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|dentification and control of a river-current-tunei generator —
application to a full-scale prototype

Matthieu Hauck, Axel Rumeau, Antoneta luliana Buat8eddik Bacha, Iulian Munteanu, Daniel Roye

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 conditionsin 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 asangular position synchronization have also been validated.

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

|. NOMENCLATURE
T, By Q; turbine torque, power and rotational speed

w, A, Cp water flow velocity, turbine tip speed ratio armer coefficient
Ry, Hy turbine radius and height
J CFWT-PMSG coupling inertia
D parameter embedding CFWT'’s viscous friction andimaaical characteristic slope
Qg Tg generator rotational speed and torque
Kg, Ko torque and e.m.f. constants
iqG- lda dg generator currents
Kog: Ko rotational speed controller proportional and inkégains
[I. INTRODUCTION

In recent years renewable energy conversion systhewes demonstrated their potential as sustaindigimative to the classical
electrical power generation technologies. An intensesearch effort has been conducted in ordextend the exploitation
range of the free and inexhaustible natural resmurds the marine currents and river flows repreaesignificant renewable
energy potential all around the world, new hydmauwapturing devices that enable harvesting of thieseurces have been
developed in the last years [1], [2], [3]. All tleedevices harness the water flow energy with mihiemxironmental impact,
involving the use of limited-span civil engineerisguctures for conditioning the incoming flows.i§lhdvantage comes with a
drawback consisting in the incompatibility betweba irregular, erratic, non controllable and ofterpredictable nature of the
primary energy resource on a hand, and safety remeints, the load demandsd, supposing continuity of service at a given
power level) and increasingly restrictive grid ceden the other hand. However, this situation mayaleviated by means of
the power generation control either by using pibtadlades or by controlling the electrical generatt variable speed through
the associated power electronics interface. Theofisich generators that have quite reduced poatérgs, but important
territorial spreading is issued from the new pagadiof distributed electrical power generation, regeappeared within the
energy market context. Generator control is impuria both off-grid mode (stand-alone microgrid) [@nd also in grid-
connected applications, for providing ancillary vsegs, such as improving power system stabilitydamping inter-area
oscillations [5], [6].
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Water-turbine-based generation systems installediviers, generally named as microhydro power plaote various
resource capturing devices depending on each platiapplication. For instance, microhydro powean$ use some classical
designs such as (semi) Kaplan or Francis wateiinesh but the marine-current or river-flow genematsystems uses more
modern designs such as axial-flow [7], [8], veftiaais [9], [10] or cross-flow water turbines (CFWTL1], [12]. Their
particular set-up — free-water-flow conditions vanantly requires the use of modern electricalegator control techniques
such as vector control, variable-speed control,imasm power point tracking (MPPT) [2], [8], [13], wdh may generally be
found in renewable power generation technology.

However, as their technology cannot yet be consttienature, these new power generation conceptspreedl of concept
validation and thoroughly operation assessmergjgaiificant power rating levels. The associateeréiture offers information
about prototypes which are built prior to verifyethiability of various hydrodynamic concepts modtby axial-flow water
turbines [14], [15]. CFWT-based prototypes, devetbppon variations of Darrieus turbine concept as® present [16].
CFWTs have several advantagesthe axial-flow ones such as smaller cavitatiori,[Insensitivity to changes of water flow
direction, simpler mechanical structure, and madegillle power generation system. With respect t@laxirbines, CFWTs
present non-negligible drawbacks such as pulsdtirigne torque, lower starting torque and lower powoefficient. Recent
comprehensive reviews of hydrokinetic turbine textbgy can be found in [18]-[20].

The work presented in this paper deals with a p@geeration system prototype built using the Achardine developed in
[12] that operates in real-world conditions proddey a controlled water stream. Its original hydmegimic and mechanical
design strives to fully use the advantages of CFWHile minimizing its drawbacks.

Previously-done computer simulation of hydrodynaméhavior and capabilities of the Achard turbing éinen tests at
reduced scale in laboratory-controlled water str¢ahj have predicted the main steady-state and diged features of the
concerned turbine system. Computer simulationfeftarbine-electrical generator coupling and thieysjcal hardware-in-the
loop tests have already anticipated variable-spegdbilities and grid-connected operation of theceoned power generation
system [21], [22].

This paper reports the demonstration at full seaie operation assessment of a power generatioansyisased upon the
Achard CFWT, in real-world conditions, with focus @spects of electrical power conversion. Main bdpas of a 1:1
prototype have been briefly described in [23]. Bdarbine modeling validation together with turbisystem hydro-dynamical
characterization and generator control technigeesssment are also targeted. The focus is onietqiower generation and
control, while mechanical issues — such as mechhritteraction in between different components,pldisement or
deformation of the whole structure — are beyondsttape of this paper.

This paper is structured as follows. The next sectthe third, describes the CFWT-based power g¢ioer system, while
Section IV describes the prototype. Section V tesidetails about the basic operating regimes lagid associated control
structures. Section VI presents system modelingasprom the hydro-mechanical point of view. SmetVIl presents and
discusses the experimental results concerningwsperation modes. Section VIII concludes the pape

I1l. POWERTAKE-OFFSYSTEM

The prototype uses a prime mover based upon tee-tiladed vertical-axis Achard turbines with stnaiblades [12], [24]
(Fig. 1a). This Achard turbine resulted as an elamtuof Darrieus and Gorlov turbines; it has flyingng-shaped blades fixed
on the rotation axis by means of profiled centredsa

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

In order to achieve better performance and to @mraecthe drawbacks inherent to vertical axis turbireecomplex power
take-off device has been built, as follows. Fifstr three-bladed CFWTSs, have been pilled-up ihtogame shaft, the obtained
structure being called a CFWT tower. In order tasth the mechanical torque, each turbine has hestalled with angular
position shifted witht/2 with respect to the previous one, thus achiearspatial filtering of the output power, using t@ne
idea as in [22]. In this way one may consider thatturbine power coefficient is almost constargspective of the turbine’s
position with respect to the water flow direction.

A CFWT tower directly drives a permanent synchrangenerator, situated in its lower part (Fig. XBgnerators are thus
immerged into water; this solution has been chasaimly because some cooling system is thus no tongeded. Another
choice would be to place generators on tower temdocloser to mainland equipment, thus allowingieamaintenance. Two
CFWT towers which rotate in opposite senses areedlaide by side into the same structure. Prevaoatysis has shown that,
by using this structure, structural loads may bevadted in certain operating regimes [24]. Thitlde two CFWT towers are
encompassed by fairings. This results in increasiegupstreanys-downstream differential pressure of the CFWT tqwleus
allowing increased power capture for certain watarditions.
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Fig. 1. a) Three-bladed Achard CFWT with straiglatles; b) power take-off structure: two adjacent\dRowers, each with four piled-up turbines [21].

IV. PROTOTYPEDESCRIPTION

A. Overall architecture

This section presents the architecture of the gaioer system with focus on the power capturing dewand on electrical
power generation subsystem. In order to facilitatbines testing, the prototype has been instatledheadrace canal feeding a
hydroelectric plant. Such choice allowed the aniclyps on riverside or river bed — problem beingided (Fig. 2a). Also, one
can set up the water stream speed by using aleastyng canal flow control systems.

The supporting frame (left side of Fig. 2) spansrdhe canal. It has a fastening system which allmtation and translation
motions of turbine assembly — the two CFWT towelig erder to enable easy immersion into water, ajpen, parking and
maintenance. Water velocity is measured by meana fiked acoustic transducer (Sontek ARGONAUT SWhjicl uses
Doppler effect and is designed to work in slow wdliavs (between 0.3 m/s and 5 m/s). The channéémzelocity is adjusted
by using the specific equipment at the downstregdndelectric power plant.

Electrical generators - =
Fig. 2. a) Main components of CFWT-based prototylpe:supporting frame, 2 — electrical equipmenttehe3 — CFWT towers immerged into river canal; b)
Details concerning power take-off device: 4 — tnebassembly with turbines piled-up in towers, eieat generators and fairings.

B. Electrical subsystem

The electrical subsystem of a CFWT tower is presgim Fig. 3; it contains a three-phase permanegrat synchronous
generator (PMSG) coupled directly to the CFWT shHffis PMSG, specifically customized for the prgps, is characterized
by the ability of developing large torque at smathtional speeds. It exhibits constant torque @veide rotational speed range
in order to provide good efficiency irrespectivetiogé operating point [26]. This generator is irdedd with the local power grid
by means of an AC-DC-AC power electronics convewhich is implemented by using Parvex SSD AC df®/é. The two
CFWT systems corresponding to each Achard CFWT rtavithin the prototype have the same structure @mdconnected to
the Diesel-generator terminals.

The AC drive contains a three-phase diode rectifiddC-link and an inverter (Fig. 3), as being ithguired configuration for
PMSG motoring operation. This however does not gmethe electrical machine operation in generatoden provided that
DC-link power is properly evacuateidg, its voltage,v,. , is maintained at a constant value).

The entire prototype operates off-grid, but on-gnéération conditions are emulated so that theesygflobal objectives and
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behavior to fit the on-grid operation. Thus, a &phase Diesel-generator set [28] is used in #w-8p phase to energize the
DC-link. Once the DC-link is energized, there ispuwer exchange between the Diesel-generator ancethainder of system,
so the generator-rectifier pair behaves like belisgonnected from the DC-link.

The DC-link being energized (at a convenient seﬂpmdaltage,vfjc), the power electronics present in the AC driveves

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

It is noteworthy that in generation mode the AG/drilraws current from the PMSG, thus increasing@dink voltage up
to the point where diodes from the uncontrolledifiec become blocked. Therefore, the AC power juted by the Diesel-
generator set is used only in the phase of enegyitie DC-link. Further, while the system operatesormal conditions, the
DC-link voltage is regulated to a constant valuenisans of a chopper (DC-DC step-down converter) 2@dink in-excess
power is evacuated to the dump load (full-poweeddiraking resistor in Fig. 3).

Recall that the prototype operates in a remote, dnethe absence of power grid. As explained beftrs quite complex
setup has been conceived such to provide the sam®m@ement to the ensemble PMSG-inverter as ingttd-connected case.
One can note that this requirement holds as thdidCroltage is maintained constant (consequencehopper action) at the
rated value. Thus, the CFWT system may be opesdtedriable speed exactly as in the grid-connectede, by employing the
versatility of torque-controlled PMSG.
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™ control Drive ! second .CFW
CFWT : ACBO0SD | rsiimgcneration
generation ! J7 T E system
H MPPT '
system ) 1| Torque H
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Fig. 3. Diagram of the prototype energy conversibain for a single CFWT tower.

V. BASIC OPERATION ANDASSOCIATEDCONTROL STRUCTURES

In this paper focus is on the CFWT tower variabperation, whereas the grid-connection behavioff iess interest. This
mainly supposes - at the outermost level - thetiostal speed management with respect to the wateditons. Classical
cascaded control structure is used in order toegehihe specified goal. This structure is impleraeriy using the proprietary
Parvex SD drive software. The innermost contralcitire deals with the active and reactive curremmonents control, and is
built by using the PMS@q modelling. The rotational speed control is basededback from an incremental encoder (as in
[22]) and is designed to have significantly slowlgnamics than the current control loops.

While the built-in low-level current and rotationgpeed loops have been modified only by configutimg controllers’
parameters, the outer loops that output the rotatispeed set point have been entirely built. Thes®us outer loops have
different objectives and implement system supeswigstart-up, switch between manual, test and aaticrmodes, etc.), MPPT
algorithms and so on. The functionality of thesepl® may be overviewed in Fig. 3. Finally, it is maged that the angular
position between the two CFWT towers of prototype dontrolled with respect to an imposed criteribattmay include
reduction of mechanic and hydrodynamic stressdsilly-functional monitoring system has been implereal into the Parvex
software, allowing real-time modification of assated control parameters, operating modes and refesehrough the software
interface.

The grid-connection system uses a diode-basedyneontrolled) grid-side converter — located atsthe Parvex SD drive.
In order to maintain constant DC-link voltage, thenerated electrical power is evacuated from D& by the DC-DC
converter (chopper) into the dump load. DC-linktagk regulation is implemented by a hysteresisroblaw which drives the
chopper switches. Note that, rigorously speakihig, tconfiguration is not representative of an oidkgeneration system, as in a
genuine grid-connected system — such as withinaagiid — an inverter should normally be presentrider to allow power
injection into the grid.



VI. MODELLING AND ROTATIONAL SPEEDCONTROLASPECTS

The cross-flow water turbine is derived from therfiaus turbine ([11], [17]) and has been mainly eleped in [12]. The
extracted mechanical power depends on the waterfidocity cubed and on the turbine parameterspraig to the classical
concept of actuator disc operating in free-fluishditions:

R =0.5pLC, ()5 OV (1)

where p andw are the water density and free-stream water flelwaity respectivelyC, is the power coefficient an8, is the
area of turbine longitudinal section, computed Hase the turbine radiusR;. , and the turbine heightd,, asS; =2R OH;.
The power coefficient is a function of the tip speatio, A, defined as:A = (RTQT )/W where Q; is the turbine rotational

speed. Power coefficient curve — which expressedtttbine energy efficiency — has been assessprkeinous works — see for
example, [21] — as being unimodal in relation te thrbine’s rotational speed for a given water flegocity. CFWT shaft
torque expression is obtained from the extractedepoas

T, =R/0,. @

Note that the same relations hold for the case GF®T tower, provided that tower’s power and torgue obtained by
summing-up individual turbines’ power and torquéuea, respectively.

—— Torque characteristc MPP
— Power characteristig

water speed

Unstable Stable
zone zone
/ Qll : Q2

Rotational speed Q,;

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

Next, notations refer to a CFWT tower. The PMSGliigectly driven by the CFWT tower; the motion edqoatof their
coupling is

I =T, (Qr W)- F @y —Tg, @3)

with J being the inertia of the tower-PMSG couplifig, being the generator electromagnetic torque fabeling the viscous
friction coefficient.

In Fig. 4, one can see the power and the torqueactaisticsvs the rotational speed for a given value of theew@iow
velocity, both of which are unimodal, similar tceticase of wind energy conversion systems [30] aadn@ current turbines
[31]. This shows that the system model is non lintkee turbine torque being a nonlinear functiomatétional speed and water
flow velocity; hence a classical linear controlsture requires model linearization around a stesdte operating point.

Based on Fig. 4, for a given water velocity valsigpposed known and constant, and a given rotatgpeed valueg; the

expression of torqu&; may be obtained by tangent linearization arourdgilren operating point as a linear dependencheof t
rotational speed); :

Tr =T+ K@y, (4)

where Ty is the torque at zero speed — supposed constant K =0T, /0Q, is the mechanical characteristic’s slope. One

can note that slop€ depends on the current operating point; more&ver0 for the ascending part of the torque curve l&rd
0 for its descending part.

As briefly described before, the PMSG is vectortogted by using thelg model frame, [8], [29]. By maintaining the direct-
current componentif) at zero (field oriented control), the PMSG tordsirectly proportional with the quadrature (a€ji
current {ye):



TG = KG |]qG, (5)

whereKg is the torque constant. By replacing the expressid; andTg given by (4) and (5) into (3) one obtains

I - (K= )@y =Tro - Kg e s (6)

where notationD =K — f can be used to denote a global parameter desgtincombined effects of the torque characteristic
slope and the friction coefficient.

By considering the variations around the steadfesiperating point, the dynamic transfer from the@entg-componentigg,
to the tower rotational speef; , can be characterized by the transfer function

0.9 K
"% 9 D )

Open-loop transfer function (7) denotes a parametering system because paraméeraries mainly due to the variability
of the torque curve’s slope with the rotational speed (frictions being negbegt Further, recall that transfer function (7) has
been obtained for a fixed value of the water veéypaivhereas for other water velocity values bothapeeterK andf change. In
conclusion, parameted = K — f varies with both the rotational speed and the mfiger velocity. Another important remark is
that — frictions being neglected — in the regiomresponding to a positive slop€,> 0, the transfer function (7) is unstable.
Also, note that the instability effect is more autteated as the friction is smaller.

Instability of operating points placed on the aslieg part of the torque curve can only be cancdigdontrol actioni.e., in
closed loop. Transfer function (7) suggests thatrtdtational speed can be controlled by a Pl ctiatrevhose proportional gain
determines the closed-loop system’s stability. Tifute PI controller’'s transfer function is

Ho(9) = Ko (14 /(T 9) ®)
then the closed-loop transfer function becomes:

T, B+1
Ho(s) = i
— ‘]TQ E2+T D
KoK o | KeK g

©)

+1]|:S+1

Operating point change causes variation of param&e Equation (9) shows that the closed-loop bandwidth
w, :1/—K,DQKG/JTiQ does not depend on the operating point. This igh®case for its damping coefficient, which hoarev

varies slightly for a sufficiently high absolutelwa of loop gain,K . Algebraic stability criteria show that, in ordfar

dynamical system (9) to be stable for any operapo@t, the gainK,, <0 and moreover its absolute value should be
sufficiently large:

|K o] > D/ Ks (10)

where D,,,, corresponds to the maximum value of slope in th&table region of the turbine torque characterifticall water

flow velocities. Fig. 4 suggests that a typical ipieg point will be placed on the negative slofehe torque characteristic,
i.e., around the maximum power point. However, as thbie blades are not pitchable, and the turbimesnat allowed to
operate in very high rotational speed range, the possibility of reducing the turbine captured jgovs to reduce its rotational
speed and to force its operation in the unstalg@mne— the so-called active stall control. Simitgrerating regime takes place
while the system is started. So, the CFWT systeonlghbe able to operate in a broad range, coverast of the torque curve
in Fig. 4.

Note that in practice, due to inherent delays, mhigh value ofK,, can induce stability problems on the negative-slop
region of the torque curve as the phase margin meapme too small. Hence, valueKf, should in practice be chosen as a
trade-off between closed-loop performances desiréide two above-described operating regid¢fs. andT, are solutions of a
second-order system of equations which results froposing some desired settling time and overshootosed loopj.e., to
transfer function (9) [32].

Note also that using this strategy for high watewfvelocity values, where the power limitationfisly justified, leads to a
strong increase of the generator and turbine torfjbis appears to be a general phenomenon emptdsizstall-controlled
fixed-pitch turbines immerged in any fluid (wind3[Bor water [34]). As a consequence, generatorsldhme torque over-rated,
in order to allow such kind of operation (see datthe Appendix).



VII. OPERATION ASSESSMENT OF THEFWT-BASED GENERATION SYSTEM
A. Water flow properties and measurement system

This section presents some brief description oEwtbw properties, together with the measuremgstesn used to quantify
them. Their in-depth study is beyond the scopéhisf paper, but they are needed to understand aitestructure interactions
and conditions of experimental results. An intezdstader is referred to [24] and [35].

Related to homogeneity of water flow, the turbukeiatensityl is defined as the ratio between the standard tieniaf
water flow velocity variations and the local averdgvelocity. | depends of Reynolds number Re according to
| = 016[Re %, where Re=w, [D/w, with w, being the free-stream water flow velociy,the turbine diameter and the
water flow velocity experienced by the turbine. itglly, for a free-flow tube in laboratory conditis, turbulence intensity is
between 2 and 10%. Note that in our cade significantly increased due to fairings, whrelsults in a small Reynolds number,
therefore turbulence intensity is expected to liced. Hence, for the experiments reported herecanereasonable assume
conditions of turbulence less than 10%. Borderatéfean also reasonably be neglected becausestaak are placed at more
than two meters from a side and the other of th&/TEystem (see CFWT and fairings dimensions inAppendix).

Water flow velocity is measured by means of two plepeffect-based transducers: the Acoustic Dop@lemrent Profiler
(ADCP — mounted on a small trimaran ship) and ailGERIAUT SW transducer, installed 35 m upstream efGFWT system,
in order to account for the free-stream velocityp@y and data cables connect this latter transdiacthe energy supply and
data logging system within the shelter. The ADOBved to measure the components of water flow vigfamn the three spatial
coordinates. For quality sake, a homogeneity assampbout the velocity field is adopted at theelesf this transducer; thus,
if the three measures are too different, thenitdd fs considered too disturbed and the measuegdsted, as considered false.

B. Stable vs. unstable operation

Fig. 5a presents a case of unstable operationeoCHWT-based system. During the first tests onpiteeotype, unstable
operation is characterized by mechanical vibratiafthe whole structure, which are reflected inilkesttons of the mechanical
variables, such as rotational speed and torquéhignfigure the rotational speed reference is avistwariable ramp — first
increasing and then decreasing — for both towenspesing the system. These oscillations have beediqted by theoretical

analysis detailed in Section V; they are due torajpen on the ascending zone of the torque chaiatite(Fig. 4), where
transfer function (7) has unstable poles.

Rotational speed controller parameters must be atedpso that the instability be cancelled in clokeg — in other words,
the characteristic polynomial of transfer functi® should be Hurwitz. Fig. 5a illustrates a caseske controller proportional
gain Ky does not meet condition (10) in all operating mrignder the same test conditions as in Fig. 5&, 3 shows the
results obtained by doubling the valuekgh, in which system operates without oscillationstelavalues in these figures are
those of generators €., rated torque 468 Nm and rotational speed 330.rporgue values are computed with (5), whige is

computed through Park transform based on genesataee-phase current measures.

80, ‘ : [
——Torque 2 80
6ok — Rotational speed 2
— Rotational speed |1 60
— Torque 1
40- 7 40r
8
= B 20 —— Rotational speed(L
% 20+ < —— Rotational speedR
N S of — Torquel
0 N — Torque2
20r
-20r 40
_40 s : . ‘ ‘ ‘ ‘ ‘
0 50 100 150 60 20 40 60 80 100 120
Time (s) Time (s

Fig. 5. CFWT control at variable speed for therentiperating range: a) unstable operation; b) stajpération.
These new controller parameters will be used farrfutests; they are listed in the Appendix.
C. Steady-state characterization

Based on results shown in Fig. 5b, which were oethifor water velocity of about 1.9 m/s, it is gbksto reach a steady-
state operating point, hence to extract the varsbeady-state characteristics of CFWT towers. Bke ®f clarity, in this section
power and torque evolutions are represented byipesialues. Results in Fig. 6a show powsrrotational speed steady-state
characteristics, whereas those in Fig. 6b presmqueé vs. rotational speed steady-state characteristics,epaalues being
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computed with (2) based on torque values previoabtgined. Here also rated values are those ofrgeme {.e., rated power

16.2 kW, rated torque 468 Nm and rotational speg@ rpm). In both figures continuous thin lines espond to measured
points — smoothed by filtering — and dashed thiokd are identified by polynomial curve fitting. liAzomials representing
powervs.rotational speed and torqus.rotational speed dependences are given in (11j#)drespectively.

Power characteristic has a maximum value (22% = @f4{) corresponds to a large rotational speed r@@# + 10%) —
denoted byAQ in Fig. 6a — because of its flat shape aroundnfaimum. The flat shape of this curve influences th
convergence speed of MPPT algorithms [30], [36]e Téxperimentally-obtained characteristics from F8gare in good
agreement with their theoretical counterparts —[24¢ and Fig. 4. One can obtain from the maximuope of the torque
characteristic (traced for the rated water veloeajue) the minimal proportional gain valuk,,, , that stabilizes the system

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

Ve (x=Q)=-17"IK+ 46000~ 470160+ 2B 1¢0x*~ 51 1Wx* 0.056~ ae+ 2 (11)
¥ (x=Q)=-2.10" X + 41010 x°~- J@160°+ 10 1é0x*+ [B 180x- 0.038%  Ob2+

. (12
Yep (X=A)=-0.018X + 028X - 10X+ 2BxX- 2@X+ 1UKX- O0.0K+ 0.C (13)
25,
40r “
= 20r %\ 7 S
5] =
T S 301 =
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5t ==~=Powerl curve identification = 10+ 4 === Torquel curve identification
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Fig. 6. Steady-state characteristics for both CR§Stems: a) powers.rotational speed curves, b) torquerotational speed curves.

Other information as start-up torque, maximum tetgmaximum power point valuetc, for a certain water velocity may
also be extracted from the identified curves.

1

0.8
€
0
il
g 0.61
Q
o
g o4
o
a
0.2r —— Cp1 curve identification |
— Cp2 curve identification
G I I I I

0 0.5 1 15 2 2.5 3 3.5
Tip speed ratio
Fig. 7. Power coefficient as function of the tipesg ratio.

By using torque measured values and taking intowtcthe turbine geometry, the dependence of theepagoefficient on
the tip speed ratio is also identified, by combgnielations (1) and (2), as shown in Fig. 7. Thasife allows the assessment of
the maximum yield of the power take-off device ahd associated operating conditions: the maximulaevaf the power
coefficientC, max as well as the corresponding tip speed ratio. divee-fitting polynomial representing torqus rotational

speed is given by (13), which can further be usesystem modeling and simulations in various sdesan order to predict
system performance.

Note that the power characteristic curve has bemaireed by using (1), which gives the captured poimefree-fluid
conditions. That isw in (1) represents the free-stream water flow viglpavhereas the velocity effectively experiencegdthe
turbines is significantly increased due to fairifgee Section VII.A). Thus, formally speaking, {¢)no longer valid, and the
captured power value is larger than predicted. Heweby using a conceptual abuse, one may statehisacorresponds to an
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increase in the power coefficient value, if compuby using the same equation as in the free-flomditmns. This explains the
unusually large value of the power coeffici€ly (much larger than results predicted by Betz's the87]). Note thatC,
evaluation while taking into account that fairingsrease the projected cross-flow surface would giesults coherent with
Betz’ theory. So, for the studied systekg,, is approximately 2.5 an@, mais close to 1. This is coherent with the results in
[24], where the globaC, averaged on a complete rotation of an Achard merlwithout fairings is reported to be 0.49 at opdim
A = 1.8, whereas with fairings, reaches 1.272 for optimal= 2.5.

D. Maximum power point tracking (MPPT)

Here, a gradient-based method of maximum powert gacking (MPPT) was implemented for a single towehere the
rotational speed reference is updated elfggeconds by:

t
Q= Qs+ [ Kyppr BON(P= Py ) B59HQ = Q ), (14)
t

k-1

where index denotes successive discrete time points suchithat, —t,_, , with Q, and B, being rotational speed and power
values at timet,, respectively, and coefficienK,,.,; being responsible for the convergence speed. Medsualues of

rotational speed and power — computed as the praductational speed by torque — were low-paderfid with a time constant
of 1 s in order to eliminate high-frequency noiBhkis time constant must be taken into account ttingethe value ofls, which,
for its part, influences choice #fyrpt. Fig. 8 presents results obtained when both gesrsraperate at MPPT independently
under almost constant water velocity, where thedrabtational speed is that of the generatioes 830 rpm). For this test, the
convergence speed parameter was chésgpr = 1. It clearly appears that the MPPT convergespmed is good. However,
value ofKyppr should ideally be decreased as system approdohddRP.

80, : : ;
|—- Water Speed x10 (m/ls)
60|

40r — Rotational Speed1 (% of rated)
20 — Rotational Speed?2 (% of rated)
0 — Powerl (% of rated))
— Power2 (% of rate|
-20F i
-40 L L L L L L
0 50 100 150 200 250 300 350

Time (s)
Fig. 8. Evolution of main variables when both tosvare operated at MPPT.

This figure also shows that, in order to reachrtteximum power on both generators (the two maximomey values are
typically very close), the MPPT controller imposkerent speed references: the rotational speedeofirst tower is increased,
whereas for the second one it is decreased. Thisato multiple reasons, one of which may be thatrs shadows each other,
hence each of them is placed in the wake of theroth-depth study of these aspects is a pointitofré research. Second, their
power and torque characteristics are not precitbelysame because of differences between hydrodgnamracteristics of the
two towers. The real maximum power point is sligttffset on each tower in relation to the theomdtimaximum power point.
Another reason is the flat shape of the power camerind its maximum. So approximately the same posxtie (close to
maximum) is obtained for a large variation rangeatétional speed (see also Fig. 6a). As mentiaiEVe, adaptive versions
of MPPT — where gaiyppt is made variable depending on the distance fron® MRnay 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 toweishadan be synchronized in both speed and positidrgnever the
application would require such synchronization;l-teme validations of control results for this caaee reported in [22].
Synchronization supposes that rotational speedsvedérs are equal, but also their positions (origmtaangles in relation with
same reference position). Such synchronization beapecessary for reducing mechanical loads andtatbalence intensity
due to the wake effect [24]. It is possible to dymmnize the two towers by using the master-slaireciple: the slave tower will
follow the actual speed and actual position ofrtiester tower. It is also possible to keep positioithe two towers shifted by
a nonzero angle offset.

Fig. 9 shows how the position error — defined asdifference between positions of the two toweevelves when the angle
offset reference is set to zero and master’s mtati speed increases as a slowly-variable ramp. Ieigshows evolution in
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response to a step change of angle offset referieose zero tort The position error is close to zero and the tetational
speeds are only slightly impacted. During normaragion, the offset angle may suffer variations lalsrupt than a step, which
means that the impact on main variables is eveghtsli.

80r 1
60r 1
40r 1
20! —— Position error (degrees) |

= Rotational speedl (% of rate

— Rotational speed2 (% of rate

0 S ¥

0 50 100 150 200

Time (s)
Fig. 9. Rotational speeds and position error ofei@when these are synchronized according to tiseemslave principle.

40 20C

— Rotational-speed..1 (% of rated)
— Rotational speed 2 (% of rated)

15C

10C

5C

------- Position offset (degreés)

2TOO 120 140 160 180 200 220 240 260
Time (s)

Fig. 10. lllustration of response to step changangfle offset in synchronized operation.

F. Synchronization with MPPT

This section discusses results when the two toaerssynchronized and the master tower is operdatéP®T. Note that,
when the system is in MPPT mode, the speed referencontinuously updated, which renders the syrihation more
challenging than in other cases. It is reasonabEohsider that the angle offset does not normadly step-like or too fast. A
continuous triangle variation of the angle offsfierence is applied to validate the synchronizatop with MPPT. The result
of this test is shown in Fig. 11.

60 | | — Rotational Speed1 (% of rated)

Y | — Rotational Speed2 (% of rated)
T— Powerl x3 (% of rated)
| | — Power2 x3 (% of rated)
— Water speed x20 (m/s)
o — Position error (degrees)
Position offset reference

20! 1 x0.1 (degrees)
.40\WMWWM

0 100 200 300 400 500
Time (s)

Fig. 11. Time evolutions of main variables whentiie towers are synchronized and the master tosvier MPPT.

40

20

The MPPT allows the system to track changes inthter velocity, which is reflected in rotationalegg variations. The
position error is corrected to zero despite thetinapus variation of the angle offset referenceeSthresults are perfectly
coherent with real-time simulations results in [22]
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VIIl. CONCLUSION

This paper reported on the basic operation assessofieelectrical power generation using a systersetdlaon cross-flow
water turbines. The specific power take-off sysiemmomposed of two towers — each of which is coragasf four piled-up
cross-flow water turbines — which rotate in opp®siénses. Fairings have been added to the regelteniation system in order
to increase its global efficiency. A 1:1 prototywas built based on industrial equipment, in ordealtow electrical power
conversion tests in a real-world setup.

Real-world results confirm preliminary conclusiamncerning both steady-state and dynamical chaistitst as issued from
previous modeling assessments and simulations.eTre=sailts illustrate power generation chain openadnd allow global
efficiency estimation of the CFWT-based prototygstem. System mechanical characteristics — tovguetational speed and
power vs rotational speed — as well as power amefft curve were traced; they confirm simulatiosutes previously obtained.
Certain elements regarding dynamical behavior dMTFased system — e.g., movement equation — weoevalidated.

IX. APPENDIX

CFWT system data: Radils= 0.25 m, Height of a single turbine = 0.5 m, Quitrated power 16 kW at water flow velocity
2.8 m/s, Maximum power coefficie@, n.x= 0.95, optimal tip speed ratig,; = 2.7.

Canal: width = 8 m, depth = 4 m, rated flow raté=nt/s for water velocity at 2.2 m/s.

Fairings: Profile EPPLER-420, Chord length = 1 ntidlence angle (angle of attack) = 15ee Fig. 12).

profile

nose 4

chord length =~ ot
Fig. 12. Transversal view of the two towers andrtfarings [24], [35].

PMSG and electric specifications: Rated power k8\2 Rated rotational speed 330 rpm, Rated torq@Ni6; Dump load
34.1Q, Dump load power 15 kW, DC-link voltage 690 V.

Measurement system: Doppler-effect-based fixed steotransducer (Sontek ARGONAUT SW) for water witp between
0.3 m/s and 5 m/s; on-generator-shaft encoderd/eso for turbines’ rotational speed; three-phasmegator current
transducers.

Control specificationsdq current Pl controller: Proportional gain 30, Inggain 15 §; Rotational speed Pl controller:
Proportional gain 60, Integral time constant 100MBPT parameterds =5 s,Kyppr= 0.25 + 1.
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