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Abstract:

This paper proposes a novel Improved Maximum Power Point Tracking (IMPPT) algorithm to extract the
maximum available power from a direct-drive Permanent-Magnet Synchronous Generator (PMSG)
based standalone Small-scale Variable Speed Wind Turbine (VSWT). The proposed control scheme
consists of an IMPPT algorithm to effectively improve the extracted power under various regimes of
wind speed. The IMPPT constructs the reference value of the DC voltage for the DC bus. Moreover, a
composite low-cost controller (LCC) is also proposed in order to improve the DC voltage tracking based
on a new designed nonlinear state observer. The proposed nonlinear robust controller accounts for the
overall system dynamics and nonlinear behavior. The objective is to improve the dynamic performance
and ensure a good balance of energy conversion efficiency, robustness, cost efficiency, and a simple
structure for practical implementation in wind energy conversion systems. Furthermore, the stability of
the closed-loop system is analyzed and guaranteed through Lyapunov stability theory. Moreover, two
scenarios are used for validation in Matlab/Simulink, including step change and stochastic profiles of
wind speed. Simulation results verify the effectiveness and superiority of the IMPPT-LCC approach
whereas comparisons with other techniques prove its superiority.

Keywords— Improved MPPT algorithm: Permanent-Magnet Synchronous Generator: Standalone Small-
scale Wind Turbine: Robust sliding-mode controller: Nonlinear Observer: Low-cost controller.



Nomenclature

The rotor speed (rad/s)

The number of pairs of poles
The aerodynamic power (W)
The optimal turbine power (W)

The PMSG the flux magnitude (Wb)

The PMSG stator flux (Wb)

The wind turbine rotor radius (m)

The air density (kg/m?)

The PMSG stator resistance (ohm)

The inductor resistance (ohm)

The electrical torque (N.m)

The wind turbine torque (N.m)

The wind turbine reference torque (N.m)
The estimated wind turbine torque (N.m)
the PWM duty cycle

The input DC-DC converter voltage (V)
The observer voltage (V)

The DC link voltage (V)

The reference voltage (V)

The wind speed (rad/s)

The PMSG stator voltage (V)

A The area covered by turbine blades (m?) 02,
a The switching control signal Y

c The DC-DC converter capacitance (F) P,
¢y The turbine-rotor-power coefficient Pmopt
Cpopt The optimal C), L1/
eq, e, ez The tracking errors P
é4,8, The observer tracking errors R
fr The viscous friction coefficient (N.m/s) p

] The turbine inertia (kg.m?) R,
1,4 The input DC-DC converter current (A) L
1, The observer inductance (A) T,
ILref The inductor current reference (A) T
ig The PMSG stator current (A) T,
kq, k, Parameters of the proposed observer T,
Kopt The optimal power control gain u
K, K; Parameters of the MPPT controller V.
L The DC-DC converter inductance (H) VC
Aq, Az, 43,4, Parameters of the proposed controller Vac
A The Tip Speed Ratio (TSR) Vier
Aopt The optimal TSR vy
Ly The PMSG stator self-inductance (H) vy
Q, The electrical angular frequency (rad/s)
Abbreviations

LCC low-cost controller

MPPT Maximum Power Point Tracking
IMPPT Improved MPPT

MAE Mean Absolute Error

Pl Proportional Integral

PMSG Permanent-Magnet Synchronous Generator
PWM Pulse Wave Modulation

P&O Perturb and Observe algorithm

PSO Particle Swarm Optimization

RESs Renewable Energy Sources

SWT Small-scale Wind Turbine

VSWT Variable Speed Wind Turbine

TSR Tip Speed Ratio

WECSs Wind Energy Conversion Systems



1. Introduction

Nowadays, the population growth and the development of the economy imply a strong demand for
energy where novel electrical power generation plants are required to meet the overall increasing
energy needs. These developments fueled massive technological advances towards Renewable Energy
Sources (RESs) which started to gain ground. The development of this type of energy makes a solution
for reducing the dependency on fossil resources and, therefore, decreasing their negative impact on the
environment. Wind energy is one of the most promising alternatives to ensure the goal of replacing
fossil fuels, not only because its costs that continue to decline while the cost of fossil fuels continues to
increase, but also to its unlimited resource advantage. Wind energy is a clean, non-polluting, reliable
and widely available RES. The last decades exhibit massive increase in the installed wind capacity, wind
turbine scale, and wind turbine market. In parallel, Small-scale Wind Turbines (SWTs) are becoming
popular in standalone and grid-connected operations, especially in isolated locations. SWTs help their
users to lower their electricity bills and avoid high costs due to over-extended power lines to remote
locations and ensure an uninterruptible power source to avoid utility outages.

Over the last years, the most promising solution for variable-speed variable-pitch direct-drive Wind
Energy Conversion Systems (WECSs) is based on the Permanent Magnet Synchronous Generator (PMSG)
directly connected (no gearbox) to the turbine [1,2]. This solution is known for its advantages of high
power density and efficiency with lower maintenance costs and increased reliability and grid support
capability [3]. Recent research efforts focus on the development of converter prototypes, power and
efficiency optimization, controller design, and grid-interface schemes to increase efficiency and
reliability of WECSs. More importantly, since wind is a volatile unpredictable resource, it is of paramount
importance that WECSs extract maximum possible power from the wind while it is available.
Consequently, Maximum Power Point Tracking (MPPT) algorithms play a crucial role in WECSs and they
are subject to continuous developments.

The overall WECSs are inherently complex processes involving interconnected aerodynamic, mechanical,
and electrical parts [4], and integrating their unique characteristics which are difficult to model. PMSGs
employed in WECSs involve different technologies from those in conventional synchronous generators
[5]. Moreover, WECSs’s PMSGs are fueled by wind, a volatile unpredictable resource. The wind speed
model itself is complex and subject to many factors such as climate characteristics, geographic location,
level above the ground, and surface topography [6]. Moreover, it is crucial to consider the entire
operating range [7,8] for accurate WECS modelling and effective control design. To tackle the various
MPPT and control problems over the whole wind speed range, the variable-speed variable-pitch wind
turbine was modelled in [9] in the form of a linear parameter-varying system where a Gain-scheduled
control strategy was exploited for effective pitch angle control in MPPT operations. The nonlinear model
dynamics are also approximated by linearized models in [5,10] relating the active power output of WECS
to the wind speed and network frequency deviations to reduce the system complexity through linear
time-invariant models. Linear parameter-varying models are also adopted in [11] to approximate
coupled nonlinear dynamics of the WECS. It was stated in [12] that the overall behavior of the WECS is
nonlinear where improved linearized models are derived for better approximation using harmonic



linearization techniques. Linearised WECSs’ models are advantageous in terms of their reduced
complexity and offer deeper understanding of the system in the context of MPPT, however they remain
local approximations of a very limited accuracy.

Due to the volatile and unpredictable wind speed, a great deal of research has been devoted in industry
and academia to develop advanced MPPT search and control algorithms to reduce power losses in
WECSs. The tradeoff between maximizing power output and minimizing mechanical damage was
highlighted in[6] where semi-definite programming optimization technique was used for MPPT control
using a linearized model of the WECS. A Perturb and Observe (P&O) algorithm was proposed in[13] for
MPPT in WECSs where a sliding mode and Proportional Integral (Pl) controllers are applied for PMSG
and grid-side control. The downsides of P&O MPPT approaches are discussed in[14] where a self-
adaptive P&O extension was proposed. However, it was reported in[15] that P&O-based MPPT
algorithms exhibit a strong tradeoff between a slow convergence due to a small step size versus power
oscillations for a large step size. Since the electrical components of the MPPT designs are subject to
faults, [16] proposed a passive MPPT approach for standalone wind turbine generator systems.

WECSs’s control has potential applications, and particularly in variable-speed wind turbines, to ensure
the system stability, robustness, efficiency, and protection. [17] proposed an active power controller for
variable-speed wind turbine for power oscillation damping during transient events using a derivative
control that moves the operating point from MPPT to the virtual inertia control curves. [18] considered
the problem of load control during extreme wind conditions. The problem of robust blade pitch control
was addressed in[19] for periodic load disturbance rejection, whereas a feedforward fuzzy PID pitch
controller was proposed in[20]. Adaptive fuzzy MPPT controller was also used in[21] for small-scale
WECSs. A Grey-Wolf optimized PI fault-tolerant controller was proposed in[22] for low voltage ride
through and MPPT in grid-connected MPSG driven by a variable speed wind turbine. [23] considered the
problem of frequency control for the coordination of the PMSG in WECSs where a linear gain control
was used. These linear controllers have basic structures and cannot satisfy multi-criteria that ensure
efficiency and robustness together under MPPT. Different control strategies are compared in[24] for
dynamic response of a floating wind turbine. Alternatively, nonlinear controllers are used instead of
lienar controllers to address the nonlinearities of the system. [25] designed a neural networks identifier
to approximate the mechanical torque in a wind turbine system from which a backstepping controller
was developed. A sliding mode observer was used instead in[26] to estimate the aerodynamic torque
which is used by a sliding mode controller to control the speed in a doubly-fed induction generator. In a
closely related work, a discrete-time sliding mode controller was design in[27] as an observer to
determine the reference value for the extractable power used by a sliding mode controller in a doubly-
fed induction generator.

This paper presents the design of a new MPPT algorithm for a small-scale variable-speed wind turbine
based standalone WECS based on a PMSG. The novel objective of the paper is to effectively improve the
extracted power under various regimes of wind speed focusing simultaneously at multiple desired critea
of dynamic tracking performance, robustness to uncertainties and disturbances, cost efficiency, and
practical implementation. The exceptional novelties of the design are in the accurate fullest model of



the WECS and the consideration of stochastic wind speed, PMSG, and converter characteristics. More
particularly, the proposed MPPT design constructs the reference value of the DC voltage for the DC,
then a composite low-cost controller (LCC) is also proposed in order to improve the DC bus voltage
tracking based on a new designed nonlinear state observer. The new composite design is advantageous
for being robust and highly effective and it takes into account the nonlinearities of the system. The rest
of this article is organized as follows: Section 2 gives a deeper understanding of the overall WECS and a
complete model is derived for the nonlinear dynamics of its aerodynamic, mechanical, and electrical
parts. Section 3 describes the main objectives of this work, the novel MPPT algorithm, the new
nonlinear state observer, and the nonlinear controller. Validation scenarios are explained in Section 4
where the obtained results are compared and discussed. Finally, the major findings and potential
applications of the proposed design are given in conclusions in Section 5.

2. System Modelling

This section gives a brief description of the overall wind energy conversion system. The structure of the
PMSG-based SWT system, which mainly consists of three subsystems is presented in Fig. 1. It consists of
an aerodynamic subsystem, a PMSG subsystem, and a DC-DC buck converter subsystem that relates to a
stable DC link. The inverter is used in order to connect to AC loads.

Wind turbine
DC-DC
PMSG Rectifier converter Inverter

(el — [ s M
QT _T‘I 7777 Load

Fig. 1. Configuration of PMSG-based SWT system.

2.1. Aerodynamic modeling

The aerodynamic power P, extracted from a wind turbine rotor can be expressed as a function of the
rotor speed and wind speed [28,29]:

1
P, = EpCp(A,ﬁ)A v, (1)
where p is the air density, A4 is the area covered by turbine blades (A = mR?), C, is the turbine-rotor-
power coefficient, § is the pitch angle and 4 is the Tip Speed Ratio (TSR) defined as [31]:

RO,
A=
vW

) (2)

where v,, is the wind speed, (2; denotes the rotor speed, and R represents the wind turbine rotor
radius. Then, C, can be described by the following equation [30,32]:



The mechanical power curves generated by the turbine as a function of the rotor speed for different
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values of wind speed is depicted in Fig. 2.

Wind Turbine Power

4000 T T T
—Vw =4 (m/s) [~ e .
3500 —Vw =5 (m/s) / N .
Vw =6 (m/s) /
—Vw =7 (m/s) / \
3000 Vw = 8 (m/s) J
Vw =9 (m/s)
7> 2500 + —Vw =10 (m/s) ~
E —Vw =11 (m/s)
\L/ —Vw =12 (m/s)
L 2000 MPP |
S
Q
A, 1500 .
1000 7
500 .
0 —== ~ 1 1 1 I
0 10 20 30 40 50 60 70 80 90

Fig. 2. Mechanical power generated by the turbine as a function of the rotor speed for different wind
speeds.

The drive-train subsystem can be described as two lumped mass with torsion damping and stiffness
system[8], which can be modeled as follows[33]:

df,

Tp—T,=]—+f 0, (4)

dt
where f,. is the viscous friction coefficient, T;, denotes the wind turbine mechanical torque, T, is the
electrical torque, and J denotes the electrical machine and turbine inertia coefficient.

Rearranging Eq(4) yields to :
d-Qt Tm - frﬂt . E. (5)

c ] ]

2.2. PMSG Dynamics

The stator dynamics of the PMSG can be described by the following dynamic equations [33]:

d
%:&g+£% (6)



where v, i5, Y5, Rg are, respectively, the stator voltage, stator current, stator flux, and the stator
resistance. The stator flux linkage 1) is generated by the rotor magnets and the self-linked flux
produced by the stator currents. This relation is described by[33]:

Y5 = Lgis + P e’® (7)

through the stator self-inductance L, the flux magnitude v,,, and the rotor position 6.

Vs = Rig + Lsd—l; + jimQe’®. (8)
The stator equation of the PMSG can be rewritten in d-g coordinates as follows[33,34]:
disg .
Vsq = Rglsq + Lg T LsQyigq o)
Vsq = Rglgq + L d;—stq + L Qyigq + YL,
where
Vg = Vgq + JV,
{i=$+ﬁ? (10)
where the electrical angular frequency (Q,) is given by [28]:
O =p Ly, (11)

with the constant p refers to the number of pairs of poles.
The electric torque T, depends on the flux magnitude and the quadrature component of the stator
current vector [33]:

3
T, = Eplljmisq. (12)

2.3. DC-DC Buck Bonverter Dynamics Model

The topology shown in Fig. 3 is employed for controlling standalone wind turbines-based energy
conversion systems [35], in which the input voltage or input current should track a desired reference in
order to provide an optimal maximum power point tracking (MPPT) mode [36,37]. The switched model
of the DC-DC buck converter is redefined through the average Pulse Wave Modulation (PWM) model
[38,39]:

dv;
Cd— = Id — LLIL
L , (13)
di,
dt =aly =V — 1l

where V. is the DC link voltage, I is the input current, and V is the input voltage which should be kept
at a given constant value V. L is the inductance, 7y, is the inductor resistance, C is the capacitance and
a € {0,1} is the switching control signal that takes only binary values 0 (switch open) and 1 (switch
closed).
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Fig. 3. Schematic diagram of the DC-DC buck converter.

In order to achieve a zero steady-state error in the output voltage, the integral term of the output
voltage is added as a new state variable x; to Eq(13), which increases the order of Model Eq(13). Then,
the resulting augmented model is given as:

(dx;
ac ¢
dV.

9 Cd_tC:Id_uIL ] (14)
dl,

kLE == u]/c - VdC - TLIL

where u represents the PWM duty cycle, and the state vector x is given as:

T

x=UVC V. IL]. (15)

3. Problem Formulation and Novel Designs

The principal objective of the control is to maximize the extracted power from wind and keeping the
PMSG-based turbine at its optimal speed. These objectives are guaranteed by the control of the DC-DC
converter. In this regard, a novel improved MPPT algorithm and a composite low-cost nonlinear control
strategy are proposed in this section. The overall strategy consists of:

1. An Improved MPPT (IMPPT) algorithm design which permits to improve the maximum power
point tracking from the SWT. This algorithm constructs the optimal DC voltage (V,.f) value that
should be tracked.

2. A new nonlinear controller design which provide an effective and smooth tracking of the desired
voltage (V;..¢) in order to ensure the maximum power extraction.

3. A novel nonlinear state-observer is designed to estimates the inductor current (/) of the DC-DC
converter. This estimation of I; will be used in the controller design.
Therefore, this section is divided into three subsections. The first subsection briefly presents the
proposed MPPT algorithm. Then, the second subsection describes the whole design procedure for the
proposed nonlinear controller. The last subsection presents the proposed nonlinear state-observer
design. The schematic diagram of the proposed control strategy is shown in Fig. 4.
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Fig. 4. Block diagram of the proposed control strategy.
3.1. A New Improved MPPT (IMPPT) Algorithm

MPPT algorithms are used to search for the optimal operating point in wind energy conversion systems.
The main aim of these algorithms is to extract the maximum electrical power generated from the small-
scale wind turbines (SWT) by tracking the optimal wind turbine speed which allows an optimal TSR
(Aopt) [40]. From this purpose, a great deal of research effort is devoted to develop new MPPT search
algorithms in order to improve the convergence speed to the optimum, to avoid local minima, and
minimize power oscillations of the existing MPPT algorithms. An improved MPPT algorithm is proposed
herein to effectively extract maximum power from the PMSG-SWT and improve convergence speed and
accuracy compared to conventional MPPT algorithms.

When the turbine-rotor-power coefficient C,, is at its optimum value Cpopt’ the SWT produces the
maximum power. Therefore, it is important to keep the rotor speed at an optimum value of the tip-speed
ratio A,,¢. While the wind speed varies, the rotor speed should be adjusted in order to follow this change
[33]. Then, the optimum power (Pmopt) that can be extracted from a SWG and the optimal TSR can be

defined, respectively, as follows [39] :
1

Pmopt = E P CpoptA UV?’
R24p; (16)
Aopt = ”
w

where (2,,; represents the optimum SWT rotation speed.

The optimum generator power Pmop and the target optimum torque Tmoptcan be calculated

t
respectively, as [40]:

Pmopt = opt'Qgpt 17)
. , 17
Tmopt = Kopt'Qgpt

where the optimal power control gain K,,,; can be described as:

10



3
1 R
Kope = 2 P Coope? <rpt> . (18)

The wind speed measurement is not required and the optimum power is simply reached by maintaining
the wind turbine torque at its optimum value:

T = Kopt 22, (19)

where T,, represents the WT reference torque value.

The estimated WT torque (T,,,) can be calculated as:

~ V.1,
= : 20
m Qt ( )
where I; and V_ are, respectively, the current and the voltage at the output of the rectifier.
A block diagram summarizing the proposed MPPT algorithm is depicted in Fig. 5.
ld :
i Pl Controller Low pass filter
\ 4 -
Estimated Wind Tm V"ef

> )
turbine torque Eq(20) &/ I P
A
I *
________ ol Eq(19) Tm > TL)

|K )= T\ >

Fig. 5. Block diagram of the proposed MPPT algorithm.

The overall design procedure of the proposed IMPPT control algorithm can be summarized in the

following steps:

Proposed IMPPT Algorithm

Step 1:
Step 2:
Step 3:

Step 4:
Step 5:

Measure the generator speed (£2;)

Determine the reference torque T,,, of the WT according to Eq(19)

Calculate the estimated WT torque T,, via the measured values of the current and
the voltage at the output of the rectifier (I; and V) using Eq(20)

The Pl controller is used to enhance and improve the tracking speed performance
The low pass filter is used to ensure a smooth reference output voltage V... ¢

3.2. Composite Nonlinear Controller Design

The main objective here is to design a control law to force the measured output voltage V. for the DC-DC
buck converter to track efficiently, and in a finite time, the desired output voltage trajectory (V;y)
generated by the IMPPT algorithm presented previously. We proceed with the control design:

11



1. Define the tracking errors;

2. Select the sliding surfaces;

3. Determine a control Law which forces the trajectory of the system state to the predefined
sliding surfaces defined in previous step;

3.2.1. Tracking Errors Definition

In the first time, let us define the integral output voltage tracking error (e;):
e, = — f(vc —Vyey) dt. (21)
Then, the output voltage tracking error (e,) is:
e = Vier = Vo (22)
and the current tracking error (e3):
€3 = ILref =1, (23)

where ILref denotes the reference current generated by the voltage loop controller and V;..r denotes
the desired output voltage of the DC-DC buck converter.

According to Eq(14), Eq (21), Eq (22), and Eq (23),
the time derivative of the integral output voltage tracking error (e;) can be derived as

él = Vc - Vref (24)

The error dynamics of e, are given by

éz = _‘76" (25)

The time derivative of the current tracking error (e3) yields

é3 = jLTef - jL' (26)

with the reference current ILref given by
ILref =¢e;+ne, tvy, (27)

with,

12



p

C
—— 214+,
f=——(1+ k)
C
<n=—a(ﬂl+/12), (28)
\ V_E

where 4; and A, are real positive numbers.
Three sliding surfaces are designed according to the number of state variables as in Eq(14).
3.2.2. Sliding Surfaces Selection

In this study, the proposed sliding surfaces S(ey, e,, e3) are selected as [45]:

€1
Ae +e,
Ye,

5(81, 92'83) = . (28)

with Y = \/Z
c

Then, the control law (u) of Eq(33) ensures the stability of the system of Eq(14).

Proof. In order to demonstrate the theoretical convergence of the proposed control strategy, let’s
define the following Lyapunov candidate function

1
V(e eze3) = 552(91; ey, e3). (29)

In order to satisfy the reaching conditions of sliding mode, the control input must therefore ensure the
following condition [41]:

V(e ey e3) <0 = S(ey e, e3) ST(ey, e, e3) <O0. (29)

According to Eqs(24)-(28) and Eq(29), the time derivative of V/, along the trajectories of Eq(14), gives

. 1
SST == 8162 + (82 + /1161) <_E(1d - uIL) + 2,162)

: 1 (30)
t+e;3 ILTef - z(ch —Vac — 111 |.

Adding and subtracting the term (1,e,) to the previous equation (e;e;), with some mathematical
developments, yields to:

13



. u 1
SST = —11812 + (62 + /1161) <91 + EILTef - E(Id + ue3) + /1192)
L (. 1 (31)
+ Ees IL,.ef - Z(ch —Vaec — 11 |.

Replacing Eq(27) into Eq(31), gives

SST = —Mief — (e, + Are1)* + €3 <§1Lref _%(ch —Vae =1 d) — %(92 + /1191))- (32)

3.2.3. Control Law Determination

From the previous mathematical manipulation, the resulting control law (u) can be derived as:

TV + 11 Lt
u = (dcfl‘l‘) + ?ILTef + 2,37: 63 + 14‘[ Slgn(e3)r (33)

with 1= —S5
(Vref"'llel)
According to Eq(32) and Eq(33), thus

V == —/11612 - 12(92 + /1191)2 - /13932 - /14_|e3| < O. (34)

Based on Eq(32), it can be concluded that the proposed nonlinear controller can converge within a finite
time according to the Lyapunov stability theory.

3.3. Proposed Nonlinear Observer Design

This subsection proposes a nonlinear state observer as a tool to manage the cost for the PMSG-based
SWT. This observer estimates the inductor current (I;), then, the resulting estimation will be investigated
for the design of the low-cost nonlinear controller presented in the previous subsection.

First, the following state estimation errors are defined as

éZZiL_IL

Then, the dynamical equations of the proposed observer are

av, .
d_c == %(Id - uIL + klél)
t . (36)
di, o _
E == Z(_Vdc - TLIL + u]/c + kzu 62)

According to Eq(20), Eq(35) and Eq(36), the error dynamics of Eq(35) can be obtained as

14



~ 1 ~ ~
€1 = E(k1e1 — ué)

. 1 5 5 L (37)
e, = Z(_rLez + u(é; + k,é,))

From Eq(37) with selecting k, = —1, Eq(36) becomes

& = %(k1é1 —ué;)
T, (38)

e, = I (=)

Proof. The convergence proof of the proposed observer is made with the Lyapunov theory, the
following Lyapunov candidate function is considered:

P :P1+P2, (39)
with
L
Pl —EZAZZ
2 : (40)
P, 25(21_1/)22)2
where 1) = —-

r.C/L+ky’

The derivative of the Lyapunov candidate function is
P = _TLZAZZ + k1(21 + l/) 22)(21 - l/)éz). (41)

Then, the derivative of Lyapunov function P as in Eq(41) is negative definite by choosing the value of k;
sufficiently small, it is therefore possible to get a convergence in a finite time.

4. Simulation and Discussion of Results

In order to demonstrate the effectiveness and the performance of the improved MPPT algorithm
(IMPPT) with the new composite low-cost robust controller (LCC). The proposed design (IMPPT-LCC) is
compared throughout this study with some other techniques such as a the improved IMPPT based PI
controller tuned with PSO algorithm (IMPPT-PI-PSO), the MPPT algorithm proposed in [33] referred to as
(MPPT) with a new LCC (MPPT-LCC) and with a PI-PSO (MPPT-PI-PSO). This makes four MPPT-controller
design candidates into the comparison: IMPPT-LCC, IMPPT-PI-PSO, MPPT-PI-PSO and MPPT-LCC.
Moreover, two different validation scenarios are conducted in a simulation study with Matlab/Simulink,
including consecutive step changes and stochastic wind speed profiles.

15



Table 1. Main parameters of the DC-DC buck converter.

Parameters Value
R; 0.2Q
Ve 400V ¥ 10V
C 500uF
L 200uH
I, 104
Ve 96V
Table 2. Parameters of the PMSG-based SWT with 3.5-kW.
Wind Turbine
Air density 1.225 Kg/m3
Area covered by turbine 7.06 m
Optimum Coefficient K, 11.6 103Nm/(rad/s)
Maximum power Coefficient Cp,,x 0.4951
Base wind speed 12 m/s
PMSG
Stator resistance 0.6 Q
Stator self-inductance 2.5 mH
Flux magnitude 0.34 Wb

Number of pole pairs

The parameters used for the simulation study are listed in the Table 1 and Table 2. The tuned parameters
of the proposed low-cost controller are all listed in Table 3; whereas the parameters of the proposed
IMPPT and the conventional MPPT algorithms are tuned by PSO algorithm (for more deatails see[46]) and

are also given in Table 4.

Table 3. Controller gains.

Controller Notations Gains
Tuned-PI controller (PI-PSO) kp 0.5
(for comparasion) k; 0.02
kq 200
Proposed nonlinear controller k, 10
(Subsection 2.2) ks 1000
k, 80
Proposed nonlinear observer A -0.5
(Subsection 2.3) Ay 1
Table 4. Parameters of the proposed IMPPT algorithm.
MPPT algorithms Notations Gains
Proposed IMPPT kp 13.2
(Section 2.1) k; 40

16



The Matlab/Simulink model developed to simulate the proposed control strategies is shown in Fig.

which gives an implementation overview on the proposed approach.

Proposed MPPT control algorithm
Butier
T ’ /]
™ Integrator i oy —
Omega_R
Product  KOP!

TmOpt Kp

Wind_Speed

Torque
WindTurbine

Electrical_Torque

Electrical_Power

Fig. 6. Simulation model of the controlled system with the proposed controllers in
Matlab/Simulink.

4.1. Step Wind-Speed Change

6

In this scenario, the applied wind speed includes five consecutive abrupt step-changes; the wind speed

varies between 9 m/s to 12 m/s, as shown in Fig. 7.

17
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Fig. 7. Wind speed profile for five consecutive step-changes profile.

The responses comparisons obtained by the PMSG-SWT with the proposed and other MPPT control
strategies are shown in Figs. 8 and 9, respectively.

e It can be seen from Fig.8(a) that the proposed IMPPT-LCC outperforms the other techniques, the

correspoding energy produced is 42.6 kl. Compared to that, energy losses are 3.5J for the IMPPT-
PI-PSO, 92.1 ) for the MPPT-LCC, and 93.3 J for the MPPT-PI-PSO as listed in Table 5. Furthermore,
for statistic comparison, a mean absolute error (MAE) criterion is used for comparisons of the
presented methods and the corresponding results are summarized in Table 5.

Fig.8(b) depicts the power point coefficient of the SWT with different MPPT strategies. It can be
observed that the proposed IMPPT-LCC strategy achieves a maximum power point coefficient of
0.49 besides the minimum oscillation losses as compared to the other three strategies.

Fig.8(c) demonstrates that the wind turbine rotation speed follows the optimum established
speed more effectively and rapidly through the IMPPT-LCC compared to the other control
strategies. The corresponding time performances of all the methods are summarized in Table. 5.
Also, Figs. 8(d) depicts the mechanical torque which tracks the optimum theoretical torque with
the proposed IMPPT-LCC at a higher accuracy compared to the other control strategies.
Therefore, this analysis demonstrates that the proposed IMPPT-LCC ensures a higher efficiency
and improved reliability in the tracking maximum available power from the PMSG-SWT.

Table 5. Performance comparison under five consecutive step-change profiles.

MPPT Response time (sec) Control 1 wn .
Technique | [t=2] | [t=6] | [t=10] | [t=14] | Technique MAE =2 23|Vrer —Ve| | Energy lost (joules)
IMPPT | 0.095 | 0.169 | 0.168 | 0.103 LCC 0.15 3_5
92.1
MPPT | 0.401 | 0.790 | 0.410 | 0.406 PI-PSO 0.34 933
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Fig. 8. Performance comparison across the improved MPPT based on the proposed controller, the MPPT
based on PI-PSO controller, the conventional MPPT based on the proposed controller, and the

conventional MPPT based on PI-PSO controller.
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e |t can be seen from Fig. 9 that the proposed IMPPT-LCC approach permits to track smoothly the
desired output voltage of the DC-DC buck converter compared to the PI-PSO controller.

420 600
——Vier ——Vier
400 - g — MPPT—PI—PSO| — IMPPT — PI - PSO
‘ MPPT — LCC 500 - IMPPT — LCC
380 | o
360 .
8 400 -
—
—~ a0l ‘
340 S
~— ~
L 320 S, A~
S & g %007 470
< 00} 393.5 L; ‘
3
- v — -~
= 280 200 L ‘
260 - 393 , {465
‘
240 E 100 - |
220 F 3925 ] 460
7.447.45 6.5 6.51
200 . ; : : i ; ; i 0 ‘ ‘ , , . . , ,
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Time(sec) Time(sec)
(a) (b)

Fig. 9. Performance comparison of the output voltage tracking using the improved MPPT based on the
proposed controller, the improved MPPT based on PI-PSO controller, the conventional MPPT based on
the proposed controller, and the conventional MPPT based on PI-PSO controller.

4.2. Stochastic Wind Speed Variation

Under the imposed wind speed profile shown in Fig. 10, the dynamic responses of the PMSG-SWT with
different control strategies are shown in Figs. 11 and 12. These results are also listed in Table 6.
We can observe that the proposed IMPPT-LCC has also better efficiency, the proposed strategy is
superior in terms of energy production with 43.1 kJ which proves it superiority in tracking and extracting
the maximum available power from the PMSG-SWT in cases of stochastic wind speed profiles. These
results demonstrate the superiority of the proposed IMPPT-LCC compared to the other presented MPPT
and control techniques.
e In terme of energy lost: the energy produced using IMPPT-LCC technique reached 43.1 kJ.
Compared to that, energy losses are 1.0 J for the IMPPT-PI-PSO, 194.5 J for the MPPT-LCC and
93.3 J MPPT-PI-PSO.
e In terms of energy lost: the energy produced using IMPPT-LCC technique reached 43.1 kJ.
Compared to that, energy losses are 1.0 J for the IMPPT-PI-PSO, 194.5 J for the MPPT-LCC and
93.3 J MPPT-PI-PSO.
e In terms of optimal tracking of the desired reference, the mean absolute error (MAE) criterion
indicates also that the LCC technique allow better tracking compared with the PSO -PI technique.
e In terms of maximum power tracking, the proposed IMPPT-LCC strategy achieves a maximum
power point coefficient of 0.49 faster and with minimum oscillation compared to the other three
strategies.
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The ability of the proposed technique is specially obtained by considering the nonlinear nature of the
DC-DC converter while designing the voltage controller which allowed a better reference tracking. On
the other hand, the proposed IMPPT allows to get the optimum power by improving the convergence
time.

In addition, the designed observer allows us to avoid additional cost of the current but also, it is can be
further investigated for sensor and actuator faults control [28,42-44] and fault detection and isolation.

Table 6. Performance comparison under a stochastic wind speed profile.

MPPT Control
Technique | Technique

MAE =% Y7 Vres — V| | Energy lost (joules)

IMPPT LCC 0.1581 1.0
194.5
MPPT PI-PSO 0.3983 1945
13 T T T T T T T T
—— Wind Speed
12.5 -

vy(m/s)

8 1 1 1 1 1 1 1 1

[0} 2 4 6 8 10 12 14 16 18
Time(sec)

Fig. 10. Stochastic wind speed profile.
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Fig. 11. Performance comparison using the improved MPPT based on the proposed controller, the
improved MPPT based on PI-PSO controller, the conventional MPPT based on the proposed controller,
and the conventional MPPT based on PI-PSO controller.
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Fig. 12. Performance comparison of the output voltage tracking using the improved MPPT based on the
proposed controller, the improved MPPT based on PI-PSO controller, the conventional MPPT based on
the proposed controller, and the conventional MPPT based on PI-PSO controller.

5. Conclusion

A novel improved MPPT algorithm was presented in this work for extracting the maximum available
power in wind energy conversion systems. A composite low-cost control strategy for PMSG-small-scale
standalone wind turbine was also proposed in this study. Our new strategy accounted for the overall
system dynamics and nonlinear behaviour. Stability and tracking analyses of the whole closed-loop
system are demonstrated based on Lyapunov theory. Furthermore, the performance of the proposed
IMPPT-based LCC are evaluated and compared with contemporary MPPT control techniques in
Matlab/Simulink under different test scenarios. The obtained results proved that the proposed IMPPT-
LCC has effectively increased both reliability and efficiency in tracking the maximum available power from
the PMSG-SWT and it improved the output voltage tracking in the DC bus of the power source. The
proposed strategy showed the capability to maximize the produced energy from SWTs through the low-
cost simple controller which has a remarkable advantage in practical implementations. Future work will
consider investigating the proposed control scheme to intelligent fault detection and fault tolerant
control applications.
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