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This paper describes a grid fault-resilient control approach for a grid-connected tidal stream 
turbine (TST) driven by a permanent magnet synchronous generator (PMSG). TSTs mainly 
use conventional PI controllers while they are very sensitive to grid faulty conditions. In this 
faulty context, the TST will experience power generation decrease and dynamic performance 
degradations. Indeed, the grid-side converter can be deactivated and the generator may be 
disconnected from the grid. Also, grid faults can make the system instable during and after 
faults occurrence, which can deteriorate the quality of the power injected into the grid from the 
TST generation system. In this paper, a resilient controller is therefore derived to enhance the 
PMSG-based TST performance during grid fault. In fact, high-order sliding modes have been 
adopted to sustain a minimum level of optimal performance and achieve a smoother grid-
injected power in case of a grid fault. Simulations carried out on real tidal speed data measured 
at the Raz de Sein site in Bretagne in France clearly highlights proves the effectiveness of the 
proposed grid fault-resilient approach. 
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1. Introduction 

 

In recent years, the use of renewable energy sources such as thermal energy, wave 

energy and marine tidal energy offers the advantage of sustainability in all aspects of the 

energy sector development. In fact, marine tidal energy pioneer projects have experienced a 

fast development. These projects are mainly due to huge tidal energy potential in Europe. In 

fact, there is 42% of the European tidal energy in France, 48% in the UK, and 8% in Ireland 

[1-2]. 

Unfortunately, tidal turbines are underwater systems and are, therefore, affected by several 

failures due to the marine harsh environment and the weather conditions such as grid faults. 

Indeed, grid faults are mainly due to weather conditions (37% of grid faults causes are 

related to weather conditions in Iceland, 23% in Denmark and 21% in Norway) [3]. Figure 

1 represents different types of grid faults such as single line-to-ground short-circuit fault 

(Fig. 1.a), line-to-line short-circuit fault (Fig. 1.b), line-to-line-to-ground short-circuit fault 

(Fig. 1.c), and three phases short-circuit fault (Fig. 1.d). Short-circuit fault can defined by 

its duration and its amplitude. In fact, fault duration depends on the time taken by the 

protection systems to detect and isolate the fault. In general, a fault takes a few hundreds of 

milliseconds [4]. Short-circuit fault present a grid voltage variation (voltage drops or 

overvoltage). Under normal conditions, grid voltage fluctuates around its nominal value 

with a variation of ±10% of this value. So, grid fault voltage variation amplitude is between 

10% and 90% of nominal grid voltage [5]. 

Short-circuit faults in the power grid have disturbing effects on optimal operation of 

grid-connected marine turbine systems. The impact of grid faults on TSTs performance 
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depends on the grid fault severity. Indeed, grid faults can cause a high stator currents, 

which, can damage the generator windings insulation and can be harmful for grid-side 

converter switching and greatly increase the DC-link voltage, which may lead to DC bus 

break down. In these conditions, the grid-side converter can be deactivated and the 

generator may be disconnected from the grid for a safe shutdown of the whole system. 

Before emergency breakage activated, this kind of grid faults can make the system instable 

during and after faults occurrence, which can lead to catastrophic failure and irreversible 

damage to the TST subsystems [6]. 

Also, short-circuit grids faults could cause frequency and voltage control issues in the 

system, hence providing large power grid ripple and increasing current harmonics distortion 

[7]. Consequently, it results in deteriorating the quality of the power injected to the grid 

from the TST generation system. 

In order to ensure the continuous operation of the TSTs after a fault occurrence, low 

voltage ride-through (LVRT) methods are widely discussed in the literature [8-9]. Indeed, 

LVRT methods are generally divided into two categories: the first one is based on the use 

of auxiliary elements such as energy storage system, crowbar protection system, flexible 

alternating current transmission system (FACTS devices) [10-11]. The second category is 

based on using fault-resilient control approaches as discussed in [12-13]. 

Regarding the first category, a supercapacitor is used as an energy storage system 

device in order to smooth power fluctuations and improve the LVRT capability of the 

energy conversion system in [14]. Indeed, the difference between the produced power and 

the injected power to the grid is stored in the supercapacitor for power smoothing [15]. In 

[16], the supercapacitor is used as an energy storage system combined with an innovative 

control approach based on a model predictive control technique for output power 

smoothing. In [17-18], the crowbar protection system has been used to limit the rotor short-

circuit current and make the rotor-side converter deactivated during the fault and keeps it 

off until the stator voltage is recovered. In [19-20], the crowbar system is composed by a 

high power resistor in series with switches for safe shutdown of the overall system. It is 

used to dissipate the active power during faulty conditions. This system is known with its 

advantages as simple circuit topology and low cost. However, it can not improve the 

injection of the reactive power to the grid unless it is combined with other methods [21-22].  

 

 
              (a)                                        (b) 

 
                   (c)                                        (d) 

Fig. 1.(a) Single line-to-ground short-circuit fault, (b) Line-to-line short-circuit fault, (c) Line-to-line-

to-ground short-circuit fault, (d) Three phases short-circuit fault. 
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Moreover, FACTS devices keep systems connected to the grid even at faulty conditions 

[23-24]. Indeed, in [25], an additional series-connected voltage source converter (VSC) at 

the generator terminal has been inserted. These systems present a large number of switches, 

which makes it expensive.  

In the case of grid faults, conventional control techniques such as PI controllers are very 

sensitive to faulty conditions and their consequences. Therefore, the second category of 

LVRT based on robust fault-resilient control techniques is required. In the literature, many 

fault-resilient control strategies have been proposed. These strategies are applied to the 

generator-side converter [26] but also to the grid-side converter [27] to avoid disconnection 

of the marine current turbine during grid faults conditions. In [28], authors proposed a new 

control strategy to improve the fault-ride through (FRT) capacity of generator during 

symmetric and asymmetric grid disturbances. This strategy is based on active and passive 

LVRT compensators. The active compensator is used to determinate the appropriate 

references currents at fault occurrence in order to reduce overvoltage. The passive 

compensator is based on a rotor current limiter to reduce transient currents. By applying 

this strategy, electromagnetic torque oscillations and overvoltage in the DC link are 

reduced. In [29], the proposed control strategy is based on the addition of a hysteresis 

current regulator to protect the machine against severe voltage drop. 

To guarantee system stability, in the case of grid faults, the authors proposed in [30] a 

control strategy based on the combination of the stator flux and the rotor flux. In [31], the 

proposed strategy is based on the damping of virtual flux in order to eliminate system 

disturbances. In [32], the authors proposed a new control strategy using genetic algorithms. 

In this context, the main objective of this paper is to prove the limitations of the 

conventional PI controllers technique for the tidal turbine resilience under grid faulty 

conditions. Then, a second-order sliding mode control strategy is proposed and demonstrated 

to be robust and efficient for the tidal turbine resilience under grid faulty conditions. 

In this paper, a 1.5MW grid-connected PMSG-based TST is studied. The remaining 

parts of this paper are organized as follows: Section II describes the grid-connected tidal 

turbine system modeling including the resource, the turbine rotor, the PMSG, the two 

converters, and the grid. Section III, describes the grid-connected tidal turbine system 

control using PI controllers. Section IV presents the grid-connected tidal turbine system 

control using second-order sliding mode control. Section V illustrates some simulation 

results. Finally, section VI concludes this paper. 

 

2. Grid-connected tidal turbine modeling  
 

Figure 2 represents the basic structure of a tidal turbine connected to the grid. This 

structure is composed of a turbine rotor, a permanent magnet synchronous generator coupled 

to a DC-bus via a three-phase converter (rectifier). The connection to the grid is achieved 

based on a three-phase converter (inverter) and LC filter.  

 
2.1. Resource modeling  

 

Marine currents are created by the gravitational interaction of the moon, the sun and the 

earth [33], which causes seawater motion regularly each day with a period of approximately 

12 h and 24 min (a semi diurnal tide), or with a period of about 24 h and 48 min (a diurnal 

tide). In France, tidal current data are given by the SHOM (French Navy Hydrographic and 

Oceanographic Service), and are available for different locations in chart form [34]. 

Therefore, knowing tide coefficient, it is easy to derive a simple and practical model for 

tidal current velocities vt [35]. 

 



T. Sana et al.: Grid fault-resilient control of a PMSG-based tidal stream turbine 

 

 432

�� = ��� + ���	
����������
�	
                                                                                          (1) 

 

Where C corresponds to the tide coefficient, which characterize each tidal cycle, (95 and 45 

are the spring and neap tide medium coefficients, respectively). vst and vnt are the spring and 

neap tide current velocities, respectively. The first-order model is used to calculate the tidal 

velocity for each second. 

 

2.2. Tidal turbine model  

 

The mechanical power for a tidal stream turbine is given by [36-37] 

 

�� = �� ����, ���������                                                                                                      (2)  

 

where ρ is fluid density, r is the turbine radius, vt is the tidal velocity, and ����, �� is the 

power coefficient, which depends on the turbine blade structure and its hydrodynamics. For 

typical tidal turbines, the maximum value of Cp for normal operation is estimated to be in 

the range of 0.35-0.5 [38]. Indeed, based on experimental results and for a given turbine, 

the Cp can be approximated by an equation depending on the tip speed ratio λ and the blade 

pitch angle β [39-40]. In this paper, the TST is not pitched. In this context, the Cp is 

supposed to be only depending on λ. Figure 3 illustrates the Cp curve used for simulations. 

In order to extract the maximum of mechanical power from the fluid stream, the power 

coefficient must be at its maximum value Cpmax= 0.45, which corresponds to the optimal tip 

speed ratio λ = 6.3. 

 

2.3. Permanent magnet synchronous generator modeling 

 

In term of generator option, the PMSG is a promising solution for underwater 

applications [41]. In fact, it has many advantages such as compactness, higher efficiency, 

and the possibility to eliminate the gearbox, thus reducing maintenance costs [42].  

The PMSG dynamic model, in the d-q frame, is given by [43] 

 

� !
 " #� $%$� = &� − &(� − )*$+,$� = − -. /0$ + 1*/02 + �,.$+3$� = − -. /02 − 1*/0$ − 1 45. + �3.

                                                                                 (3) 

 

where vsd and vsq are the d-q components of the stator voltages respectively, isd and isq are the 

d-q components of the stator currents, respectively. Rs is the stator resistance, Ls is the stator 

inductance, Φa is the permanent magnet flux, p is the pole-pairs number, Ω is the turbine 

speed, Tem is the electromagnetic torque, Tm is the mechanical torque, Jt is the turbine and 

PMSG total inertia, and f is the viscosity coefficient. 
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Fig. 2. Grid-connected PMSG-based tidal stream turbine system basic structure. 

 

Fig. 3. Tidal stream turbine power coefficient curve. 

 

2.4. Power converters modeling 

 

The grid-connected tidal stream turbine uses two power converters; the first one is 

connected to the generator (rectifier), and the second is connected to the grid (inverter). The 

two power converters have the same structure as shown by Fig. 4, it is composed by three 

legs using two semiconductor switches (Tk, Tk+3, k=1, 2, 3) with anti-parallel connected 

freewheeling diodes (Dk, Dk+3). The switches of the same leg are controlled by a PWM 

using logic control signals Sk (k = 1, 2, 3) also known as gate signals [44]. The kth gate 

signal denoted Sk switch is defined by 

 

S7 = 81  if   T= on   and   T=B�  off 0 if   T=B� on   and   T=off                                                                                         (4) 
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2.5.DC-bus modeling 

 

The DC-bus model is described as follows: 

 

$D,E$� = �� �/� − /��                                                                                                                  (5) 

 

where C is the capacitor.  

2.6. Grid-side converter modeling 

 

As shown by Fig.5, the grid is composed by a voltage Vg with a frequency f = 50Hz 

[45].The grid dynamic model, in the abc frame, is given as follows: 

 

FGHGIG� J = RL FMNOMNPMNQ
J + LL SST FMNOMNPMNQ

J + FDNODNPDNQ
J                                                                              (6) 

 

where Vg123 and Ig123 are the grid line voltages and currents respectively, VABC are the 

converter voltages. 

The grid dynamic model, in the d-q frame, is summarized by [46] 

 

UGV$ = WXYX$ + ZX $MN,$� − ZX[XYX2 + GX$GV2 = WXYX2 + ZX $MN3$� + ZX[XGX$ + GX2                                                                            (7) 

 

where vgd and vgq are the d-q components of the grid voltages, respectively. igd and igq are the 

d-q components of the grid currents, respectively. ωg is the grid angular frequency.  

 
 

Fig. 4. Power converters topology. 
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Fig. 5. Grid topology. 

 

3. Grid-connected PMSG-based tidal stream turbine PI control 

 

The grid-connected PMSG-based TST must have two controls: (1) The generator-side 

control: it maintains the conversion system at its maximum power point to extract the 

maximum energy from tidal currents; (2) The grid-side control: it aims to control active and 

reactive power injected to the grid and keep the DC-bus voltage constant. 

 

3.1. Generator-side converter control 

 

The generator-side control system is based on PI controllers. It is defined as follows: 

 

U/0$ = �-B.0 ��0$ + [\02�
/02 = �-B.0 ]�02 − [\0$^                                                                                                 (8) 

 

where ω is the electrical speed, ψsq, and ψsq are the d-q components of the PMSG flux, 

respectively and are given by 

 

8\0$ = Z0/0$ + _`\02 = Z0/02                                                                                                                 (9) 

 

The electromagnetic torque is given by 

 

&(� = �� 1_̀ /02                                                                                                                    (10) 

 

Figure 6 illustrates the generator side-control scheme. In fact, it mainly consists in a 

Maximum Power Point Tracking (MPPT) control, which is used to control the rotor speed 

and keep the turbine tip speed ratio λ at its optimal value in order to achieve a maximum 

value of the power coefficient Cp and to finally obtain the expected maximum power from 
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the TST. Indeed, the turbine speed reference calculated by MPPT technique is given by 

[39]. 

 

*a(b = ��cde�a                                                                                                                        (11) 

 

Thus, the reference of the rotational speed control loop is adjusted so that the turbine 

will operate around the maximum power for the given tidal speed. In this paper, the turbine 

maximum speed to follow MPPT is 25 rpm for a tidal current of 2.3 m/s. If the tidal 

velocity exceeds 2.3m/sec, the extracted power will be limited to 1.5MW. 

 

3.1.1. PI speed controller  

 

The PI speed controller is given by 

 

W�f� = g� + hi0                                                                                                                     (12) 

where b0 and b1 are the speed controller integral and proportional gains, respectively. Using 

Eq. (3), the turbine speed control structure is given by Fig. 7. 

In closed-loop, the transfer function is given by 

 

j%�f� = hiBhO 0k�0PB0�bBhO�Bhi                                                                                                      (13) 

 

Compared to the canonical form expressed by 

 

j�f� = =OliP0PB Pmli0B�                                                                                                              (14) 

where ω0 is the angular frequency and ξ is the damping factor. 
By identification, the turbine speed corrector parameters are given as: 

 

�hi = �niP ↔ gp = #�[p�                                                                                                         (15) 

 

bBhOhi = �qni ↔ g� = �qhini − )                                                                                                (16) 

 

3.1.2. PI currents controllers  

 

The PI current controller is given by 

W�f� = r� s1 + �tu 0v                                                                                                          (17) 

where Kp and Ki are the controller proportional and integral coefficients, respectively.  
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The direct and quadratic currents control structure is illustrated by Fig. 8. The d-axis 

current reference is set to zero in order to minimize Joule losses and, so, minimizing 

currents for a given torque [47]. Consequently, the generator torque can be directly 

controlled by the q-axis current [48]. The q-axis current reference is calculated by the speed 

loop controller [49]. 

In open-loop, the division compensation technique allows computing the time-constant 

TOL by 

&w. = r+ = .-                                                                                                                     (18) 

In closed-loop, the time-constant TCL is given by 

&�. = -tute                                                                                                                            (19) 

Finally, the corrector parameters are the given by 

U r+ = .-r� = -tuxyz
                                                                                                                          (20) 

sdi

_ 0sd refi =

_sq ref
i

_od refV_oq refV

C
dcV

PMSG

Tidal

turbine

tide
v

abc
i

refΩ

Ω

 
 

Fig. 6. Generator-side converter control. 
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Fig. 7. Control structure of the turbine speed. 

 
 

Fig. 8. isdq currents control structure. 

 

3.2. Grid-side converter control 

 

The grid-side control is illustrated by Fig. 9. It consists in the control of the active power 

injected to the grid and the reactive power exchanged with the grid.  

The active and the reactive powers are given by 

 

8 �X = GX$YX$ + GX2YX2{X = GX2YX$ − GX$YX2                                                                                                       (21) 

 

Or, the d-axis is oriented along the grid voltage, so 

 

8GX$ = GXGX2 = 0                                                                                                                             (22) 

 

The active and reactive powers are therefore expressed as: 

 

8 �X = GXYX${X = −GXYX2                                                                                                                      (23) 

 

The active and reactive powers can be directly controlled by the direct and quadratic 

current components by using two PI controllers. The grid-side converter control is quite 

similar to that of the generator-side converter. 

The reactive power reference is maintained equal to zero (Qq-ref=0) in order to ensure 

unitary power factor operation. The current controllers give a voltage reference for the 

converter. A DC voltage controller loop is used to obtain the d-axis current reference for 

the grid active power control. This ensures that all the power coming from the generator-

side converter is immediately transferred to the grid by the grid-side converter. 
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Fig. 9. Grid-side converter control. 

 

3.3. Grid-connected PMSG-based tidal stream turbine post-fault behavior 

 

The tidal stream turbine is located at the Raz de Sein, in Bretagne (France). The 

simulated grid-connected PMSG-based TST parameters are given in the Appendix. In the 

simulations, the tidal speed is given for a day (each second represents an hour) (Fig. 10). 

The grid-connected tidal turbine is simulated using PI controllers.  

Figures 11 and 12 depict the PMSG rotor speed and power. A short-circuit grid fault is 

applied at t= 4s for different amplitudes (20%, 50%, and 70%) of the nominal grid voltage 

in order to evaluate the impact of the fault severity on the tidal stream turbine behavior. It 

can be clearly noticed speed ripples as soon as the fault appears. These ripples obviously 

increase when the fault amplitude increases. At this stage, it seems that a classical PI 

control is unfortunately not able to efficiently tolerate grid failures. In this case, there is a 

clear need for more robust control techniques such as the second-order sliding mode. 
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Fig. 10. Marine current velocity. 

 

 
 

Fig. 11. PMSG rotor speed. 

 

 
 

Fig. 12. PMSG power. 
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4. Grid-connected PMSG-based tidal stream turbine resilient control 

 
In this section, a second-order sliding mode control is adopted. This control presents 

finite reaching time, attractive features such as chattering-free behavior, and robustness 

with respect to unmodeled dynamics (turbine and generator), and external disturbances 

such as grid disturbances. 

Sliding mode control is based on moving the system state into sliding surfaces S=0. The 

aim of second-order sliding mode control is to maintain | = |} = 0, where the system states 

tends to zero when S and |} are intersect in the state-space. Second-order sliding mode 

control is based on the super-twisting algorithm as described in [50].  

The active and reactive powers are expressed as 

 

8 �X = GXYX${X = −GXYX2                                                                                                                      (24) 

 

Or, the reactive power reference is maintained equal to zero (Qq-ref=0), then, the current 

references are deduced as follows: 

 

~YX$�a(b = �N����DN,YX2�a(b = 0                                                                                                                 (25) 

 

The proposed control technique algorithm is used to ensure the currents convergence to 

their references. The sliding surfaces are given by 

 

8|� = YX$ − YX$�a(b|� = YX2 − YX2�a(b                                                                                                             (26) 

 

The derivate of (26) gives 
 

� |�} = YX$} − YX$�a(b}
|�� = ����, �� + ����, ��GX$                                                                                             (27) 

 

and 
 

� |�} = YX2} − YX2�a(b}
|�� = ����, �� + ����, ��GX2                                                                                              (28) 

 

where φ1(t,x), φ2(t,x), γ1(t,x) and γ2(t,x) are uncertain bounded functions that satisfy 
 

8�� > 0; |��| > _�; 0 < ��� < �� < ����� > 0; |��| > _�; 0 < ��� < �� < ���                                                                        (29) 
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where���and ���are the lower and the upper bounds of ��, respectively, while ��� and ��� 

are the lower and the upper bounds of ��, respectively. 

The proposed second-order sliding mode controller has two parts [45] 
 

8GX$ = �� + ��GX2 = �� + ��                                                                                                                  (30) 

 

where 
 

8 ��} = −��f/�� �|���� = −��||�|qf/�� �|��                                                                                                   (31) 

 

and 
 

8 ��} = −������ ������ = −��|��|����� ����                                                                                                  

(32) 
 

where ��, ��, ��, and �� are gains. 

To ensure the convergence of the sliding manifolds to zero in finite-time, the gains can 

be chosen as follows. 
 

� !
 " �+ > 4u ¡u�+� ≥ 4 4u ¡uP  ¤u ¡u

�¥uB4u��¥u�4u� ;   / = 1, 2
0 < § ≤ 0.5

                                                                                       (33) 

 

5. Simulation results 

 

In this section, the grid-connected PMSG-based tidal stream turbine is simulated using 

both PI controllers and second-order sliding mode control strategy. The short-circuit grid 

fault amplitude is 70% of the nominal grid voltage. 

Figures 13, 14, 15, and 16 depict the PMSG rotor speed, the PMSG power, the grid 

power, and the reactive power, respectively. At fault occurrence (at t=4s), it can clearly be 

seen that, by using PI controllers, these curves show some ripples, while, with second-order 

sliding mode control; the tidal turbine system power and dynamic performances are almost 

degradation-free.  

At fault occurrence (t=0.1s), grid currents are increased to high values (Fig. 17), which 

generally leads to the system being turned off. At t= 0.3s, the fault-resilient control is 

applied, so, grid currents go back to their initials states. Consequently, these results 

obviously confirm that the second-order sliding mode out performs PI controllers in terms 

of grid failure resilience effectiveness. 
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Fig. 13. PMSG Rotor speed. 

 
Fig. 14. PMSG power. 

 

Fig. 15. Grid power. 
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Fig. 16. Grid reactive power. 

 

Fig. 17. Grid currents. 

 

6. Conclusion 

 
This paper has presented and analyzed grid fault effect on a grid-connected PMSG-

based tidal stream turbine. Primary simulation results have shown that the tidal stream 

turbine system both generated power and dynamic performances are negatively impacted 

by the grid fault when using conventional PI controllers. To overcome this issue, a robust 

and grid-resilient control technique, namely a second-order sliding mode, has been adopted. 

The achieved performance results have shown that a second-order sliding mode control 

performance clearly outperforms PI controllers even if they are optimally designed. These 

results obviously confirm that high-order sliding modes control is the solutions of choice 

for a tidal stream turbine. 

Further investigations should however be carried out toward more recent robust control 

techniques, such as the active disturbance rejection control that has been recently tested for 

a tidal stream turbine under healthy conditions and for a PMSG-based electric vehicle under 

fault conditions. 
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Appendix: Grid-connected tidal turbine parameters 
 

 Parameter Value 

Tidal turbine 

Radius 8m 

Number of blades 3 

Fluid density 1027.68kg/m3 

PMSG 

Rated power 1.5MW 

Rated speed 25rpm 

Stator resistance 0.0081Ω 

d-axis inductance 1.2mH 

q-axis inductance 1.2mH 

Permanent magnets flux 2.458Wb 

System total inertia 1.3131x106kg.m2 

Viscosity coefficient 8.5 10-3Nm/s 

Converters 

Turn-on time 0.13µs 

Turn-off time 0.445µs 

Dead-time 4µs 

Duty-cycle frequency 5kHz 

DC Bus Capacitor 13mF 

Grid 

Resistance 0.1mΩ 

Inductance 1.5mH 

Frequency 50Hz 
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