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Abstract 
The objective of this paper is to observe the effect of the oscillating torque provided by a vertical axis tidal turbine on the voltages output 
of PMSG when the tidal turbine is equipped or not with a regulation system. In this study, the turbine torque is determined by the DMST 
model. The PMSG Park model is used. In addition, the chosen control system includes a PWM rectifier, PI controllers and MPPT with 
optimal TSR. The latter considers the fixed reference rotational speed at each flow speed. The simulation of the turbine and PMSG 
assembly was realized for the turbine operating at maximum average efficiency with a flow of 1.5 meter per second and turbine of 0.455 
meter turbine radius, 0.824 meter blade height and blade profile NACA0018. Without a control system, the PMSG supplies, by 
supplying a resistive and inductive load, voltages with more undulating amplitudes compared to the tidal turbine equipped with a control 
system. The voltages output from PMSG can be improved by looking for the reference rotational speed as a variable to minimize the 
error between the measured rotational speed and the reference one. 
Keywords: vertical axis tidal turbine, PMSG, DMST, Control, torque, voltages. 

1. Introduction 

Currently, the energy we use on a daily basis comes mainly from usual sources such as fossil fuels (oil, gas, coal) [1]. Their 
major drawback lies in the very near exhaustion and the emission of gases which pollute the atmosphere enormously. Faced 
with the constraints posed by fossil fuels, the best possible solution would be to use renewable energies, which have the 
advantage of being abundant and inexhaustible in the millennia to come. It is in this situation that tidal power presents itself 
today as one of the most interesting renewable energy sources, thanks to its enormous global potential estimated at a power 
of 100 GW [2], which represents a considerable deposit.  

Tidal turbines are turbines that recover kinetic energy from river or sea currents. They are somewhere equivalent to wind 
turbines. To produce energy, tidal turbines will need a current speed greater than 1m / s on average [3]. The Permanent 
Magnet Synchronous Generator (PMSG) is widely used in tidal turbine applications, in particular, because of its good 
conversion efficiency (close to 99% compared to the asynchronous Generator [2]. The synchronous machine allows 
operation as well at low speed (direct drive system) than at high speed (indirect drive system), so it can be coupled or not 
with a speed multiplier [4].Two main categories of tidal turbines exist: those with axis of horizontal rotation and those with 
vertical axis of rotation.  

This study considers a vertical axis tidal turbine equipped a PMSG with direct drive. The GSAP transforms mechanical 
energy into electrical energy. Studies show that the vertical turbine provides a pulsating torque [5], [6], [7], [8]. So, our 
objective is to observe by simulation, the impact of the oscillation of the torque of the vertical axis turbine on the GSAP 
output voltage. The simulation requires the modeling of the tidal turbine system without or with a control system. The latter 
uses the tip speed ratio (TSR) MPPT or (MPPT with optimal TSR) method [9] with PI corrector [10], [11] to control the 
turbine and the vector control of the AP associated with PI corrector and Pulse With Modulation (PWM) rectifier based on 
bipolar transistor (IGBT) [12], [13] [14]. Then, the turbine torque is determined by the Double Multiple Stream Tube 
(DMST) Model [15], [16], [17], [18]. Finally, the PARK model of the PMSG [19], [20] is used. 
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2. Tidal energy conversion system modeling 

2.1 System description 

The considered tidal turbine has the three-phase PMSG and the straight three-bladed vertical turbine of height H, radius R, 
profile NACA0018 [21] and cord length C according to Fig. 1. The turbine is placed in a flow of speed   supposed constant 
and uniform and turns with a speed of rotation ω fixed by the electric generator.  
The latter provides currents and voltages characterized by frequency and amplitudes. It powers an R-L load. 

 
Fig. 1 The tidal turbine presentation 

2.2 Tidal turbine modeling 

2.2.1 Power coefficient and tip speed ratio 

The mechanical power   which can be produced by a tidal turbine represents a fraction denoted   of hydrodynamic power of 
a fluid of formula (1). 

31
2m pP C AUρ ∞=             (1) 

Where 
pC  is the power coefficient characterizing the hydrodynamic performance of a tidal turbine, ρ the density of the 

water (kg/m3), A the surface swept by the blades (m2) and U∞
 the tidal speed (m/s). The power coefficient 

pC  does not 
exceed the limit of 59% which constitutes the limit of Betz [17]. 

 
Fig. 2 Evolution of the power coefficient as a function of the tip speed ratio [6] 

 
Fig. 2 shows the evolution of the power coefficient according to the advance parameter λ  which is expressed by equation 
(2). 

R
U
ωλ

∞

=              (2) 

 
The optimum value of the advance parameter (

optλ ) corresponding to the maximum power coefficient is a characteristic of 
the turbine.  
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To control the turbine, the reference speed for optimum MPPT TSR control method is given by formula (3) [14]. 

opt
ref

U
R

λ
ω ∞=             (3) 

2.2.2 Forces and speeds 

The blade placed in a flow is subjected to two forces (Fig. 3): the drag force parallel to the direction of the flow, denoted D, 
and the lift force perpendicular to the flow and denoted L. 

 
Fig. 3 Forces and velocities acting on the blade of a turbine [23] 

 
The angles α , β  and θ  are respectively angle of attack or angle of incidence, a setting angle and the azimuthal angle. The 
torque available on a tidal turbine is given by the force 

TF
 , tangential to the circle of rotation.  

On the other hand, the force 
NF
  is a determining force for the mechanical resistance of the blades because it is very variable 

and generates an alternating loading on the blade. 

 
Fig. 4 Analysis of driving and braking zones in a vertical axis turbine [17] 

 
The surface of the rotor can be broken down into four zones: two driving zones and two zones of braking. These two drive 
zones are located in part of the upstream half-disc and part of the downstream half-disc of the turbine according to Fig. 4. 

2.2.3 Torque, power and efficiency determination of a tidal turbine by the DMST Model 

Fig. 5 represents the tidal turbine modeled by two upstream and downstream actuator discs. There is an equilibrium position 
located between the upstream zone and the downstream zone whose speed of passage in this zone is called equilibrium 
speed 

eU . When the fluid passes through this zone, the pressure is equal to that of the undistributed flow upstream of the 
turbine. 
 
The induction factors 

ua  and 
da  respectively of the upstream and downstream half-disk are defined by relations (4) and (5). 

u
u

U Ua
U
∞

∞

−
=             (4) 

e d
d

U Ua
U∞

−
=             (5) 
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Fig. 5 Model with multiple current tubes and two actuators (seen from above) [17] 

 
The DMST model using the laws of fluid mechanics with the actuator disk theory allows to establish nonlinear equations 
relating the induction factors, the hydrodynamic parameters and the geometric parameters of the turbine. 
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         (8) 

The resolution of the equations obtained is done by the iterative numerical method and results in obtaining the 
dimensionless coefficient 

tC  of the tangential force T and the relative speed 
,u dW . Therefore, we can calculate the torque for 

a blade with respect to the axis of rotation according to the following formula: 

( ) ( ),
1
2i u d tT W HC C Rθ ρ=            (9) 

For a tidal turbine with B blades, the instantaneous overall torque supplied by the blades will be determined by equation 
(10) [17] and [18]. 

( ) ( ) 11

360, B
i i i ii

T T
B

θ θ θ θ+=
= = +∑           (10) 

The average torques for the upstream and downstream half-discs of the turbine are respectively evaluated by the following 
equation (11) and equation (12) [18]: 

( )2

, 1

1
2 u tN

avg u i

W HC C R
T B

N
θ

θ

ρ
=

= ∑           (11) 

( )2

, 1

1
2 d tN
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T B

N
θ
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ρ
=

= ∑           (12) 

The average total torque of the tidal turbine over one revolution can be expressed by equation (13). 

( ), ,
1
2avg avg u avg dT T T= +            (13) 

The torque and power coefficients are calculated respectively by the following equations (14) and (15) [19] and [23]: 

( )21 2
2

avg
Tavg

T
C

U RH Rρ ∞

=
           (14) 
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p TavgC Cλ=             (15) 

2.3 PMSG modeling 

2.3.1 PMSG dynamic model in the dq axis 

The permanent magnet synchronous machine considered is a radial type magnetization machine with magnets mounted on 
the surface. 

 
Fig. 6 PSMG Cross section, Reference frame (a, b, c) and Reference frame (d, q) [11] 

 
The dynamic model of PMSG can be represented in the Park's system using the following equations: 

d
d s d d q q

q
q s q q d d f

diV R i L p L i
dt

di
V R i L p L i p

dt

ω

ω ωψ

 = − − +

 = − − − +


         (16) 

The expression of the electromagnetic torque for the cylindrical rotor will be expressed as follows: 
3
2em f qsT p Iψ=             (17) 

2.3.2 Mechanical behavior of the assembly 

The differential equation which characterizes the mechanical behavior of the turbine and generator assembly is given by the 
equation 18. 

tur
tur em tot v tur

dT T J f
dt
Ω

− = + Ω           (18) 

Which, 
totJ  is the total inertia of the turbine and the generator [kg.m2]; 

turT  presents the torque of the turbine [Nm], 
emT emT  

is the electromagnetic torque of the generator [Nm]; 
vf  represents the coefficient of viscous friction [kg/s] and 

turΩ  is the 
speed of rotation of the turbine or generator [tr/s]. 
 
The model of the load in the Park coordinate system is based on [22]: 

d
d ch d ch ch q

q
q ch q ch ch d

diV R i L p L i
dt

di
V R i L p L i

dt

ω

ω

 = + −

 = + +


          (19) 

 
Fig. 7 Permanent magnet synchronous generator connected to a load 
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2.4 Tidal turbine control for the turbine torque impact attenuation 

The insertion of the tidal turbine control system, according to Fig. 8, improves the output voltage of the generator. 

 
Fig. 8 Tidal turbine with the adopted control system 

 
The control system consists of the TSR control method to extract maximum power from the water flow, the PWM control at 
the rectifier and the PI controllers for Turbine and PMSG regulations. 

3. Results 

3.1 Turbine data 

The main characteristics of this turbine are summarized in Table 1. 

3.2 Simulation results 

All these simulation results were obtained in the Matlab/Simulink environment. 

3.2.1 Power evolution and torque coefficients 

 
Fig. 9 a) Evolution of the power coefficient as a function of the advance parameter, b) Turbine torque rosette 
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Fig. 10 a) Instantaneous torque produced by the turbine b) Power curves extracted as a function of flow velocities 

 
3.2.2 Evolution of the currents and voltages of the PMSG 

 
Fig. 11 Courants ia, ib et ic, a) without regulation, b) with regulation 

 
Fig. 12 Voltages Vd and Vq, a) No regulation, b) with regulation 

 
Fig. 13 Voltages va, vb and vc, a) without regulation, b) Zoom of voltages without regulation, c) with regulation d) Zoom of 

voltages with regulation 
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4. Discussions 

Fig. 9-a shows, by the numerical simulation of the tidal turbine based on the method of DMST and with the flow  U∞
 of 1.5 

m/s, an evolution of power coefficient 
pC  from 0 up to at 55.07% being below the Betz limit (59.25%). The top of this 

curve corresponds to the maximum power coefficient (or maximum efficiency) 
maxpC  of 0.55 and the optimum advance 

parameter 
optλ  of 2.2. It constitutes the optimum operating point of the turbine. This result confirms the work carried out by 

Bossard [24] which shows that the optimum specific speed of tidal turbines is of the order of 2. We notice that the three 
flow regimes described in section 2.2.1 (Fig. 2) are indeed visible.  

Fig. 9-b presents rosette of the couple according to the positions of the blades, for the optimal operating point (
optλ ,

maxpC ) 
and the flow U∞

= 1.5 m/s. The evolution of the couple is 2π⁄3 periodic. This shows the image of the three blades and the 
presence of two driving zones and two braking zones according to the operating principle detailed in section 2.2.2 (Fig. 4). 

The instantaneous evolution of this torque is presented by Fig. 10-a. Its maximum and minimum values are respectively 
Tmax = 152.34 Nm and Tmin = 77.75 Nm. According to Fig. 10-b, we see the different levels of average power as a function 
of rotation speed which increase according to the increase U∞

. This characteristic is exploited in the MPPT (Maximum 
Power Point Tracking) control strategy of the tidal turbine allowing it to extract the maximum power for a flow speed. To 
observe the impact of this oscillating torque on the generator, the simulation of the turbine and PMSG assembly fitted or 
without a load control system is carried out under the following conditions: the flow U∞

 of 1.5 m / s and at the optimum 
operating point (

optλ  = 0.55, 
maxpC  = 0.55) i.e. the power supplied by the turbine is maximum and 740 W corresponding to 

the speed of optimal rotation of 7.25 rad / s.  

Then, Fig. 11-a and Fig. 12-a present the evolutions of the currents and the tensions of the PMSG in absence of system of 
regulation. They have, in accordance with the results encountered in the literature [22], the same shape as the torque of the 
turbine. As a result, these current and voltage quantities are completely subject to torque oscillation. On the other hand, this 
effect is attenuated in the case of the PMSG provided with a regulation system according to Fig. 11-b and Fig. 12-b. 
Consequently, the amplitudes of the voltages shown by Fig. 13-c-d following the real reference (abc) are less disturbed for 
the PMSG equipped with a control system compared to those of Fig. 13-a-b relating to the PMSG without a control system.  

Since the reference speed considered in turbine control is a constant according to formula (2), these results on the regulating 
effect on the voltages output from PMSG can be improved by looking for the reference rotational speed as instantaneous in 
order to minimize the error between the measured speed of rotation and that of reference. Indeed, the turbine actually rotates 
with oscillated speed because it provides a fluctuating torque. 

Conclusions 

The power coefficient and the mechanical torque of a vertical axis tidal turbine of 0.455 meter turbine radius, 0.824 meter 
blade height and blade profile NACA0018 were determined by the DMST Model.  For a flow of 1.5 meter per second and a 
maximum average power coefficient, it provides a fluctuating torque who’s minimum and maximum values are respectively 
103.55 Nm and 197.86 Nm. With this torque, the simulation of turbine directly connected to a permanent magnet 
synchronous generator (PMSG) permits to observe that without a control system, the PMSG provides voltages with more 
undulating amplitudes compared to the tidal turbine equipped with vector control to the generator and the MPPT with 
optimal TSR to the turbine. Turbine control is carried out with constant reference rotational speed and variable turbine 
rotation. In order to minimize the error between the measured rotational speed and its reference, improvement in finding the 
more precise reference rotational speed is necessary. 

Appendix 

Table 1: Dimensions and simulation conditions of the tidal turbine 
Parameter Symbol Value Unit 

Speed of sea currents U∞
 1.5 [m/s] 
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Rope length C 156 [mm] 
Turbine radius R 455 [mm] 
Turbine height H 824 [mm] 
Wedge angle β  0 [°] 
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