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Abstract--This paper reports on the operation assessment of an electrical power generation system based upon cross-flow water 

turbines. The specific power take-off system has been tested in real-world conditions in a variety of scenarios and the experimental 
results have confirmed previous modeling assessments. Dynamical proprieties have been precisely identified and stable system 
operation over the entire operating range has been achieved. Steady-state characterization in terms of power coefficient has also been 
done, allowing the assessment of power generation system global efficiency and enabling the building of more precise models to be 
used in further simulations and assessments for power grid integration. Maximum power point tracking and other specific operation 
regimes such as angular position synchronization have also been validated. 
 

Index Terms--Maximum Power Point Tracking, microhydro power, performance evaluation, power generation control. 

 

I.  NOMENCLATURE 

TT , TP , TΩ  turbine torque, power and rotational speed 

w , λ , pC  water flow velocity, turbine tip speed ratio and power coefficient 

TR , TH  turbine radius and height 

J  CFWT-PMSG coupling inertia 
D  parameter embedding CFWT’s viscous friction and mechanical characteristic slope 

GΩ , GT  generator rotational speed and torque 

GK , KΩ  torque and e.m.f. constants 

qGi , dGi  dq generator currents 

ΩPK , ΩIK  rotational speed controller proportional and integral gains 
 

II.  INTRODUCTION 

In recent years renewable energy conversion systems have demonstrated their potential as sustainable alternative to the classical 
electrical power generation technologies. An intensive research effort has been conducted in order to extend the exploitation 
range of the free and inexhaustible natural resources. As the marine currents and river flows represent a significant renewable 
energy potential all around the world, new hydraulic capturing devices that enable harvesting of these resources have been 
developed in the last years [1], [2], [3]. All these devices harness the water flow energy with minimal environmental impact, 
involving the use of limited-span civil engineering structures for conditioning the incoming flows. This advantage comes with a 
drawback consisting in the incompatibility between the irregular, erratic, non controllable and often unpredictable nature of the 
primary energy resource on a hand, and safety requirements, the load demands (e.g., supposing continuity of service at a given 
power level) and increasingly restrictive grid codes, on the other hand. However, this situation may be alleviated by means of 
the power generation control either by using pitchable blades or by controlling the electrical generator at variable speed through 
the associated power electronics interface. The use of such generators that have quite reduced power ratings, but important 
territorial spreading is issued from the new paradigm of distributed electrical power generation, recently appeared within the 
energy market context. Generator control is important in both off-grid mode (stand-alone microgrid) [4] and also in grid-
connected applications, for providing ancillary services, such as improving power system stability or damping inter-area 
oscillations [5], [6]. 
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Water-turbine-based generation systems installed in rivers, generally named as microhydro power plants, use various 
resource capturing devices depending on each particular application. For instance, microhydro power plants use some classical 
designs such as (semi) Kaplan or Francis water turbines, but the marine-current or river-flow generation systems uses more 
modern designs such as axial-flow [7], [8], vertical-axis [9], [10] or cross-flow water turbines (CFWT) [11], [12]. Their 
particular set-up – free-water-flow conditions – invariantly requires the use of modern electrical generator control techniques 
such as vector control, variable-speed control, maximum power point tracking (MPPT) [2], [8], [13], which may generally be 
found in renewable power generation technology. 

However, as their technology cannot yet be considered mature, these new power generation concepts need proof of concept 
validation and thoroughly operation assessment, at significant power rating levels. The associated literature offers information 
about prototypes which are built prior to verify the viability of various hydrodynamic concepts mostly for axial-flow water 
turbines [14], [15]. CFWT-based prototypes, developed upon variations of Darrieus turbine concept are also present [16]. 
CFWTs have several advantages vs. the axial-flow ones such as smaller cavitation [17], insensitivity to changes of water flow 
direction, simpler mechanical structure, and more flexible power generation system. With respect to axial turbines, CFWTs 
present non-negligible drawbacks such as pulsating turbine torque, lower starting torque and lower power coefficient. Recent 
comprehensive reviews of hydrokinetic turbine technology can be found in [18]–[20]. 

The work presented in this paper deals with a power generation system prototype built using the Achard turbine developed in 
[12] that operates in real-world conditions provided by a controlled water stream. Its original hydrodynamic and mechanical 
design strives to fully use the advantages of CFWT, while minimizing its drawbacks. 

Previously-done computer simulation of hydrodynamic behavior and capabilities of the Achard turbine and then tests at 
reduced scale in laboratory-controlled water stream [21] have predicted the main steady-state and dynamical features of the 
concerned turbine system. Computer simulations of the turbine-electrical generator coupling and then physical hardware-in-the 
loop tests have already anticipated variable-speed capabilities and grid-connected operation of the concerned power generation 
system [21], [22]. 

This paper reports the demonstration at full scale and operation assessment of a power generation system based upon the 
Achard CFWT, in real-world conditions, with focus on aspects of electrical power conversion. Main capabilities of a 1:1 
prototype have been briefly described in [23]. Basic turbine modeling validation together with turbine system hydro-dynamical 
characterization and generator control techniques assessment are also targeted. The focus is on electrical power generation and 
control, while mechanical issues – such as mechanical interaction in between different components, displacement or 
deformation of the whole structure – are beyond the scope of this paper. 

This paper is structured as follows. The next section, the third, describes the CFWT-based power generation system, while 
Section IV describes the prototype. Section V provides details about the basic operating regimes and their associated control 
structures. Section VI presents system modeling aspects from the hydro-mechanical point of view. Section VII presents and 
discusses the experimental results concerning various operation modes. Section VIII concludes the paper. 

 

III.  POWER TAKE-OFF SYSTEM 

The prototype uses a prime mover based upon the three-bladed vertical-axis Achard turbines with straight blades [12], [24] 
(Fig. 1a). This Achard turbine resulted as an evolution of Darrieus and Gorlov turbines; it has flying-wing-shaped blades fixed 
on the rotation axis by means of profiled central arms. 

A comparative study of Achard, Darrieus and Gorlov turbines has been made in [25]. Thus, results have shown that for a 
water flow velocity of 2.3 m/s the maximum power point of the three turbines is placed at almost the same value of the tip speed 
ratio (within 3 to 5% measurement uncertainty), which is λ  = 2. In this configuration, the straight-blade Achard turbine appears 
to have the best efficiency (33%), followed by Darrieus (31%) and Gorlov (26%) turbines. 

In order to achieve better performance and to overcome the drawbacks inherent to vertical axis turbines, a complex power 
take-off device has been built, as follows. First, four three-bladed CFWTs, have been pilled-up into the same shaft, the obtained 
structure being called a CFWT tower. In order to smooth the mechanical torque, each turbine has been installed with angular 
position shifted with π/2 with respect to the previous one, thus achieving a spatial filtering of the output power, using the same 
idea as in [22]. In this way one may consider that the turbine power coefficient is almost constant irrespective of the turbine’s 
position with respect to the water flow direction. 

A CFWT tower directly drives a permanent synchronous generator, situated in its lower part (Fig. 1b). Generators are thus 
immerged into water; this solution has been chosen mainly because some cooling system is thus no longer needed. Another 
choice would be to place generators on tower top, being closer to mainland equipment, thus allowing easier maintenance. Two 
CFWT towers which rotate in opposite senses are placed side by side into the same structure. Previous analysis has shown that, 
by using this structure, structural loads may be alleviated in certain operating regimes [24]. Third, the two CFWT towers are 
encompassed by fairings. This results in increasing the upstream-vs.-downstream differential pressure of the CFWT tower, thus 
allowing increased power capture for certain water conditions. 
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Fig. 1. a) Three-bladed Achard CFWT with straight blades; b) power take-off structure: two adjacent CFWT towers, each with four piled-up turbines [21]. 

 

IV.  PROTOTYPE DESCRIPTION 

A.  Overall architecture 

This section presents the architecture of the generation system with focus on the power capturing device and on electrical 
power generation subsystem. In order to facilitate turbines testing, the prototype has been installed in a headrace canal feeding a 
hydroelectric plant. Such choice allowed the anchoring – on riverside or river bed – problem being avoided (Fig. 2a). Also, one 
can set up the water stream speed by using already existing canal flow control systems. 

The supporting frame (left side of Fig. 2) spans over the canal. It has a fastening system which allows rotation and translation 
motions of turbine assembly – the two CFWT towers – in order to enable easy immersion into water, operation, parking and 
maintenance. Water velocity is measured by means of a fixed acoustic transducer (Sontek ARGONAUT SW) which uses 
Doppler effect and is designed to work in slow water flows (between 0.3 m/s and 5 m/s). The channel water velocity is adjusted 
by using the specific equipment at the downstream hydroelectric power plant. 

 

 
Fig. 2. a) Main components of CFWT-based prototype: 1 – supporting frame, 2 – electrical equipment shelter, 3 – CFWT towers immerged into river canal; b) 
Details concerning power take-off device: 4 – turbine assembly with turbines piled-up in towers, electrical generators and fairings. 

B.  Electrical subsystem 

The electrical subsystem of a CFWT tower is presented in Fig. 3; it contains a three-phase permanent-magnet synchronous 
generator (PMSG) coupled directly to the CFWT shaft. This PMSG, specifically customized for the prototype, is characterized 
by the ability of developing large torque at small rotational speeds. It exhibits constant torque over a wide rotational speed range 
in order to provide good efficiency irrespective of the operating point [26]. This generator is interfaced with the local power grid 
by means of an AC-DC-AC power electronics converter which is implemented by using Parvex SSD AC drive [27]. The two 
CFWT systems corresponding to each Achard CFWT tower within the prototype have the same structure and are connected to 
the Diesel-generator terminals. 

The AC drive contains a three-phase diode rectifier, a DC-link and an inverter (Fig. 3), as being the required configuration for 
PMSG motoring operation. This however does not prevent the electrical machine operation in generator mode, provided that 
DC-link power is properly evacuated (i.e., its voltage, DCv  , is maintained at a constant value). 

The entire prototype operates off-grid, but on-grid operation conditions are emulated so that the system global objectives and 

Electrical generators 

4 

Fairings 

a) b) 

Electrical generators 

CFWT 

CFWT tower 
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behavior to fit the on-grid operation. Thus, a three-phase Diesel-generator set [28] is used in the start-up phase to energize the 
DC-link. Once the DC-link is energized, there is no power exchange between the Diesel-generator and the remainder of system, 
so the generator-rectifier pair behaves like being disconnected from the DC-link. 

The DC-link being energized (at a convenient setpoint voltage, *
DCv ), the power electronics present in the AC drive allows 

the PMSG being operated at variable speed by means of the classical vector (torque) control [29]. The CFWT operation has 
been achieved using built-in current and speed control loops of the AC Parker SD drive. The outer control loops have been 
customized in order to modulate the CFWT behavior accordingly to the water condition and operator decisions. 

It is noteworthy that in generation mode the AC drive draws current from the PMSG, thus increasing the DC-link voltage up 
to the point where diodes from the uncontrolled rectifier become blocked. Therefore, the AC power provided by the Diesel-
generator set is used only in the phase of energizing the DC-link. Further, while the system operates in normal conditions, the 
DC-link voltage is regulated to a constant value by means of a chopper (DC-DC step-down converter) and DC-link in-excess 
power is evacuated to the dump load (full-power-rated braking resistor in Fig. 3). 

Recall that the prototype operates in a remote area, in the absence of power grid. As explained before, this quite complex 
setup has been conceived such to provide the same environment to the ensemble PMSG-inverter as in the grid-connected case. 
One can note that this requirement holds as the DC-link voltage is maintained constant (consequence of chopper action) at the 
rated value. Thus, the CFWT system may be operated at variable speed exactly as in the grid-connected mode, by employing the 
versatility of torque-controlled PMSG. 
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Fig. 3. Diagram of the prototype energy conversion chain for a single CFWT tower. 

V.  BASIC OPERATION AND ASSOCIATED CONTROL STRUCTURES 

In this paper focus is on the CFWT tower variable operation, whereas the grid-connection behavior is of less interest. This 
mainly supposes - at the outermost level - the rotational speed management with respect to the water conditions. Classical 
cascaded control structure is used in order to achieve the specified goal. This structure is implemented by using the proprietary 
Parvex SD drive software. The innermost control structure deals with the active and reactive current components control, and is 
built by using the PMSG dq modelling. The rotational speed control is based on feedback from an incremental encoder (as in 
[22]) and is designed to have significantly slower dynamics than the current control loops. 

While the built-in low-level current and rotational speed loops have been modified only by configuring the controllers’ 
parameters, the outer loops that output the rotational speed set point have been entirely built. These various outer loops have 
different objectives and implement system supervision (start-up, switch between manual, test and automatic modes, etc.), MPPT 
algorithms and so on. The functionality of these loops may be overviewed in Fig. 3. Finally, it is envisaged that the angular 
position between the two CFWT towers of prototype be controlled with respect to an imposed criterion that may include 
reduction of mechanic and hydrodynamic stresses. A fully-functional monitoring system has been implemented into the Parvex 
software, allowing real-time modification of associated control parameters, operating modes and references through the software 
interface. 

The grid-connection system uses a diode-based (i.e., uncontrolled) grid-side converter – located also in the Parvex SD drive. 
In order to maintain constant DC-link voltage, the generated electrical power is evacuated from DC link by the DC-DC 
converter (chopper) into the dump load. DC-link voltage regulation is implemented by a hysteresis control law which drives the 
chopper switches. Note that, rigorously speaking, this configuration is not representative of an on-grid generation system, as in a 
genuine grid-connected system – such as within a microgrid – an inverter should normally be present in order to allow power 
injection into the grid. 
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VI.  MODELLING AND ROTATIONAL SPEED CONTROL ASPECTS 

The cross-flow water turbine is derived from the Darrieus turbine ([11], [17]) and has been mainly developed in [12]. The 
extracted mechanical power depends on the water flow velocity cubed and on the turbine parameters, according to the classical 
concept of actuator disc operating in free-fluid conditions: 

 30.5 ( )T p TP C S w= ⋅ρ ⋅ λ ⋅ ⋅  (1) 

where ρ  and w are the water density and free-stream water flow velocity respectively, pC  is the power coefficient and TS  is the 

area of turbine longitudinal section, computed based on the turbine radius, TR , and the turbine height, TH , as 2T T TS R H= ⋅ . 

The power coefficient is a function of the tip speed ratio, λ , defined as: ( )T TR wλ = Ω , where TΩ  is the turbine rotational 

speed. Power coefficient curve – which expresses the turbine energy efficiency – has been assessed in previous works – see for 
example, [21] – as being unimodal in relation to the turbine’s rotational speed for a given water flow velocity. CFWT shaft 
torque expression is obtained from the extracted power, as 

 T T TT P= Ω . (2) 

Note that the same relations hold for the case of a CFWT tower, provided that tower’s power and torque are obtained by 
summing-up individual turbines’ power and torque values, respectively. 

Rotational speed
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Fig. 4. Torque and power characteristics of a CFWT. 

 
Next, notations refer to a CFWT tower. The PMSG is directly driven by the CFWT tower; the motion equation of their 

coupling is 

 ( ) GTTTT Tfw,TJ −Ω⋅−Ω=Ω⋅
•

, (3) 

with J being the inertia of the tower-PMSG coupling, TG being the generator electromagnetic torque and f being the viscous 
friction coefficient. 

In Fig. 4, one can see the power and the torque characteristics vs. the rotational speed for a given value of the water flow 
velocity, both of which are unimodal, similar to the case of wind energy conversion systems [30] and marine current turbines 
[31]. This shows that the system model is non linear, the turbine torque being a nonlinear function of rotational speed and water 
flow velocity; hence a classical linear control structure requires model linearization around a steady-state operating point. 

Based on Fig. 4, for a given water velocity value, supposed known and constant, and a given rotational speed value TΩ  the 

expression of torque TT may be obtained by tangent linearization around the given operating point as a linear dependence of the 
rotational speed TΩ : 

 0T T TT T K= + ⋅Ω , (4) 

where 0TT  is the torque at zero speed – supposed constant – and T TK T= ∂ ∂Ω  is the mechanical characteristic’s slope. One 

can note that slope K depends on the current operating point; moreover K > 0 for the ascending part of the torque curve and K < 
0 for its descending part. 

As briefly described before, the PMSG is vector-controlled by using the dq model frame, [8], [29]. By maintaining the direct-
current component (idG) at zero (field oriented control), the PMSG torque is directly proportional with the quadrature (active) 
current (iqG): 
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 G G qGT K i= ⋅ , (5) 

where KG is the torque constant. By replacing the expression of TT  and TG given by (4) and (5) into (3) one obtains 

 ( ) qGGTTT iKTfKJ ⋅−=Ω⋅−−Ω⋅
•

0 , (6) 

where notation D K f= −  can be used to denote a global parameter describing the combined effects of the torque characteristic 

slope and the friction coefficient. 
By considering the variations around the steady-state operating point, the dynamic transfer from the current q-component, iqG, 

to the tower rotational speed, TΩ , can be characterized by the transfer function 

 
( )

( )
( )

GT

qG

Ks
H s

i s Js DΩ
Ω

= = −
−

. (7) 

Open-loop transfer function (7) denotes a parameter-varying system because parameter D varies mainly due to the variability 
of the torque curve’s slope K with the rotational speed (frictions being neglected). Further, recall that transfer function (7) has 
been obtained for a fixed value of the water velocity, whereas for other water velocity values both parameters K and f change. In 
conclusion, parameter D K f= −  varies with both the rotational speed and the water flow velocity. Another important remark is 

that – frictions being neglected – in the region corresponding to a positive slope, K > 0, the transfer function (7) is unstable. 
Also, note that the instability effect is more accentuated as the friction is smaller. 

Instability of operating points placed on the ascending part of the torque curve can only be cancelled by control action, i.e., in 
closed loop. Transfer function (7) suggests that the rotational speed can be controlled by a PI controller whose proportional gain 
determines the closed-loop system’s stability. Thus, if the PI controller’s transfer function is 

 ( )( )( ) 1 1C p iH s K T sΩ Ω= +  (8) 

then the closed-loop transfer function becomes: 

 0

2

1
( )

1 1

i

i
i

G p G p

T s
H s

JT D
s T s

K K K K

Ω

Ω
Ω

Ω Ω

⋅ +
=

 
− ⋅ + + ⋅ +  

 

 (9) 

Operating point change causes variation of parameter D. Equation (9) shows that the closed-loop bandwidth 

0 p G iK K JTΩ Ωω = −  does not depend on the operating point. This is not the case for its damping coefficient, which however 

varies slightly for a sufficiently high absolute value of loop gain, pK Ω . Algebraic stability criteria show that, in order for 

dynamical system (9) to be stable for any operating point, the gain 0pK Ω <  and moreover its absolute value should be 

sufficiently large: 

 maxp GK D KΩ > , (10) 

where maxD  corresponds to the maximum value of slope in the unstable region of the turbine torque characteristic, for all water 

flow velocities. Fig. 4 suggests that a typical operating point will be placed on the negative slope of the torque characteristic, 
i.e., around the maximum power point. However, as the turbine blades are not pitchable, and the turbines are not allowed to 
operate in very high rotational speed range, the sole possibility of reducing the turbine captured power is to reduce its rotational 
speed and to force its operation in the unstable region – the so-called active stall control. Similar operating regime takes place 
while the system is started. So, the CFWT system should be able to operate in a broad range, covering most of the torque curve 
in Fig. 4. 

Note that in practice, due to inherent delays, a too high value of KpΩ can induce stability problems on the negative-slope 
region of the torque curve as the phase margin may become too small. Hence, value of KpΩ should in practice be chosen as a 
trade-off between closed-loop performances desired in the two above-described operating regions. KpΩ and TiΩ are solutions of a 
second-order system of equations which results from imposing some desired settling time and overshoot in closed loop, i.e., to 
transfer function (9) [32]. 

Note also that using this strategy for high water flow velocity values, where the power limitation is fully justified, leads to a 
strong increase of the generator and turbine torque. This appears to be a general phenomenon emphasized for stall-controlled 
fixed-pitch turbines immerged in any fluid (wind [33] or water [34]). As a consequence, generators should be torque over-rated, 
in order to allow such kind of operation (see data in the Appendix). 



 7 

 
VII.  OPERATION ASSESSMENT OF THE CFWT-BASED GENERATION SYSTEM 

A.  Water flow properties and measurement system 

This section presents some brief description of water flow properties, together with the measurement system used to quantify 
them. Their in-depth study is beyond the scope of this paper, but they are needed to understand the fluid-structure interactions 
and conditions of experimental results. An interested reader is referred to [24] and [35]. 

Related to homogeneity of water flow, the turbulence intensity I is defined as the ratio between the standard deviation of 
water flow velocity variations and the local averaged velocity. I depends of Reynolds number Re according to 

1250160 .Re.I −⋅= , where wDwRe ⋅= 0 , with 0w  being the free-stream water flow velocity, D the turbine diameter and w the 

water flow velocity experienced by the turbine. Typically, for a free-flow tube in laboratory conditions, turbulence intensity is 
between 2 and 10%. Note that in our case w is significantly increased due to fairings, which results in a small Reynolds number, 
therefore turbulence intensity is expected to be reduced. Hence, for the experiments reported here one can reasonable assume 
conditions of turbulence less than 10%. Border effects can also reasonably be neglected because canal shores are placed at more 
than two meters from a side and the other of the CFWT system (see CFWT and fairings dimensions in the Appendix). 

Water flow velocity is measured by means of two Doppler-effect-based transducers: the Acoustic Doppler Current Profiler 
(ADCP – mounted on a small trimaran ship) and an ARGONAUT SW transducer, installed 35 m upstream of the CFWT system, 
in order to account for the free-stream velocity. Supply and data cables connect this latter transducer to the energy supply and 
data logging system within the shelter. The ADCP allows to measure the components of water flow velocity on the three spatial 
coordinates. For quality sake, a homogeneity assumption about the velocity field is adopted at the level of this transducer; thus, 
if the three measures are too different, then the field is considered too disturbed and the measure is rejected, as considered false. 

B.  Stable vs. unstable operation 

Fig. 5a presents a case of unstable operation of the CFWT-based system. During the first tests on the prototype, unstable 
operation is characterized by mechanical vibrations of the whole structure, which are reflected in oscillations of the mechanical 
variables, such as rotational speed and torque. In this figure the rotational speed reference is a slowly-variable ramp – first 
increasing and then decreasing – for both towers composing the system. These oscillations have been predicted by theoretical 
analysis detailed in Section V; they are due to operation on the ascending zone of the torque characteristic (Fig. 4), where 
transfer function (7) has unstable poles. 

Rotational speed controller parameters must be computed so that the instability be cancelled in closed loop – in other words, 
the characteristic polynomial of transfer function (9) should be Hurwitz. Fig. 5a illustrates a case where controller proportional 
gain KpΩ does not meet condition (10) in all operating range. Under the same test conditions as in Fig. 5a, Fig. 5b shows the 
results obtained by doubling the value of KpΩ, in which system operates without oscillations. Rated values in these figures are 
those of generators (i.e., rated torque 468 Nm and rotational speed 330 rpm). Torque values are computed with (5), where qGi  is 

computed through Park transform based on generator’s three-phase current measures. 
 

a) 

0 50 100 150
-40

-20

0

20

40

60

80

Time (s)

%
 o

f 
ra

te
d

 

 

Torque 2
Rotational speed 2
Rotational speed 1
Torque 1

20 40 60 80 100 120
-60

-40

-20

0

20

40

60

80

%
 o

f 
n

o
m

in
al

 

 

Time (s)

Rotational speed1
Rotational speed2
Torque1
Torque2

b) 

%
  o

f 
 r

at
ed

 

 
Fig. 5. CFWT control at variable speed for the entire operating range: a) unstable operation; b) stable operation. 
 

These new controller parameters will be used for future tests; they are listed in the Appendix. 

C.  Steady-state characterization 

Based on results shown in Fig. 5b, which were obtained for water velocity of about 1.9 m/s, it is possible to reach a steady-
state operating point, hence to extract the various steady-state characteristics of CFWT towers. For sake of clarity, in this section 
power and torque evolutions are represented by positive values. Results in Fig. 6a show power vs. rotational speed steady-state 
characteristics, whereas those in Fig. 6b present torque vs. rotational speed steady-state characteristics, power values being 
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computed with (2) based on torque values previously obtained. Here also rated values are those of generators (i.e., rated power 
16.2 kW, rated torque 468 Nm and rotational speed 330 rpm). In both figures continuous thin lines correspond to measured 
points – smoothed by filtering – and dashed thick lines are identified by polynomial curve fitting. Polynomials representing 
power vs. rotational speed and torque vs. rotational speed dependences are given in (11) and (12), respectively. 

Power characteristic has a maximum value (22% ± 2%) that corresponds to a large rotational speed range (60% ± 10%) – 
denoted by ∆Ω in Fig. 6a – because of its flat shape around the maximum. The flat shape of this curve influences the 
convergence speed of MPPT algorithms [30], [36]. The experimentally-obtained characteristics from Fig. 6 are in good 
agreement with their theoretical counterparts – see [21] and Fig. 4. One can obtain from the maximum slope of the torque 
characteristic (traced for the rated water velocity value) the minimal proportional gain value, pK Ω , that stabilizes the system 

operation in the unstable region, according to (10). 

 ( ) -10 7 -8 6 -6 5 -4 4 3 3 21.7  4.6 10 4.7 10  2.3 10  5.1 10 0.056 0.18   0.12Py x x x x x x x x−= Ω = − ⋅ + ⋅ ⋅ − ⋅ ⋅ + ⋅ ⋅ − ⋅ ⋅ + ⋅ − ⋅ + , (11) 

 ( ) -10 7 -8 6 -6 5 -4 4 5 3 22.10  4.7 10 3 9 10  1.1 10  8 10 0.032  0.52   2.5Ty x x x x x x x x−= Ω = − ⋅ + ⋅ ⋅ − ⋅ ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ − ⋅ + ⋅ + , (12) 

 ( ) 7 6 5 4 3 20.018  0.23 1.1  2.3 2.4 1.2 0.17   0.005Cpy x x x x x x x x= λ = − ⋅ + ⋅ − ⋅ + ⋅ − ⋅ + ⋅ − ⋅ + . (13) 
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Fig. 6. Steady-state characteristics for both CFWT systems: a) power vs. rotational speed curves, b) torque vs. rotational speed curves. 
 

Other information as start-up torque, maximum torque, maximum power point value, etc., for a certain water velocity may 
also be extracted from the identified curves. 
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Fig. 7. Power coefficient as function of the tip-speed ratio. 

 

By using torque measured values and taking into account the turbine geometry, the dependence of the power coefficient on 
the tip speed ratio is also identified, by combining relations (1) and (2), as shown in Fig. 7. This figure allows the assessment of 
the maximum yield of the power take-off device and the associated operating conditions: the maximum value of the power 
coefficient Cp_max, as well as the corresponding tip speed ratio. The curve-fitting polynomial representing torque vs. rotational 
speed is given by (13), which can further be used in system modeling and simulations in various scenarios in order to predict 
system performance. 

Note that the power characteristic curve has been obtained by using (1), which gives the captured power in free-fluid 
conditions. That is, w in (1) represents the free-stream water flow velocity, whereas the velocity effectively experienced by the 
turbines is significantly increased due to fairings (see Section VII.A). Thus, formally speaking, (1) is no longer valid, and the 
captured power value is larger than predicted. However, by using a conceptual abuse, one may state that this corresponds to an 
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increase in the power coefficient value, if computed by using the same equation as in the free-flow conditions. This explains the 
unusually large value of the power coefficient Cp (much larger than results predicted by Betz’s theory [37]). Note that Cp 
evaluation while taking into account that fairings increase the projected cross-flow surface would give results coherent with 
Betz’ theory. So, for the studied system, λopt is approximately 2.5 and Cp_max is close to 1. This is coherent with the results in 
[24], where the global Cp averaged on a complete rotation of an Achard turbine without fairings is reported to be 0.49 at optimal 
λ = 1.8, whereas with fairings Cp reaches 1.272 for optimal λ = 2.5. 

D.  Maximum power point tracking (MPPT) 

Here, a gradient-based method of maximum power point tracking (MPPT) was implemented for a single tower, where the 
rotational speed reference is updated every Ts seconds by: 

( ) ( )
1

1 1 1sgn sgn
k

k

t

k k MPPT k k k k

t

K P P
−

− − −Ω = Ω + ⋅ − ⋅ Ω − Ω∫ , (14) 

where index k denotes successive discrete time points such that 1s k kT t t −= − , with kΩ  and kP  being rotational speed and power 

values at time kt , respectively, and coefficient MPPTK  being responsible for the convergence speed. Measured values of 

rotational speed and power – computed as the product of rotational speed by torque – were low-pass filtered with a time constant 
of 1 s in order to eliminate high-frequency noise. This time constant must be taken into account in setting the value of Ts, which, 
for its part, influences choice of KMPPT. Fig. 8 presents results obtained when both generators operate at MPPT independently 
under almost constant water velocity, where the rated rotational speed is that of the generators (i.e., 330 rpm). For this test, the 
convergence speed parameter was chosen KMPPT = 1. It clearly appears that the MPPT convergence speed is good. However, 
value of KMPPT should ideally be decreased as system approaches the MPP. 

 
Fig. 8. Evolution of main variables when both towers are operated at MPPT. 

 

This figure also shows that, in order to reach the maximum power on both generators (the two maximum power values are 
typically very close), the MPPT controller imposes different speed references: the rotational speed of the first tower is increased, 
whereas for the second one it is decreased. This is due to multiple reasons, one of which may be that towers shadows each other, 
hence each of them is placed in the wake of the other. In-depth study of these aspects is a point of future research. Second, their 
power and torque characteristics are not precisely the same because of differences between hydrodynamic characteristics of the 
two towers. The real maximum power point is slightly offset on each tower in relation to the theoretical maximum power point. 
Another reason is the flat shape of the power curve around its maximum. So approximately the same power value (close to 
maximum) is obtained for a large variation range of rotational speed (see also Fig. 6a). As mentioned above, adaptive versions 
of MPPT – where gain KMPPT is made variable depending on the distance from MPP – may be employed in order to determine 
more precisely the MPP rotational speed. 

E.  Synchronization between the two towers 

The system is composed of two independent towers which can be synchronized in both speed and position, whenever the 
application would require such synchronization; real-time validations of control results for this case are reported in [22]. 
Synchronization supposes that rotational speeds of towers are equal, but also their positions (orientation angles in relation with 
same reference position). Such synchronization may be necessary for reducing mechanical loads and also turbulence intensity 
due to the wake effect [24]. It is possible to synchronize the two towers by using the master-slave principle: the slave tower will 
follow the actual speed and actual position of the master tower. It is also possible to keep positions of the two towers shifted by 
a nonzero angle offset. 

Fig. 9 shows how the position error – defined as the difference between positions of the two towers – evolves when the angle 
offset reference is set to zero and master’s rotational speed increases as a slowly-variable ramp. Fig. 10 shows evolution in 
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response to a step change of angle offset reference from zero to π. The position error is close to zero and the two rotational 
speeds are only slightly impacted. During normal operation, the offset angle may suffer variations less abrupt than a step, which 
means that the impact on main variables is even slighter. 

0 50 100 150 200

0

20

40

60

80

Time (s)

 

 

Position error (degrees)
Rotational speed1 (% of rated)
Rotational speed2 (% of rated)

 
Fig. 9. Rotational speeds and position error of towers when these are synchronized according to the master-slave principle. 
 

 
Fig. 10. Illustration of response to step change of angle offset in synchronized operation. 

F.  Synchronization with MPPT 

This section discusses results when the two towers are synchronized and the master tower is operated at MPPT. Note that, 
when the system is in MPPT mode, the speed reference is continuously updated, which renders the synchronization more 
challenging than in other cases. It is reasonable to consider that the angle offset does not normally vary step-like or too fast. A 
continuous triangle variation of the angle offset reference is applied to validate the synchronization loop with MPPT. The result 
of this test is shown in Fig. 11. 
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Fig. 11. Time evolutions of main variables when the two towers are synchronized and the master tower is in MPPT. 
 

The MPPT allows the system to track changes in the water velocity, which is reflected in rotational speed variations. The 
position error is corrected to zero despite the continuous variation of the angle offset reference. These results are perfectly 
coherent with real-time simulations results in [22]. 
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VIII.  CONCLUSION 

This paper reported on the basic operation assessment of electrical power generation using a system based on cross-flow 
water turbines. The specific power take-off system is composed of two towers – each of which is composed of four piled-up 
cross-flow water turbines – which rotate in opposite senses. Fairings have been added to the resulted generation system in order 
to increase its global efficiency. A 1:1 prototype was built based on industrial equipment, in order to allow electrical power 
conversion tests in a real-world setup. 

Real-world results confirm preliminary conclusion concerning both steady-state and dynamical characteristics, as issued from 
previous modeling assessments and simulations. These results illustrate power generation chain operation and allow global 
efficiency estimation of the CFWT-based prototype system. System mechanical characteristics – torque vs. rotational speed and 
power vs rotational speed – as well as power coefficient curve were traced; they confirm simulation results previously obtained. 
Certain elements regarding dynamical behavior of CFWT-based system – e.g., movement equation – were also validated. 

 

IX.  APPENDIX 

CFWT system data: Radius R = 0.25 m, Height of a single turbine = 0.5 m, Output rated power 16 kW at water flow velocity 
2.8 m/s, Maximum power coefficient Cp_max = 0.95, optimal tip speed ratio λopt = 2.7. 

Canal: width = 8 m, depth = 4 m, rated flow rate = 70 m3/s for water velocity at 2.2 m/s. 
Fairings: Profile EPPLER-420, Chord length = 1 m, Incidence angle (angle of attack) = 15° (see Fig. 12). 

 

 
Fig. 12. Transversal view of the two towers and their fairings [24], [35]. 

 
PMSG and electric specifications: Rated power 16.2 kW, Rated rotational speed 330 rpm, Rated torque 468 Nm; Dump load 

34.1 Ω, Dump load power 15 kW, DC-link voltage 690 V. 
Measurement system: Doppler-effect-based fixed acoustic transducer (Sontek ARGONAUT SW) for water velocity between 

0.3 m/s and 5 m/s; on-generator-shaft encoders/resolvers for turbines’ rotational speed; three-phase generator current 
transducers. 

Control specifications: dq current PI controller: Proportional gain 30, Integral gain 15 s-1; Rotational speed PI controller: 
Proportional gain 60, Integral time constant 100ms; MPPT parameters: Ts = 5 s, KMPPT = 0.25 ÷ 1. 
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