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Abstract: A permanent magnet synchronous generator (PMSG) in s grid-connected tidal energy
conversion system presents numerous advantages such as high-power density and ease of main-
tenance. However, the nonlinear properties of the generator and parametric uncertainties make
the controller design more than a simple challenge. Within this paper we present a new combined
passivity-based voltage control (PBVC) with a nonlinear observer. The PBVC is used to design the
desired dynamics of the system, while the nonlinear observer serves to reconstruct the measured
signals. A high order sliding-mode based fuzzy supervisory approach is selected to design the
desired dynamics. This paper addresses the following two main parts: controlling the PMSG to
guarantee the maximum tidal power extraction and integrate into to the grid-side converter (GSC),
for this the new controller is proposed. The second task is to regulate the generated reactive power
and the DC-link voltage to their references under any disturbances related to the machine-side
converter (MSC). Furthermore, the robustness of the controller against parameter changes was taken
into consideration. The developed controller is tested under parameter variations and compared to
benchmark nonlinear control methods. Numerical simulations are performed in MATLAB/Simulink
which clearly demonstrates the robustness of the proposed technique over the compared control
methods. Moreover, the proposed controller is also validated using a processor in the loop (PIL)
experiment using Texas Instruments (TI) Launchpad.

Keywords: tidal renewable energy; nonlinear observer; robust control; passivity-based control;
nonlinear control; Fuzzy supervisor

1. Introduction

Tidal energy is an environmentally friendly and fully predictable source of energy. Its
inherent advantages make a viable source for grid integration [1,2]. Due to low maintenance
costs the permanent magnet sonorous generator (PMSG)-based tidal conversion system
is integrated into the grid using back to back converters. Additionally, the use of a direct
drive PMSG is very interesting for this type of underwater application, where access
to the maintenance operations is often very difficult. Other advantages of the PMSG
include self-excitation, higher efficiency, and low maintenance cost. For direct drive
systems, the generator is directly connected to the turbine and the assembly rotates at
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the same speed. Therefore, the generator is driven at low speed and the gearbox is
eliminated. Thus, the efficiency of the conversion system is improved, and the maintenance
requirements are minimized [1,3]. However, from the control system point of view, this
conversion system is associated with several issues such as disturbances and parametric
uncertainties. Furthermore, fault ride-through capability, efficiency of the power converters,
reactive power support, and DC-link voltage control are some of the vital requirements
for the tidal power conversion system in grid integration mode [4,5]. During the last few
decades, extensive control theories and techniques have been reported in the literature
proposing solutions to the stated PMSG problems. A magnetic equivalent circuit method-
based second-order sliding mode is proposed in [6]. However, external disturbances and
parameter changes have not been considered. In [7], a fuzzy sliding mode controller that
adaptively extracts the maximum tidal power under swell effects is developed. However,
the parameter variations and uncertainties have not been considered. In [8], a jaya-based
sliding mode approach is proposed to enhance the performance of a tidal conversion
system. The authors proposed an association of the tidal system with the superconducting
magnetic energy system (SCMES), for which the jaya-based controller is applied; however,
this association improves the costs and maintenance time only. A novel active disturbance
rejection controller as an alternative to the conventional Proportional Integral (PI) control is
proposed in [9]. This strategy treats the parameter uncertainties or changes as an element
to be rejected which can be canceled during the control design. Nonlinear observer-based
second-order SMC combined with a predictive control was developed in [10] for a new
hydrostatic tidal turbine by short-term predictions of the tidal speed. The same system
is also investigated in [11] using a nonlinear observer-based extreme machine learning
integrated sliding mode control. A linear quadratic controller is proposed in [12] using
a real profile of the tidal speed. In [13], a perturb and observe algorithm is proposed to
track the maximum tidal power. Tilt-based fuzzy cascade control combined with a new
Q-network algorithm has been investigated in [14].

Nevertheless, the PMSG physical properties are ignored in the aforementioned control
design techniques [15]. Within this work, a novel control method, based on the passivity
concept is proposed for tracking the angular velocity of the turbine for maintaining it at
the optimal torque. Passivity-based control (PBC) exhibits several advantages such as
the fact that it cancels the nonlinear terms in a damped way, along with its guaranteed
robustness properties and ensured stability. The main idea of this approach is to reshape
the system’s natural energy and inject the required damping in such a way that the control
objective is achieved [16]. The present paper investigates a new passivity-based voltage
controller and nonlinear observer via a combined fuzzy gain supervisory-high order sliding
mode approach. There are two main objectives to be achieved: controlling the PMSG to
guarantee the maximum tidal power extraction and integrate this power into the GSC and,
to achieve the above goals, a new controller is proposed. The second objective includes
the regulation of reactive power and the DC-link voltage. A special focus is given to
the machine side converter, as it is the bridge between the tidal turbine and the grid.
Furthermore, the robustness against parameter changes was also taken into consideration.
Thus far, several research efforts have been made which explore the application of passivity-
based controllers for PMSG driven systems. In [17], a PBC-based fuzzy sliding-mode
controller is proposed. However, the controller design of the proposed combined strategy
is complex due to the mathematical model. A passivity-based sliding-mode control (SMC)
is developed in [18] and, as mentioned by the authors, the presented combined PBC–SMC
control uses more than six fixed gains which are very difficult to design. As demonstrated
by Zhou et al. in [19], fixed gains are very difficult to calculate if the system exhibits
parameter variations or uncertainties. The authors in [20] proposed a linear feedback
passivity-based controller. However, extensive investigation on the PMSG nonlinear
properties and parameter variations has not been conducted. In [3], a novel passivity-linear
feedback control combined with a fuzzy logic controller is investigated. In [21], a PBC
control is proposed, with a passivity-based PI control. A passivity-based voltage control
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is developed in [5]; however, as mentioned by the authors, the new controller shows a
small sensitivity to the variation of the mechanical parameters. A standard nonlinear
passivity-based control that ensures asymptotic convergence to the maximum power
point of wind system adaptively is proposed in [22]. The same system was considered
by [23], replacing the battery with the DC-link with grid-connection; this modification
has significantly complicated the control problem. Therefore, a PI-PBC is adopted to
compensate the coupling term for the PMSG. In [24], a robust adaptive passivity-based
control scheme is proposed with actuator saturation.

The presented paper is related to the controller proposed in [3] and it is inspired from
the work reported in [25]. Main highlights of this work are presented as follows:

• A new adaptive fuzzy supervisory-high order sliding mode passivity-based com-
bined voltage control and nonlinear observer for optimal performance of a PMSG is
developed.

• The high order sliding mode controller (HSMC) is adopted to design the desired
torque dynamics. The proposed method ensures fast convergence of the closed-loop
system.

• The fuzzy gain supervisor is used to adjust gains of the HSMC online. The online gain
tuning enhances robustness against various uncertainties.

• The essential characteristic of this approach is the duality between the controller
and observer. Additionally, with the proposed approach, the global stability of the
associated observer–controller was analytically proven.

• The most important contribution of this work includes the compensation of the
variation in the moment of inertia J [5].

The rest of this paper is presented as follows: after the introduction section, the
mathematical model of the tidal power conversion system is presented in Section 2. The
proposed controller is depicted in Section 3. Section 4 deals with the computation of the
combined observer–voltage control. Section 5 shows the global stability of the presented
strategy. Section 6 illustrates the controller design of the GSC converter. Simulation results
are discussed in Section 7. Finally, the conclusion is drawn.

2. Mathematical Model for Tidal Generator System

The investigated power conversion system consists of a tidal turbine, PMSG, AC–DC–
AC power converter and the grid. The power produced via the generator is controlled
by the proposed nonlinear controller applied to the machine side converter. The GSC
converter delivers the active power by using the classical PI technique. The block diagram
of the tidal wave conversion system is shown in Figure 1.

2.1. Tidal Power Model

The tidal power captured by the turbine and the corresponding torque is expressed as
below [9]:

Pm =
1
2
ρCp(β, λ)Av3

t (1)

Tm =
Pm

ωm
(2)

Cp(β, λ) = 0.5
(

116
λi
− 0.4β− 5

)
e−(

21
λi
) (3)

λ−1
i = (λ+ 0.08β)−1 − 0.035

(
1 + β3

)−1
(4)

λ =
ωmR

vt
(5)
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Figure 1. Tidal conversion system under Simulink.

Where, β denotes the pitch angle, vt is the tidal speed, ρ represents water density, λ
denotes the tip-speed ratio, Cp represents the power coefficient, A denotes the swept area
of the blades, R denotes the radius of the blades, and ωm represents the speed of the rotor.

2.2. PMSG Model

The PSMG model is expressed as follows [5]:

Lαβ
diαβ

dt
+ψαβ(θe)pωm = vαβ − Rαβiαβ (6)

J
dωm

dt
= Tm − Te(iαβ, θe)− ffvωm (7)

Te(iαβ, θe) = ψT
αβ(θe)iαβ (8)

where Te denotes the electromagnetic torque, ψαβ(θe) = ψf

[
− sin(θe)
cos(θe)

]
is the flux

linkages vector, ψf represents the flux linkages due to permanent magnets, iαβ =

[
iα
iβ

]
represents the stator current vector, Lαβ =

[
Lα 0
0 Lβ

]
denotes the stator induction

matrix, ffv is the viscous coefficient, Rαβ =

[
RS 0
0 Rs

]
represents the stator resistance

matrix, vαβ =

[
vα
vβ

]
denotes the voltage stator vector, θe represents the electrical angular,

ωm denotes the PMSG speed and p denotes the pole pairs number.

3. Problem Formulation and Proposed Controller Design Procedure

The basic aim of the proposed controller is to make the system passive. This is possible
by introducing a damping term and reshaping the system’s energy via the control loop.
The application of the adaptive fuzzy supervisory high order passivity-based nonlinear
observer and voltage controllers are developed in this paper. Before deriving the controller,
several steps are required: first, it is necessary to calculate a Euler–Lagrange model for
dividing the system dynamics as input and output vectors such that the relationship
between them is passive. Second, the system has to be decomposed into two interconnected
subsystems with negative feedback. Finally, the non-dissipative terms in the system model
must be identified.

The controller design process is depicted in Figure 2, in which two main parts can be
distinguished: The first controller is a fuzzy supervisory-high order sliding mode controller
(FS-HSMC). The second one is a passivity-based combined nonlinear observer-based
voltage control (PBCOV).
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Figure 2. Proposed Strategy design.

3.1. Problem Formulation

The control problem can be formulated as follows: consider Equations (6)–(8) with the

state vector
[
iT
αβ, ωm, θm

]T
. Where θm is rotor angular velocity, vαβ are control inputs, and

[Te(iαβ, θe), ωm]
T represent the regulated outputs. The problem consists of constructing

an observer-based controller such that for a desired output function T∗e , global torque
tracking with internal stability is achieved.

3.2. Passivity-Based Voltage Controller

As mentioned previously, the PBCOV is used to design the control voltage. First, we
have to design the passivity-based voltage control (PBVC) [5]. The desired dynamics must
be compatible with the bounded constraints of the PMSG. Thus, the following desired
dynamics are deduced from the model (6)–(8):

v∗αβ = Lαβ
di∗αβ

dt
+ψαβ(θe)pωm + Rαβi∗αβ (9)

Tm = J
dω∗m

dt
− T∗e

(
i∗αβ, θe

)
− ffvω

∗
m (10)
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where T∗e represents the desired electromagnetic torque, v∗αβ denotes the desired voltage,
i∗αβ represents the desired current, andω∗m denotes the desired speed. The error dynamics
between the PMSG model (6)–(8) and the desired model (9), (10) are described as follows:

vαβ − v∗αβ = Lαβ
dεi

dt
+ Rαβ

(
i∗αβ − iαβ

)
(11)

J
dω∗m

dt
− T∗e

(
i∗αβ, θe

)
− ffv(ω

∗
m −ωm) = 0 (12)

The problem is to find control law vαβ, which ensures the convergence of the dynam-
ics, i.e., the error between the desired dynamics and the measured, to zero. To this end, we
shape the energy of the closed loop to match a desired energy function V∗f (εi), as follows:

V∗f (εi) =
1
2
εT

i (Lαβεi) (13)

Here, εi =
(

i∗αβ − iαβ
)

represents the current tracking error. The derivative of (13)
along the trajectory (11), yields:

.
V
∗
f (εi) = −εT

i

(
Rαβεi +

(
vαβ − v∗αβ

))
(14)

Then, the fast convergence of the current tracking error εi to zero is ensured only if
the control law vαβ is taken as:

vαβ = Lαβ
di∗αβ

dt
+ψαβ(θe)pωm + Rαβi∗αβ − Biεi = v∗αβ − Biεi (15)

Here, Bi = biI2 is a 2-by-2 matrix of positive gains, and I2 identity matrix.

Remark 1. the proof of the passivity property of the PMSG in the αβ-frame is clearly demonstrated
by Belkhier et al. in [5]. Thus, it is not considered in the present work. The proof of the exponential
convergence of current error is clearly demonstrated in Appendix A.

Remark 2. In the closed loop system, the positive definite matrix Bi increases the convergence of
the tracking error and it overcomes the imprecise knowledge of system parameters.

3.3. Desired Torque Design by Fs-Hsmc

The PMSG operates at an optimal speed if the desired current is designed as fol-
lows [16]:

i∗αβ =
2T∗e

3pψf

[
− sin(θe)
cos(θe)

]
(16)

From Equation (12), reference torque is expressed as follows:

T∗e = J
dω∗m

dt
− ffv(ω

∗
m −ωm) (17)

From Equation (17), the reference torque T∗e depends on the PMSG mechanical param-
eters (J, ffv) [5,16]. To solve this issue, in [5], a damping term (ffv) was removed and T∗e was
computed by a PID controller. However, as mentioned by the authors the strategy still has
a drawback with the variation of J due to the fixed gains of the PID. Thus, to overcome this
shortcoming, a high order sliding-mode controller (HSMC) is introduced to replace the
PID loop. It is well known that this control has high robustness and stability compared to
PID [6]. Then, Equation (17) is expressed in the following form:

T∗e = J
dω∗m

dt
− ki|ω∗m −ωm|0.5sign(ω∗m −ωm)− kp

∫ t

0
sign(ω∗m −ωm)dτ (18)
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However, as mentioned previously the HSMC shows shortcomings due to the fixed
gains ki and kp. To overcome the gain sensitivity to the parameter uncertainties and to
tackle an optimal desired torque, a fuzzy logic controller as a fuzzy gain supervisor is
adopted as depicted in Figure 3. The fuzzy supervisor is used to adjust gains ki and kp
of the HSMC. The inputs of the FS-HSMC are the speed error εm = (ω∗m −ωm) and its
derivative ∆εm.

Figure 3. Desired torque design with the fuzzy supervisory-high order sliding mode controller
(FS-HSMC).

There are three main steps that are followed in the fuzzy based control design and
it includes: fuzzification, rule base and defuzzification. The types of the membership
functions used in this paper are triangular and trapezoidal uniformly distributed and
symmetrical in the universe of discourse (see Figure 4). The method of partitioning these
functions is given according to Lee and Yubazaki [26,27]. Their method is based on the
idea of sharing the same parameter among several membership functions. In Table 1, the
linguistic variables corresponding to the inputs–outputs of the fuzzy gain scheduling are
chosen as: Negative Big (NB), Negative Small (NS), Zero (Z), Positive Big (PB), and Positive
Small (PS). The decision-making output is obtained using a Max–Min fuzzy inference
where the crisp outputs are calculated by the center of gravity defuzzification method. The
overall design of Te

∗ by is shown in Figure 3.

Figure 4. The fuzzy controller configuration. (a) Inputs function (b) outputs function.
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Table 1. Fuzzy logic rules of kFp and kFi.

∆εm
εm NB NS Z PS PB

NB NB NB NB NS Z
NS NB NS NS NS Z
Z NB NS Z PS PB
PS Z PS PS PS PB
PB Z PS PB PB PB

Negative Big (NB), Negative Small (NS), Zero (Z), Positive Big (PB), and Positive Small (PS).

4. Passivity-Based Combined Observer and Voltage Control

This section formulates a nonlinear observer to reconstruct the states (currents and
rotor speed) from the measurements. To ensure this objective, the passivity approach is
adopted to construct the observer. Duality is established between the nonlinear observer
and the PBVC control.

Based on the physical structure of the PMSG model (6)–(8) and the controller structure
(15), we introduce the current and velocity observer systems as follows:

Lαβ
dîαβ

dt +ψαβ(θe)pω̂m = vαβ − Rαβ îαβ − Γε̂i

J dω̂m
dt = Tm − Te

(
îαβ, θe

)
− ffvω̂m − ρmε̂m

Te
(
îαβ, θe

)
= ψT

αβ(θe)îαβ

(19)

Here, îαβ is the estimated currents, ω̂m is estimated rotor speed, ε̂m = (ω̂m −ωm)
represents the estimated speed error, Γ = ρiI2 > 0, ρm > 0 are the observer gains. Finally,
ε̂i =

(
îαβ − iαβ

)
represents the estimated current error. For computational convenience,

the model in (6)–(8) and the estimated model in (19) are rewritten in the compact form as
follows: {

D
.

X + A(θe)X + WX = Nvαβ + ζ

D
.

X̂ + A(θe)X̂ + WX̂ = Nvαβ + ζ − KE
(20)

where W = diag{Rαβ, ffv} , N = diag{I2, 0}, ζ =

 0
0
−Tm

, X̂ =
[
îTαβ, ω̂m

]T
are the observer

states, E =
[
ε̂T

i , ε̂m
]T, K = diag{Γ,ρm}, A(θe) = −AT(θe) =

[
0 ψαβ(θe)p

−ψT
αβ(θe)p 0

]
,

and D = diag{Lαβ, J}. From (20), the following error dynamics of the nonlinear observer
is deduced:

D
.
E + A(θe)E + (W + K)E = 03×1 (21)

The Stability proof of the estimated error E of the observer is clearly demonstrated in
Appendix B.

From the desired error dynamics given by (9), (10) and the nonlinear observer model
in (19), the dynamics of the combined observer–voltage controller is deduced as follows: Lαβ

dîαβ

dt + ψαβ(θe)pω̂m + Rαβ îαβ = vαβ − Γ
(

îαβ − i∗αβ

)
J dω̂m

dt = Tm − Te
(
îαβ, θe

)
− f f vω̂m − bm(ω̂m −ω∗m)

(22)

where bm > 0. Therefore, the desired torque T∗e in Equation (18) becomes.

T∗e = J
dω∗m

dt
− ki|εω |0.5signεω − ki

∫ t

0
signεωdτ (23)
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where εω = (ω̂m −ω∗m). Then, the voltage controller of the PMSG becomes as follows:

vαβ = Lαβ
di∗αβ

dt
+ Rαβi∗αβ +ψαβ(θe)pω̂m − Bi

(
îαβ − i∗αβ

)
(24)

5. Global Stability Property of the Proposed Controller

Considering the models (6)–(8), (19) and (22)–(24), the following global dynamics error
can be deduced:

D
.
ε + G(θe)ε + F(θe)E = ζ (25)

where, G(θe) =

[
(Rαβ + Bi) 02×1
−ψT

αβ(θe) (ffv + bm)

]
, F(θe) =

[
Γ ψαβ(θe)

01×2 (ffv + ρm)

]
, and ε =[

εT
i , εm

]T, Thus, the following proposition is formulated to demonstrate the global stability
of the closed-loop observer–PBVC system:

Lemma 1. The closed-loop system described by Equation (25) is globally stable only if the following
conditions are satisfied: 

ρm > ρe + Rs
bi >

ρe
4 + R2

s
bm > ρm

4 + f 2
f v

(26)

Proof. The aim is to prove the convergence of the vector error eo =
[
εT, ET]T. The energy

function is defined as follows:

Vobs(ε, E ) =
1
2

εT Dε +
1
2

ET DE (27)

The time derivative of Vobs(ε, E) along the trajectories (22) and (25) yields:

Vobs(ε, E) = −1
2
εTG(θe)ε−

1
2
εTF(θe)E−

1
2

ET(W + K)E (28)

By re-arranging Equation (28), one obtains the following expression:

Vobs(ε, E) = −eT
oZ(θe)eo. (29)

where Z(θe) =

[
G(θe)

1
2 F(θe)

1
2 FT(θe) (W + K)

]
. From Equation (29), one can deduce that, if the

matrix Z(θe) is definitely positive, then the global system is asymptotically stable. This
condition is verified only if the following inequality is satisfied:

G(θe)(W + K)− 1
4

F(θe)FT(θe) =

[
Z11 Z12
Z21 Z22

]
> 0 (30)

where 

Z11 = Rαβ
(
(Γ + Bi)− 1

4

(
Γ2 +ψαβ(θe)ψ

T
αβ(θe)

))
+
(
ΓRαβ + Γ2)

− 1
4

(
Γ2 +ψαβ(θe)ψ

T
αβ(θe)

)
Z12 = ρm

4 ψαβ(θe)
Z21 = ψT

αβ(θe)
(ρm

4 − (Γ + Rαβ)
)

Z22 = ffv(bm + ρm)− ρ2
m
4

(31)

One can see that the inequality (30) is satisfied only if the conditions in (26) are satisfied
thus, Z(θe) represents positive definite matrix. �
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6. GSC Controller

The block diagram of the classical PI strategy is depicted in Figure 5. Its principal aim
is to transmit active power to the grid and regulate the DC-bus voltage. The GSC controller
is given as below [3,18]:[

vd
vq

]
= Rf

[
idf
iqf

]
+

[
Lf

didf
dt −ωLfiqf

Lf
diqf
dt +ωLfidf

]
+

[
vgd
vgq

]
(32)

where vgd and vgq are the grid voltages, idf and iqf are the grid currents, vd and vq denotes
the inverter voltages, ω denotes the network angular frequency, Rf represents the filter
resistance, and Lf is the filter inductance. The DC link voltage model is given as below:

C
dVdc

dt
=

3
2

vgd

Vdc
idf + idc (33)

where C denotes the DC-link capacitance, idc represents the grid side line current, and Vdc
denotes the DC-link voltage. The current PI loop is given as:

vPI
gd = kd

gp

(
iref
df − idf

)
− kd

gi

t∫
0

(
iref
df − idf

)
dτ

vPI
gq = kq

gp

(
iref
qf − iqf

)
− kq

gi

t∫
0

(
iref
qf − iqf

)
dτ

(34)

where kd
gp > 0, kd

gi > 0, kq
gp > 0, kq

gi > 0. The q-axis current iref
qf PI is expressed as follows:

iref
qf = kdcp(Vdc_ref −Vdc)− kdci

t∫
0

(Vdc_ref −Vdc)dτ (35)

where kdcp > 0 and kdci > 0. Finally, the reactive power and active power are given by the
following expressions: {

Pg = 3
2 vgdidf

Qg = 3
2 vgdiqf

(36)
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Figure 5. Grid-side converter (GSC) Proportional Integral (PI) controller schemas.

7. Numerical and Experimental Validation

In this part, numerical simulations are presented to show the feasibility of the pro-
posed strategy. Moreover, the experimental validation of the proposed control schemes is
provided using processor in the loop experiment [28–30]. The simulated conversion system
is based on 1.5 MW rated power. System parameters are listed in Table 2. The reference
reactive power is fixed to zero and the DC-link reference is set to 1150 V. By using the
imposed pole location method, the damping parameters are chosen as follows: bm = 150,
bi = 250, ρm = 60, ρe = 700, and ρi = 600. PI gains of the DC-link controller are given
as: kdcp = 5, kdci = 500. Gains of the current PI loops are chosen as: kd

gp = kq
gp = 9 and

kd
gi = kq

gi = 200. The proposed strategy will be compared to the second-order sliding
mode control (SMC) [9], and the conventional (PI) controller methods [19]. Two scenarios
are considered. First, the proposed controller is tested with fixed parameter values of the
PMSG. The second test is performed with parameter variations and to verify the robustness.
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Table 2. System parameters.

PMSG (Permanent Magnet Synchronous Generator Parameter) Value

Water density (ρ) 1024 kg/m2

Stator resistance (Rs) 0.006 Ω
Tidal turbine radius (R) 3.1 m
Stator inductance (Ldq) 0.3 mH
Pole pairs number (p) 48
Flux linkage (ψ f ) 1.48 Wb
Total inertia (J) 35,000 kg·m2

DC-link capacitor (C)
Grid voltage (Vg)

2.9 F
574 V

DC-link voltage (Vdc) 1150 V
Grid-filter resistance (R f ) 0.3 pu
Grid-filter inductance (L f ) 0.3 pu

7.1. Fixed Parameters Analysis

Case 1: tidal speed with fast sudden variations

The simulated tidal velocity is shown by Figure 6. Figure 7 shows the electromagnetic
toque with a perfect stabilized regime and fast convergence as compared to the SMC
and PI strategies. It is worth mentioning that in the steady-state and with the proposed
controller, the torque remains constant without any fluctuation. Figure 8 depicts the DC-
link voltage tracking response and from the presented results it is obvious that, with the
proposed controller, few transient oscillations are observed as compared to the SMC and
PI controllers. Moreover, the settling time of the DC link voltage under the proposed
controller scheme is shorter compared to the SMC and PI methods. Figure 9 represents
the reactive power regulation, and it is well bounded with all three variants of control
methods, i.e., the proposed control, the SMC, and PI. Furthermore, as can be seen, the
proposed method is slightly better regarding the convergence criterion. Figure 10 shows
active power response under the proposed SMC and PI control methods and from the
presented results it is obvious that maximum active power is integrated into the grid using
the proposed strategy.
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Figure 7. Electromagnetic torque.

Figure 8. DC-link voltages.
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Case 2: Random tidal speed

In this case the simulated tidal speed is a new random profile shown in Figure 11.
Figure 12 shows the electromagnetic toque tracking response under the proposed control
method. From the given results it is obvious that the generated torque obtained is smooth
and it follows the tidal speed profile. Figure 13 shows the DC-link voltage tracking response,
and it can be observed from the presented results that the proposed controller provides
almost the same response as in case 1. Figures 14 and 15 show the reactive and active
power responses and, from the results provided, it is evident that the speed profiles have
no influence on the preferences of the proposed strategy. Figure 16 represents the rotational
speed due to the random speed profile. Figure 17 clearly confirms that the turbine works
at the optimal torque and extracts the maximum tidal power.

The above discussed results are summarized quantitatively and are listed in Table 3.
From the quantitative comparisons, it can be concluded that, under fixed parameters, the
proposed strategy successfully achieved the control objectives, with better performances
than the mentioned conventional methods.
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Figure 15. Active power.

Figure 16. Rotor speed.
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Table 3. Performance comparisons of the tested controls.

Controls Proposed SMC (Sliding-Mode
Control)

PI (Proportional
Integral)

Convergence speed Very fast (0.8e−3 s) Fast (1.2e−3 s) Slow (2e−3 s)

Stability Very stable
(fluctuations free)

Stable (with
fluctuations)

Poor stability (with
fluctuations)

Robustness High robustness Not robust Not robust
Performance Higher low low
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7.2. Robustenss Analysis

In this section the robustness of the proposed control method is verified, and the
system is tested under parameter variations. A +100% of the stator resistance, +100% of the
total inertia were simultaneously varied and the robustness test of the proposed controller
for electromagnetic torque is presented in Figure 18. From the presented results, it is clear
that the parameter variations do not influence the generated toque. Similar observations
are recorded for the DC-link voltage tracking response given in Figure 19. Figure 20 also
confirms the robustness of the proposed control method and the regulation error of reactive
power is unchanged. Figure 21 shows the integrated active power to the grid and one can
observe that, under parametric changes, the integrated power to the grid was not affected
at all. In summary, the presented results confirm the robustness property of the proposed
control scheme.

Figure 18. Electromagnetic torque with parameter changes.
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7.3. Processor in the Loop (PIL) Experimentation

Processor in the loop experimentation is a powerful tool which is utilized for validating
the control system on a hardware processor, while the system plant is a software model.
Thus, the control algorithm is tested in real time. More details about processor in the
loop experimentation are reported in [28–30]. More importantly, the controller validated
using PIL testing is equally efficient when it is tested on an actual hardware plant [28].
Thus, inspired from the above work, the proposed control schemes are tested using a
processor in the loop (PIL) experiment and the block diagram of the setup is shown in
Figures 22 and 23. In the PIL experiment the digital signal processor (DSP) control card
is physically integrated with the PMSG-based tidal conversion system model running
in the Simulink environment. The studied conversion system is developed by using the
SimPowerSystems blocks of the MTALAB/Simulink environment. The control schemes
are implemented using a discrete time step of 5e−5 s. The control board consists of a
dual core processor TMS320F379D which is programmed through the rapid prototyping
method from the Simulink environment. Discrete versions of the discussed controllers are
compiled from Simulink and the output or the hex file is programmed into the random
access memory (RAM) of the processor. In the PIL experiment, the tidal turbine-based
conversion system is not physical rather it is a Simulink environment, while the controller
is working in real time. Data are exchanged between DSP control card and the software
model using the high speed serial port.
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Figure 22. Experimental digital signal processor (DSP) Board.

Figure 23. Experimental Step.

Figure 24 shows the experimental response of the DC-link voltage. From the given
results, it can be seen that the experimental results of the DC link voltage are very close to
the numerical results shown in Figure 8. Figure 25 shows the active and reactive powers
responses for test case1 and it closely matches the simulation responses of Figures 9 and 10.
Given the experimental results, it is clearly confirmed that the proposed controller can
be released for real time implementation. Similarly, Figure 26 shows the active and reac-
tive powers responses for test case2 and it closely matches the simulation responses of
Figures 14 and 15.
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Figure 24. Experimental DC-link responses.

Figure 25. Experimental Active and Reactive power responses case1.
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Figure 26. Experimental Active and Reactive power Response Case 2.

8. Conclusions

This article presents a novel adaptive passivity-based combined nonlinear observer–
voltage control for a PMSG in Tidal a power conversion system through a fuzzy gains
supervisor and high order sliding mode approaches. In comparison to other benchmark
methods, the proposed strategy, exhibits the optimal performance for the maximum tidal
power extraction, reactive power and DC-link voltage regulations. From the presented test
cases, the robustness of the proposed control method is guaranteed. Furthermore, experi-
mental validation has been conducted using a DSP control test bench. The experimental
test confirms the feasibility of the proposed controller, where the results are very close to
that provided by the numerical investigation.
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Appendix A. Proof of the Currents Error εi Exponential Convergence

Consider Equation (14), which by the Rayleigh quotient and the matrix Lαβ positivity,
guarantees the following inequality:

0 ≤ λmin
{

Lαβ

}
‖ εi ‖2≤ V∗f (εi) ≤ λmax

{
Lαβ

}
‖ εi ‖2 (A1)

where, λmax
{

Lαβ

}
and λmin

{
Lαβ

}
are the matrix Lαβ maximum and the minimum eigen-

values.
The time derivative of (14) along (A1) and (A2), which by the Rayleigh quotient and

the dissipation term Rαβ + Bi positivity, guarantees the following inequality:

.
V
∗
f (εi) = −εT

i
(

Rαβ + Bi
)
εi ≤ −λmin

{
Rαβ + Bi

}
‖ εi ‖2, ∀t ≥ 0 (A2)

where, λmin
{

Rαβ + Bi
}
> 0 represents the matrix Rαβ + Bi minimum eigenvalue. From

(A1) and (A2), we deduce the following inequality:

.
V∗f (εi) = −r1V∗f (εi) (A3)

where r1 =
λmin{Rαβ+Bi}

λmax{Lαβ} > 0.

By integrating (A3), we obtain the following inequality:

.
V∗f (εi) ≤ V∗f (0)e

−r1t (A4)

From A3 and A4 we obtain:

‖ εi ‖≤ r2 ‖ εi ‖ e−r1t (A5)

where r2 =

√
λmin{Lαβ}
λmix{Lαβ} > 0.

Therefore, it can be deduced that with a rate of convergence r1 the error εi is exponen-
tially decreasing.

Appendix B

Proof of the exponential stability of the speed tracking errors and the estimated current
of the observer is given below.

Let us define the following desired Lyapunov function

Vob(E) =
1
2

ETDE (A6)

The time derivative of the function Vob(E) yields

.
Vob(E) = −

1
2

ET(W + K)E (A7)

The observer estimated error E = 0 is asymptotically stable since K = KT > 0.
Consider Equation (A8), which by the Rayleigh quotient and the matrix Lαβ positivity,

guarantees the following inequality:

0 ≤ λmin
{

Lαβ

}
‖ E ‖2≤ Vob(E) ≤ λmax

{
Lαβ

}
‖ E ‖2 (A8)

The time derivative of (20) along (24) and (16), which by the Rayleigh quotient and
the dissipation term W + K positivity, guarantees the following inequality:

.
Vob(E) = −ET(W + K)E ≤ −λmin{W + K} ‖ E ‖2, ∀t ≥ 0 (A9)
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where λmin{W + K} > 0 represents the matrix W + K minimum eigenvalue. From A8 and
A9, we deduce the following inequality:

.
Vob(E) = −r3Vob(E) (A10)

where r1 = λmin{W+K}
λmax{Lαβ} > 0.

By integrating (A10) we obtain the following inequality:

.
Vob(E) ≤ Vob(E)(0)e−r3t (A11)

From (A8) and (A11), we obtain:

‖ E ‖≤ r4 ‖ E ‖ e−r3t (A12)

where r3 = λmin{W+K}
λmax{Lαβ} > 0, and r4 =

√
λmin{Lαβ}
λmix{Lαβ} > 0.

Then, it can be deduced that îαβ and ω̂m of the observer are asymptotically stable.

Remark A1. It is preferable to choose a high but limited value for this gain bi , as it permits a
good convergence rate of the parameter “r3 ” and to avoid divergence of vαβ. This limitation can be
realized by simulation tests. The nonlinear observer can be shown as an optimal choice bi = 250.
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