative of (14) is calculated as follows:
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ﬁl _ PWm Lq i — Vq

* Lg d Lg a Lg
€aq = [rea*d]: = d pwmly POm@F v, (15)

q (( (pq +pa)m(pf) +Kfefq) — (_L_+ Lq q _T_i)
To design the Vqq controller, a Lyapunov function is defined as follows:

1
Ve =E(32d _ezq) (16)
The derivative of (16) gives:
_ Rs . pwmL Rg frv

V, = —kie?q — kye? + eq (ald - Tq q— + kled) + (Rs+kaq X [ o q T POy (]R + Lq) +
. [Rs (p(pf)2 pos Vg Rst+kysLg
iq (Lq R ) + TR, T Iy + kyeq T a7
After simplification, the Lyapunov function (18) becomes:
‘/e = _klezd - kzezq < 0 (18)

Where kig > 0 and kg, > 0. The overall asymptotic siauinty of the closed loop is guaranteed by (19) and the
controller V4q must be chosen as follows:

Ud = R id - p(l)quiq + leded

i 19
=R, Loy " Ft P‘Umfpf( alf 1) + i, (R 16)) ) L0 Lye Rﬁ:stq (19)

JRs JRs

The mathematical model of the grid- side contro (GSC) is expiessed below [29].

Vla] laf Lfi*df—waiqf] [ng

Vig Ry [ ] [Lfi*qf—waidf Vgq (21)
* 3Vga . ,

cv dc = EVLdCldf + lac (22)

Which: i, et i, represent network currents, o: represents the anyular frequency of the network, Via, Viq represent
inverter voltages, Vga , Vgq represent network voltages, L : represents the filter inductance, Ry represents the filter
resistance, V4. DC voltage , C represents the DC link capacitor et ig représente le courant DC .

Active power Py and reactive power Qg are given as follows:

3 ,
P =_V d”
g — ;"gdtaf (23)

3.,
Qg = Engldf

111.1 Tuning of Regulator (PI) with genetic algorithm

The objective functions used to adjust the voltage regulator are integral square error (ISE), integral absolute
error (IAE), integral time absolute error (ITAE), time squared integral error (TSIE) and time squared integral error
(TSIE). All objective functions give optimal values for controller gains. However, the results obtained revealed
that ITAE is the best objective function compared with the other objective functions. It delivers the best overall
results [30]. Manual adjustment is the least complicated method and offers fewer possibilities for fluctuation during
the adjustment procedure, but requires more time and experience [31]. GA is designed to calculate the controller
gains in order to minimize the aforementioned objective functions [32].

Tuning For ITAE, GA technique is used to evaluate the controller parameters in order to Objective Function:
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Minimise f = fOTtlEU|dt (24)

The proportional and integral gains (K, and Ki) produced by ITAE are 6.3 and 73.392 respectively. Using
these control parameters in the Simulink model to test the circuit shown in Figure 3.
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Figure 3. GA structure

IV. Results and discussion

To verify the performance validity of the Backstepping controller on the machine side and the system control
on the grid side at voltage level V. a controller based on the genetic algorihme which gives good performance
under a simulation model in variable wind conditions in a profile which is illustrated in Figure 4 is simulated using
MatLab/Simulink.

The system parameters are shown in Table 1.

Table 1. System parameters

PMSG parameter Value
Stator resistance (Rs) 6.25e-3 Q
Stator inductance (Ldq ) 4.229%e-3 mH
Wind turbine radius (R) 55m
Wind density (p) 1.22 kg/m2
Pole pairs number (p) 75
Flux linkage (¢ f) 11.1464 Wb
Total inertia (J) 10000 kg m2
DC-link voltage (Vdc) 5000 V
DC-link capacitor (C) 0.06 F
Grid-filter resistance (Rf) 0 pu
Grid-filter inductance (Lf) 10e-3 pu

The active power is shown in Figure 5. This means that the effective power of the turbine changes according to
the effective power of the generator and according to the proposed profile, increasing from 4 to 8 m/s and finally
decreasing to 6 m/s t= 1 and 2 seconds. Is shown. At peak levels, you will notice that the oscillation and response
times are shorter and the speed is also slower. Figure 6 shows the network reactive power (Q). The Qref
component is maintained at zero value to ensure unity power factor operation. Figure 7 shows the DC link voltage
Vdc varying with a reference value of 5000 V, with each change in wind speed expressed as a peak change. Figure
8 shows the mechanical velocity variation of the PMSG following the reference well. You can see that the generator
responds quickly to speed. Figure 9 shows the electromagnetic torque according to the standard and finally the
generator current on the grid side that changes with the change in wind speed shown in Figure 10.
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Figure 4. Profile of the wind speed.
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Figure 9. Electromagnetic torque
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Figure 10. Generator current
V. Conclusion

The Lyapunov stability technique for optimizing WECS performance has proved promising. In fact, speed,
control and setpoint tracking are assured. In addition, it can be seen that non-linear backstepping control offers
better performance in different wind speeds, while robustness in the face of variations in wind profile is well
assured by this control algorithm, Speed and tracking of the various variations are ensured with improved
performance and the high energy efficiency and power factor around the unit attest to the efficiency of the proposed
control system. So, the simulation results show that the Backstepping control strategy can improve the static and
dynamic performance of a wind energy conversion system of a wind energy conversion system.
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