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Abstract: Higher efficiency, predictability, and high-power density are the main advantages of a
permanent magnet synchronous generator (PMSG)-based hydro turbine. However, the control
of a PMSG is a nontrivial issue, because of its time-varying parameters and nonlinear dynamics.
This paper suggests a novel optimal fuzzy supervisor passivity-based high order sliding-mode
controller to address problems faced by conventional techniques such as PI controls in the machine
side. An inherent advantage of the proposed method is that the nonlinear terms are not canceled
but compensated in a damped way. The proposed controller consists of two main parts: the fuzzy
gain supervisor-PI controller to design the desired dynamic of the system by controlling the rotor
speed, and the fuzzy gain-high order sliding-mode control to compute the controller law. The
main objectives are feeding the electrical grid with active power, extracting the maximum tidal
power, and regulating the reactive power and DC voltage toward their references, whatever the
disturbances caused by the PMSG. The main contribution and novelty of the present work consists in
the new robust fuzzy supervisory passivity-based high order sliding-mode controller, which treats
the mechanical characteristics of the PMSG as a passive disturbance when designing the controller
and compensates it. By doing so, the PMSG tracks the optimal speed, contrary to other controls which
only take into account the electrical part. The combined high order sliding-mode controller (HSMC)
and passivity-based control (PBC) resulted in a hybrid controller law which attempts to greatly
enhance the robustness of the proposed approach regardless of various uncertainties. Moreover, the
proposed controller was also validated using a processor in the loop (PIL) experiment using Texas
Instruments (TI) Launchpad. The control strategy was tested under parameter variations and its
performances were compared to the nonlinear control methods. High robustness and high efficiency
were clearly illustrated by the proposed new strategy over compared methods under parameter
uncertainties using MATLAB/Simulink and a PIL testing platform.

Keywords: passivity-based current controller; hydro power; fuzzy gain supervisory control; high
order sliding-mode control; PMSG; processor in the loop (PIL) experiment

1. Introduction

With advantages such as long-term predictability, tidal renewable energy has gained
increasing interest in the research community and it has emerged as a viable clean renew-
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able power source to harness tidal power. Marine current turbines have been proposed
and tested by researchers and industry developers. A PMSG-based marine current conver-
sion system with grid connection via back-to-back converter has become the most widely
utilized option in the tidal power industry due to its low cost and high-power density [1,2].
PMSGs are very interesting for this type of underwater application, where access to main-
tenance operations is often a critical and challenging task. For direct drive systems, the
generator is directly connected to the turbine and the assembly rotates at the same speed.
Therefore, the generator is driven at low speed and the mechanical speed multiplier is
eliminated. Thus, the efficiency of the conversion system is improved and the maintenance
cost required, mainly due to the gearbox, is minimized. However, without a proper control
strategy, this type of configuration presents several drawbacks such as poor power quality
integration to the grid due to disturbances caused by the PMSG, the reactive power and the
harmonics generated by the rectifier in the AC side, rippled DC output at the DC side, poor
power factor at the power supply side, and voltage distortion. Moreover, these systems
are not yet massively deployed as they are facing reliability and availability challenges
generally caused by the harsh marine environment [3,4]. Thus, it is necessary to design an
appropriate controller that addresses the aforementioned issues. During recent decades,
extensive control theories and techniques have been reported in the literature proposing
solutions to the stated PMSG problems. In [5], a Jaya-based sliding mode approach is
proposed to enhance the performances of a tidal conversion system. The authors pro-
posed an association of the tidal system with a superconducting magnetic energy system
(SCMES), to which the Jaya-based controller is applied. This association improves the costs
and maintenance time of the conversion system. In [6], a fuzzy sliding mode controller
was developed. However, system parameter changes and uncertainties have not been
considered. Authors in [7] proposed a novel active disturbance rejection controller as an
alternative to the conventional PI control. This strategy treats the parameter uncertainties
or changes as an element to be rejected, which can be canceled during the control design.
A magnetic equivalent circuit method-based second-order sliding mode is proposed in [8].
However, external disturbances and parameter changes have not been considered. In order
to extract the maximum power from tidal currents under large parametric uncertainties and
in the presence of nonlinearities, a nonlinear observer-based second-order SMC combined
with a predictive control was developed in [9]. A linear quadratic controller is proposed
in [10] using a real profile of the tidal current speed. In [11], a “perturb and observe”
algorithm is proposed to track the maximum tidal power. Tilt-based fuzzy cascaded control
combined with a new Q-network algorithm has been investigated by [12]. An adaptive
super twisting algorithm combined with a high order sliding-mode approach is proposed
in [13]. An economic model predictive controller is investigated in [14] to enhance the
power generated by the conversion system.

Nevertheless, the aforementioned theories and techniques generally omit the PMSG
physical properties during the control design. This work presents a novel controller
method, based on the passivity principle that tracks velocity and maintains the operating
torque at the optimal values. Inherent advantages of the passivity-based control (PBC)
method include the following: nonlinear terms are not cancelled but compensated in a
damped way, and the guaranteed robustness properties ensure 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 [15]. A fuzzy logic controller and
high order sliding-mode controller (HSMC) are adopted using the PBC method to design
the desired dynamics and to formulate the final control law, respectively. The proposed
method enhances the robustness regardless of the external disturbances and parameter
uncertainties associated with the PMSG. It also ensures fast convergences of the measured
signals toward their set values and guarantees high stability. The system dynamic is
decomposed as a feedback interconnection of one electrical and one mechanical passive
system. The developed strategy is applied to the electrical subsystem, leaving the feedback
mechanical subsystem as passive perturbation, unlike the aforementioned nonlinear control
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methods, which are usually signal-based, and neglecting the PMSG mechanical part [16].
In [17], a PBC associated with a sliding-mode control (SMC) is proposed. As mentioned
by the authors, the presented combined PBC-SMC control uses more than six fixed gains
and it is very difficult to determine their optimal values. In fact, as demonstrated by Zhou
et al., in [7], fixed gains are very difficult to calculate if the controller system is exposed
to parameter variations or uncertainties. The authors in [18] investigated a passivity-
based control combined with a fuzzy control and SMC by constructing a suitable fuzzy
function. However, the controller design of the proposed combined strategy is complicated
due to the mathematical model, which is very complex. In [19], a PBC with a linear
feedback controller is investigated. However, parameter uncertainties of the PMSG have
not been considered. In [20], a new PBC combined control is proposed. The PBC combined
controller consists of two approaches, namely standard passivity-based control and PI-
passive. A passivity-based voltage control is developed in [21]; however, as mentioned,
the new controller shows little sensitivity to the variation of the mechanical parameters.
A passivity-based control with asymptotic convergence of the states is discussed in [22].
The same system was considered in [23]. A PI-PBC is adopted to control the coupling
phenomena of the PMSG. In [24], a robust adaptive passivity-based control scheme for
a class of open-loop unstable nonlinear systems with actuator saturation is proposed.
Passivity-based control has also been applied in doubly fed induction generator-based
renewable energy conversion systems [25]. Similarly, an interconnection and damping
assignment PBC is investigated in [26], while a robust passivity-based nonlinear observer
and energy reshaping is proposed in [27]. The PBC can also be found in other engineering
applications such as in smart grids [28], buildings [29], cyber-physical systems [30] and
electric vehicles [31].

Maximum power extraction from the tidal turbine, by taking into account its entire
dynamics when synthesizing the controller, represents the main motivation of the present
work. The other aims of the study consist in maintaining the generated reactive power and
DC-link voltage at their reference values, despite the disturbances related to the PMSG
system. The goal is to improve the overall performance of the tidal conversion system,
with a special focus on the generator control, as it is the bridge between the tidal turbine
and the grid. Furthermore, the robustness against parameter changes has been taken
into consideration.

This paper is inspired by [15], where the objective is to control the permanent magnet
synchronous generator using the passivity-based current control approach. The contribu-
tions of this article are as follows:

• A new robust fuzzy supervisory passivity-based high order sliding-mode control
strategy is investigated for a PMSG in a grid-connected hydro conversion system.

• The developed controller treats the mechanical characteristics of the PMSG as a passive
disturbance when designing the controller and compensates it. By doing so, the PMSG
tracks the optimal speed, contrary to other controls which only take into account the
electrical part.

• A high order sliding-mode controller (HSMC) is combined with PBC to design a hybrid
controller law for enhancing the robustness of the proposed approach regardless of
various uncertainties.

• A fuzzy gain supervisor method is incorporated into the PBC design to control the
PMSG speed and approximate its unstructured dynamics.

The rest of this paper is organized as follows. The mathematical description of the
tidal system is given in Section 1. The computation of the new proposed strategy is
demonstrated in Section 2. Section 3 deals with the grid-side converter (GSC) control
strategy. Section 4 discusses the numerical results obtained. Finally, the main conclusions
are given in Section 5.
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2. Hydro Conversion System Configuration

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, while delivering
only active power is the principal aim of the GSC controller. The block diagram of tidal
wave conversion system is shown in Figure 1.

Figure 1. Tidal conversion system under Simulink.

2.1. Hydro Power

The tidal power captured by the turbine and the corresponding torque are expressed
as below [4,17]:

Pm =
1
2
ρCp(β, λ)Av3

t (1)

Tm =
Pm

ωt
(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 =
ωtR
vt

(5)

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

2.2. PMSG Model

The dq-model of the PMSG is given as follows [15,32]:

vdq = Rdqidq + Ldq
didq

dt
+ pωm=(Ldqidq +ψf) (6)

J
dωm

dt
= Tm − Te − ffvωm (7)

Te =
3
2

pψdq=idq (8)

where ωm represents the speed of the PMSG, ψf =

[
φf
0

]
represents the vector of the flux

linkages, idq =

[
id
iq

]
represents the vector of the stator currents, Te is the electromagnetic
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torque, Rdq =

[
RS 0
0 Rs

]
represents the matrix of the stator resistance, J denotes the

total inertia of the system, vdq =

[
vd
vq

]
denotes the vector of the voltage stator, = =[

0 −1
1 0

]
, Ldq =

[
Ld 0
0 Lq

]
denotes the matrix of the stator inductions and ffv is the

viscous coefficient.

3. PMSG Proposed Controller Structure

In order to apply the passivity-based control to rotating electrical machines such as
the PMSG and the DFIG, a number of steps are needed. First, it is necessary to calculate
a Euler–Lagrange model, and to choose appropriate 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 last step consists of
identifying the non-dissipative terms in the system model. For more details about the
application of the PBC for these rotating machines and the control design process, the
reader is referred to [33]. The controller design process is depicted in Figure 2. Two main
parts can be distinguished for the application of the optimal fuzzy supervisory passivity-
based high order sliding-mode controller (OFSP-HSMC) proposed in this work. The first
step is the computation of the reference electromagnetic torque, computed by the fuzzy
supervisory-PI controller (FS-PI). The reference torque designs the desired current. The
second part computes the control voltage using the fuzzy supervisory-HSMC (FS-HSMC)
controller. Making the system passive and forcing the PMSG to track tidal turbine speed is
the principal aim of the proposed method. This is possible by reshaping its energy and
introducing a damping term.

3.1. Current Controller with Fuzzy Supervisory-HSMC

As proposed in [15], a PI voltage controller vdq is designed for current tracking of

idq to accurately follow its set vector i∗dq =

[
i∗d
i∗q

]
. However, PI control is generally not

robust against parameter changes and uncertainties, due to its fixed gains [7]. Thus, a
high order sliding-mode controller (HSMC) is introduced to replace the PI loop. It is well
known that this control has high-properties of robustness and stability as compared to the
PI controls [34]. In fact, the sliding-mode control belongs to the family of variable structure
controllers; i.e., controls that switch between several different control laws. The importance
of sliding-mode controllers lies in their high accuracy, fast dynamic response, stability,
simplicity of design and implementation, and robustness due to parameter changes and
external disturbances. Then, the voltage controller vdq is expressed as below:

vd = k1|εd|0.5sign(εd) + k2

∫ t

0
sign(εd)dτ (9)

vq = k1
∣∣εq
∣∣0.5sign

(
εq
)
+ k2

∫ t

0
sign

(
εq
)
dτ (10)

where k1 > 0, k2 > 0. εdq =

[
εd
εq

]
=

[
i∗d − id
i∗q − iq

]
represents the currents error vector.

However, the sliding mode in practice induces high frequency switching known as “chat-
tering”. These switches can excite unwanted dynamics that can destabilize, deteriorate or
even destroy the system under study. Thus, to address the chattering phenomenon, the
high order sliding mode has been adopted, whose principle is to reject discontinuities in
the higher derivatives of the system input [7] and [8]. Moreover, to overcome the gain
sensitivity to the parameter uncertainties and for an optimal voltage controller of the PMSG,
a fuzzy gain supervisor is adopted, as shown in Figure 3.



Actuators 2021, 10, 92 6 of 22

Figure 2. Proposed strategy design.

Figure 3. Fuzzy gain supervisory high order sliding-mode controller (HSMC) design.

The fuzzy supervisor is used to adjust the HSMC gains k1 and k2 and it solves the
problem caused by imprecise parameters, where the inputs to the fuzzy system are chosen
as the currents error εdq and its derivative ∆εdq. The fuzzy controller design procedure has
three steps: fuzzification, rule base, and defuzzification. The types of the membership func-
tions used are triangular and trapezoidal; that is, uniformly distributed and symmetrical in
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the universe of discourse (see Figure 4). The method of partitioning these functions is given
according to the method reported by Lee and Yubaziki [35,36]. This method is based on the
idea of sharing the same parameters by several membership functions. The advantage of
this method is that the number of parameters of the membership functions is significantly
reduced. 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 defuzzification step is performed by using
the center of gravity method. The design of the controller law with the proposed combined
fuzzy supervisory-HSMC is illustrated in Figure 3.

Figure 4. The fuzzy controller configuration: (a) inputs εm function and (b) outputs εm function.

Table 1. Fuzzy logic rules.

∆εω/∆εdq NB NS Z PS PB
εω/εdq

NB NB NB NS NS Z

NS NB NB NS Z PS

Z NS NS Z PS PS

PS NS Z PS PB PB

PB Z PS PS PB PB

The aim is to design the control inputs i∗dq using a passivity concept that guarantees
the convergence of the currents error vector εdq. This results in the desired dynamics of the
PMSG model expressed by:

dψdq

dt
− pωm=ψdq = vdq − Rs (11)

J
dωm

dt
= Tm − Te − ffvωm (12)

Te = −3
2

pψT
dq=i∗dq (13)
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3.2. Passivity-Based Current Controller

The flux tracking error is given as follows:

ef =
[

efd efq
]T

= ψdq −ψ∗dq (14)

where ψ∗dq =
[
ψ∗d ψ∗q

]T
denotes the desired value of the flux linkages vector. By

substituting (8) in (11) and considering the Lyapunov function V(ef) = 0.5eT
f ef, the control

signals i∗dq =
[

i∗d i∗q
]T

which guarantees the convergence of the flux linkage tracking
error, ef, is expressed below:

i∗dq = R−1
s

((
dψ∗dq

dt
+ pωm=ψ

∗
dq

)
−Kfef

)
(15)

where Kf =

[
Kfd 0
0 Kfq

]
, Kfd > 0, and Kfq > 0 ψ∗dq. The proof of the exponential

convergence of the flux tracking error and current tracking error is given in Appendix A.
The interdependence between the induced flux linkage in the PMSG ψdq and the

currents vector idq is given by [15,32]:

ψdq =

[
ψd
ψq

]
=

[
Ldid +φf

Lqiq

]
(16)

where φf represents the flux linkages due to the permanent magnets. The PMSG works at
maximum torque if the direct axis current is maintained to zero. The flux ψd is reduced to
the flux φf. Thus, the desired flux linkages are given below:

ψdq =

[
ψ∗d
ψ∗q

]
=

[
φf

Lqi∗d

]
(17)

From (13) and (17), the desired flux along q-axis is given by:

ψ∗q =
2
3

Lq

pφf
T∗e (18)

3.3. Desired Torque Design with Fuzzy Supervisory-PI Controller

The desired torque is deduced from the mechanical dynamic Equation (13), which is
expressed by:

T∗e = J
dω∗m

dt
− ffv(ω

∗
m −ωm) (19)

The goal is to minimize the speed error between the PMSG and the marine current
turbine. As can be seen from the above Equation (19), the desired torque T∗e has two
drawbacks: its convergence depends on the parameters (J, ffv) and it is an open loop. To
overcome the mentioned problems, a PI controller is adopted and combined with the
proposed fuzzy supervisor. Fuzzy supervisors eliminate the static error, ensure robustness
under different operation conditions, adjust the gains, kp and ki, of the PI controller, and
guarantee a fast convergence of the speed error , εω = (ω∗m −ωm). The inputs of the
fuzzy system are the speed error εω and its derivative ∆εω, and the outputs are the PI
gains kp and ki.

The fuzzy rules of this controller are the same as for the fuzzy supervisor-HSMC in
Section 3.1. In Table 1, the set of fuzzy rules are defined for the fuzzy gains supervisor-PI
and the fuzzy gains supervisor-HSMC [37]. The fuzzy inference method used is the Mam-
dani type. The decision-making outputs are obtained using a minimum–maximum fuzzy
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inference where the crisp outputs are calculated by the center of gravity defuzzification
method.

T∗e is calculated as:

T∗e = J
dω∗m

dτ
− kpεω − ki

∫ t

0
εωdτ (20)

where kp > 0, and ki > 0. The design of the desired torque with the proposed combined
fuzzy supervisory-PI controller is illustrated in Figure 5. The proof of the global stability of
the closed-loop system is given in Appendix B and the proof of the passivity property of
the PMSG using the Euler–Lagrange model is given in Appendix C.

Figure 5. Fuzzy gain supervisory PI design.

4. GSC Controller

Figure 6 depicts the conventional PI strategy used to control the GSC converter. The
mathematical model of the GSC converter is expreseed below [7,32,38]:[

vd
vq

]
= Rf

[
idf
iqf

]
+

[
Lf

didf
dt −ωLfiqf

Lf
diqf
dt +ωLfidf

]
+

[
vgd
vgq

]
(21)

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

C
dVdc

dt
=

3
2

vgd

Vdc
idf + idc (22)

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

(23)

where kd
gp > 0, kd

gi > 0, kq
gp > 0, kq

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

iref
qf = kdcp(Vdc_ref −Vdc)− kdci

t∫
0

(Vdc_ref −Vdc)dτ (24)

where kdcp > 0 and kdci > 0. Finally, the reactive power and active power are given by:
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{
Pg = 3

2 vgdidf
Qg = 3

2 vgdiqf
(25)

Figure 6. Grid-side converter (GSC) PI controller schemas.

5. Numerical Validation

In this section, a 1.5 MW PMSG-based tidal conversion system is studied, the reference
reactive power is fixed to zero and the DC-link reference is set to 1150 V. The tidal turbine
parameters can be found in [39]; the PMSG and grid-side data are given in [40,41]. The
system parameters are tabulated in Table 2. The initial conditions used in simulation are
as follows: kfq = 100, [ωm(0), idq(0)] = [0, 0, 0] for the PMSG, Vdc (0) = 0 and idqf(0) =
[0, 0] for the grid. From the imposed pole location, the gains of the DC-link PI are set
as follows: kdcp = 5 and kdci = 500. The GSC current PI controller gains are set as:
kd

gp = kq
gp = 9, kd

gi = kq
gi = 200. The proposed OFSP-HSMC will be compared to the

fuzzy passivity-based linear feedback current controller (FPBLFC) proposed by Belkhier
et al., in [32], the passivity-based current controller (PBCC) proposed by Achour et al.,
in [15], the second-order sliding-mode control (SMC) and the conventional (PI) controller
methods [7]. Two scenarios were considered in the simulation tests. The first one deals
with the performances of the control strategies under the fixed parameter values. The last
test assessed the robustness of the developed strategy with respect to disturbances and
parameter uncertainties.
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Table 2. System parameters.

PMSG Parameter Value

Water density (ρ) 1024 kg/m2

Stator resistance (Rs) 0.006 Ω
Tidal turbine radius (R) 10 m
Stator inductance (Ldq) 0.3 mH
Pole pairs number (p) 48

Flux linkage (ψf) 1.48 Wb
Total inertia (J) 35,000 kg.m2

DC-link capacitor (C) 2.9 F
Grid voltage (Vg) 574 V

DC-link voltage (Vdc) 1150 V
Grid-filter resistance (Rf) 0.3 pu
Grid-filter inductance (Lf) 0.3 pu

5.1. Performance Analysis under Fixed Parameters and Step Command

Figure 7 represents the tidal velocity. Figures 8 and 9 show the tracking response
of the DC-link voltage. From the given results, transient peak over- and undershoots of
+2 volts and −2 volts were observed with PI and SMC controllers, +0.5 volts and −0.5
were observed with the FPBLFC and PBCC, while with the proposed control scheme,
the recorded overshoot and undershoot in the DC-link voltage were +0.2 and −0.2 volts,
respectively. Moreover, the proposed control ensured an oscillation-free and fast voltage
tracking response. Figures 10 and 11 show the reactive power tracking comparison under
the proposed SMC, PI, FPBLFC and PBCC control schemes. From the presented results,
a peak error of 1.5 × 10−4 was observed with PI, 1.2 × 10−4 with SMC, 0.5 × 10−4 was
observed with the FPBLFC, 0.8 × 10−4 was observed with PBCC, and 0.2 × 10−4 with the
proposed OFSP-HSMC. Although the reactive power tracking errors with all the variants of
control schemes were well bounded, as shown in Figure 11, the OFSP-HSMC was slightly
better regarding the convergence criterion and the steady-state error. This is also confirmed
in Figure 12, in which one can see that the control operation achieved perfect sinusoidal
grid voltage absorption without overshoot. In summary, under fixed parameters, the
proposed OFSP-HSMC successfully achieved the control objectives, with performances
slightly better than the conventional mentioned methods.

Figure 7. Tidal speed.

Figure 13 shows the generated active power with higher order SMC, PI and proposed
control schemes. From the presented results, it is clear that with the proposed controller,
the average integrated active power to the grid was higher as compared to the other two
control schemes.
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Figure 8. DC-link voltages.

Figure 9. Zoom on DC-link voltages.

Figure 10. Reactive power.
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Figure 11. Zoom on reactive power.

Figure 12. Generated voltages.

Figure 13. Generated active powers.

5.2. Robustenss Analysis

In order to test the performance of the system under proposed control, simultaneous
variations of +100% in Rs and +100% in J were imposed in the simulation model of the
system. Figure 14 shows the influence of a simultaneous change of a +100% of the stator
resistance Rs and +100% of the total inertia J on the dynamics of the DC-link voltage. From
the presented results, it is observed that the proposed controller exhibited robustness to
such variations and the transient tracking voltage response in the two cases was nearly
similar. The measured error in DC-link voltage was approximately ±0.28 for the two cases
(see Figure 14). Figure 15 confirms the robustness of the proposed OFSP-HSMC scheme for
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tracking and regulation of the reactive power to its reference value under the variations.
From the presented results, it is observed that the recorded error was ±0.2 × 10−4 ap-
proximately and it was the same as the measured error under fixed parameters. Figure 16
shows the variation of active power under the influence of parameter variations. From the
presented results, it is obvious that under parameter variations, the integrated power to
the grid was almost the same.

Figure 14. DC-link with parameter changes.

Figure 15. Reactive powers with parameter changes.

Figure 16. Active power with parameter changes.

5.3. Test under Random Marine Velocity Profile

In this test, a realistic marine current speed profile was utilized to test the performance
of the proposed control system. The speed profile is shown in Figure 17. This marine
current profile was selected according to [7,8], where a tidal velocity for a day for a specific
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location at the Raz de Sein in Bretagne, France has been used. The marine current was
random and it had maxima at 13 m/s, while the minimum marine current was 3.8 m/s in
the present work.

Figure 17. Random marine current speed.

Figure 18 shows the electromagnetic torque generated using the proposed control
scheme. Two simulation results are provided; one with fixed system parameters and the
second one were simulated with 100% change in stator resistance and moment of inertia.
One can confirm from the presented results that the electromagnetic torque followed almost
the same random pattern as the marine current. Most importantly with the proposed
controller, the generated electromagnetic torque did not vary much with the parameter
changes. The integrated active power to the grid was tested with the proposed control
scheme and the results are shown in Figure 19. From the presented results, it is concluded
that the proposed controller was robust to parameter changes and the active power also
followed a random profile similar to the electromagnetic torque. Moreover, the active
power was zero when the marine current speed of Figure 17 fell below 4 m/s, which was a
stall condition for the turbine.

Figure 18. Electromagnetic torque.

Figure 19. Active power.
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5.4. Processor in the Loop (PIL) Experimental Validation

Processor in the loop experimentation is a powerful tool which is utilized for vali-
dating 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 [42–44]. More importantly, the controller vali-
dated using PIL testing is equally efficient when it is tested on actual hardware plant [42].
Thus, inspired by the above work, the proposed control schemes were tested using a
processor in the loop (PIL) experiment, and the block diagram of the setup is shown in
Figures 20 and 21. In the PIL experiment, the DSP control card was physically integrated
with the PMSG-based tidal conversion system model running in the Simulink environment.
The studied conversion system was developed by using the SimPowerSystems blocks of the
MTALAB/Simulink environment. The control schemes were implemented using a discrete
time step of 5 × 10−5 s. The control board consisted of a dual core processor TMS320F379D,
which was programmed through the rapid prototyping method from Simulink environ-
ment. Discrete versions of the discussed controllers were compiled from Simulink and the
output or hex file was programmed into the random access memory (RAM) of the processor.
In the PIL experiment, the tidal turbine-based conversion system was not physical, rather
it was a Simulink environment, while the controller was working in real time. Data were
exchanged between the DSP control card and the software model using a high-speed serial
port. Figures 22–24 show the experimental results collected using the PIL method for active
power, electromagnetic torque and reactive power, respectively. From the presented results,
it is very obvious that the active power was similar to the simulated response of Figure 10.
Similarly, the electromagnetic torque obtained as a result of PIL testing was also the same
as the simulated response of Figure 18. Finally, the PIL testing of reactive power (Figure 24)
showed that the reactive power was bounded near zero.

Figure 20. Experimental DSP board.
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Figure 21. Experimental step.

Figure 22. Active power.

Figure 23. Electromagnetic torque.
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Figure 24. Reactive power.

6. Conclusions

A new fuzzy supervisory passivity-based high order sliding-mode controller for a
PMSG in a hydro turbine conversion system was proposed. The proposed strategy was
adopted to extract the maximum power from the tidal current, taking into account the
entire dynamics of the PMSG when synthesizing the controller. A fuzzy gain-PI controller
was selected to guarantee the overall rated speed operation of the PMSG and then compute
a higher reference torque. Dynamic simulations of the studied system under parameter
changes were given special attention and the results have been compared to conventional
methods, which show a quick track of the reactive power and the DC-link voltage to their
references over the compared controls. All drawbacks of the conversion system were
addressed and the objectives were well achieved. The developed control strategy provides
the best performance, and higher robustness. Moreover, a PIL test was conducted to prove
that the proposed controller is practically implementable. Finally, future works will be
focused on the implementation of the proposed work in a real tidal conversion system.
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Appendix A

Proof of the Flux Tracking Error’s Exponential Convergence.
The time derivative along (11) of V(ef), yields the following relation:

.
V(ef) = −eT

f Kfef ≤ λmin{Kf}‖ef‖2, ∀t ≥ 0 (A1)

where λmin{Kf} is the matrix Kf represents maximum eigenvalues.
The standard Euclidian norm’s square of ef is expressed as below:

‖ef‖2 = e2
fd + e2

fq = eT
f ef (A2)
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Combining (A2) with V(ef), yields:

V(ef) = 0.5eT
f ef ≤ ‖ef‖2, ∀t ≥ 0 (A3)

Multiplying both sides of (A3) with (−λmin{Kf}), yields

(−λmin{Kf})V(ef) ≥ (−λmin{Kf})‖ef‖2, ∀t ≥ 0 (A4)

By combining (A1) with (A4), one obtains the following relation:

.
V(ef) ≤ (−λmin{Kf})V(ef), ∀t ≥ 0 (A5)

Integrating both sides of (A9) gives:

V(ef) ≤ V(0)e−rft, ∀t ≥ 0 (A6)

where the term rf = λmin{Kf}0. From (A3) at t = 0, and multiplying it by e−rft, we get:

V(0)e−rft ≤ ‖ef(0)‖2e−rft (A7)

Combining (A6) with (A7) yields:

V(ef) ≤ ‖ef(0)‖2e−rft , ∀t ≥ 0 (A8)

From (A3) and (A8) it gives:

‖ef(t)‖ = ‖ef(0)‖e−0.5rft (A9)

Therefore, with a rate of convergence rf, the error ef is exponentially decreasing, thus
the system is asymptotically stable.

Appendix B

Proof of the Closed-Loop System Stability.

Lemma 1. The system is passive only if the dynamics expressed in (15) given by

R−1
s

(
dψ∗dq

dt + pωm=ψ
∗
dq

)
and ψdq are considered respectively as input and output.

Proof. Multiplying (11) by “R−1
dqψ

T
dq”, yields:

idqψ
T
dq = −1

2
R−1

dq
d
dt

(
ψT

dqψdq

)
(A10)

Given the matrix = and since ψT
dq=ψdq = 0, the term pωmR−1

dqψ
T
dq=ψdq has no

relation with the right hand side of Equation (A10).
Integrating (A10) gives∫ t

0
idqψ

T
dqdτ = −1

2
R−1

dq

(
ψT

dqψdq

)
(t) +

1
2

R−1
dq

(
ψT

dqψdq

)
(0) (A11)

If Vf =
1
2ψ

T
dqψdq is taken as a positive definite function, it yields:

∫ t

0
idqψ

T
dqdτ = −1

2
R−1

dq Vf(t) +
1
2

R−1
dq Vf(0) (A12)

Equation (A12) proves the passivity of the system while the energy balance of the
system is independent of the term ωmR−1

dqψ
T
dq=ψdq, which means that the system is

globally stable. �



Actuators 2021, 10, 92 20 of 22

Appendix C

Proof of the Passivity Propriety of the PMSG Using the E-L Model.

Lemma 3. The PMSG dq-mode described by (6)–(8) is said to be passive if X =
[
iTdq, ωm

]T
and

Y =
[
vT

dq, Te

]T
are treated as system inputs and outputs.

Proof. Let us define Hm, the well-known energy balance Euler–Lagrange systems [41] (the
total energy) of the PMSG as follow:

Hm =
∂LT

∂
.
q

.
q−L (A13)

where
.
q is the generalized coordinates and L is the Lagrangian of the PMSG model given

as:
L
( .

idq,ωm

)
=

1
2

.
i
T
dqLdq

.
idq +ψ

T
dq

.
idq︸ ︷︷ ︸

Electrical
Energy

+
1
2

Jω2
m︸ ︷︷ ︸

Mechanical
Energy

(A14)

The time derivative of the L
( .

idq,ωm

)
along the Equations (6)–(8) gives the following

relation:

dL
( .

idq,ωm

)
dt

= −
d
(

.
i
T
dqR

.
idq

)
dt

+ yTν+
d
dt

(
ψT

dq

.
idq

)
(A15)

where R = diag
{

Rdq, ffv

}
is the symmetrical definite positive matrix. Integrating both

sides of Equation (A15) in the interval [0 Tm] yields:

L(Tm)−L(0)︸ ︷︷ ︸
Stored
Energy

= −
∫ Tm

0

.
i
T
dqR

.
idq dτ︸ ︷︷ ︸

Dissipated
Energy

+
∫ Tm

0
yTν dτ+ [ψT

dq

.
idq]

Tm

0︸ ︷︷ ︸
Supplied
Energy

(A16)

with L(Tm) ≥ 0 and L(0) being the initial energy stored. By integrating Equation (A16), a
dissipation inequality is deduced, given as:∫ Tm

0
yTν dτ ≥ λmin{R}

∫ Tm

0
‖

.
idq ‖ 2dτ− (L(0) + [ψT

dq

.
idq]

Tm
0 ) (A17)

Thus, the relationship M is passive; then, the dynamics of the PMSG are also passive.
�
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