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Abstract The present paper compares control strategies
for fixed pitch Tidal Current Turbines and introduces the 15 - "k ' /" 1
underspeed control technique. The state of the art approach of 12:5 @°P( seP) “P.opt 1
overspeed control for fixed pitch turbine increases the tip speed 10 P req. | WN0.8
ratio to limit the power output of theturbine. Thisleadsto a high |
fatigue loading as the number of load cycles increases and 1.5 106
requires a specific rotor design not to increase the thrust ° 5 |
coefficient aswell. B g 0.4
The underspeed controller on the other side reduces the tip ' ’
speed ratio resulting in a reduced thrust coefficient and a 0
reduced number of load cycles. However, this point of operation 25 0.2
is unstable based on the characteristic curves of the rotor and 5
needs to be stabilized by the controller. The basic structure of the ) L 0
controller as well as the calculated stability limits will be shown 0 02040608 1 1214 16 18 2
in the paper. kTSR/kTSRppI

Further, the performance of the underspeed controller
regarding loads is compared to state of the art fixed and variable
pitch controllers. The paper concludes with an analysis of the
impacts on the turbine design and further potential and issues A Sate of the Art
arising with the under speed control approach.

Fig. 1: Power coefficient, (Arsz, B) with exemplary point of operation
CP,req.

As sketched in Fig. 1 there are 3 typical ways to achieve the

Keywords Tidal Energy, Fixed Pitch Tidal Current Turbine, réauiredcp ., on tidal current turbines- ‘Overspeed” (o),
Underspeed Controller, Stall, Variable Speed, Turbine Design, ‘Active Stall (+) and‘Pitch’ (x). Each of these options has its

Hydrodynamics, Dynamic L oads specific advantages and disadvantages.
Pitch, and in former times active stall, are typical concepts
. INTRODUCTION in wind energy[8]. Here the blade is rotated resp. pédto

To limit the loads on a tidal current turbine it is commoimfluence the angle of attack,,, on each radial position,
practice to define a rated powef,., above which the resulting in a limitation of fatigue and ultimate loads, [13]
turbine is no more producing optimal power. This limitatioihis approach is also versatile regarding load reduction with
of turbine power is achieved by shifting the operating point ¢éog. active tower damping[9], individual pitch [6] or
one with reduced efficiency with the controller. The point gfredicted control, [19]. However, it relies on the functionality
operationis hereby defined by the required power coefficiertf the pitch actuator, a component prone to failure, [22].
Cpreq.(v1) depending on the current velocity, On the other hand, the category of fixed pitch turbines
doesn’t use a pitch actuator, but heads for a maximum of
reliability accepting higher loads, [18R0], [21]. The turbine
B?s to be designed sturdier therefore increasing the bill of
material but limiting the operational costs. However,

P
CP,req.(vl) = pRLed ( 1 )

z”RI%’otor'v% '
Comparing this value to the characteristics of the rot

¢p(Arsp, B), @ range of tip speed ratidgs; and pitch angles following the approach of a fixed pitch turbine the power

f can be found being possible points of operation, cf. Fig. 1'output still needs to be limited to rated power. The state of the

art for this concept is to increase the tip speed ratio with the
overspeed controller by reducing the generator to@jabove
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rated spee€,,.q, [1], [23], and consequently reducing theC. Previous Work on the Under speed Concept

power Coefﬁcientp. HOWeVer, this also increases the thrust The underspeed controller is not a Completely new idea but
coefficient cr, and the number of load cycles. Specifigas been mentioned previously in literature esg:variable
designs of the rotor blades can limit the thrust coeffiaignt speed stall regulated controller’. [12] describes the method of
or even slightly reduce it, [4], nevertheless there is a higbntrolling a turbine with the underspeed technique with
fatigue loading the system has to be designed for. reference to [17] however focused on direct drive wind
B. Idea of the Underspeed Controller turbines. As a wind turbine has low rotational speed and high

o ] ) inertia [12] claims exceptional torque values difficult to
Considering the advantage of the fixed pitch concegtnieve with the generator not feasible for a full scale

avoiding a pitch actuator system and the advantage of a pigyjication. However, as the rotational inertias are several
system with reduced loads, a combination of those is desirgfiers of magnitude smaller on tidal current turbines, the
Analysing the power coefficient, for a fixed pitch turbine gpserved peak in required torque during a change in current
leaves?2 possible points of operation for rated power outpWpeed and subsequent change in rotatispeed will be much
one above the optimal tip speed rafig,erspeea > Arsropt:  smaller. Also these investigations focused on the annual
and one belowW},ngerspeea < Arsrope- 1H€ point above rated energy production, but not on the changes in loads.
is used for the known method of overspeed control asFor tidal current turbines the concept has been mentioned
described above. by [11]. The idea is explained @the characteristic curves are
Operation Withd,,gerspeea» the underspeed control (cf. Figshown, however [11] gives no details on the setup, stability,
1, marker: %), features several desired advantages: rategbperties nor dynamic responses.
power output, low thrust coefficient, low number of loa . .
cycles due to low rotational speed, etc. However, this Irvestigated Turbine
approach is incompatible with the known method of applying The turbine investigated here is a theoretic turbine with
a generator torqué as a function of the rotor Speeu parameters .based on the Voith Hyﬁﬂi90013 turbine
Q = f(Q), but requires a torque dependent rotor spe@ncept. While the turbine parameters shoyvn |n'TabIe | are
Q = £(Q), as shown in Fig. 2. As it is required to reduce trbstracted from the rggl tqrbme parameters mcludl_ng enclosed
rotor speed by increasing the electrical power to reduce Wter, etc. for simplification, the integral properties of the
hydrodynamic power of the turbine, there is also no inheréRfor hydrodynamics are directly used with the power
stability in the system as known from overspeed. This makefficient cp yyriqe . cf. Fig. 1, and thrust coefficient
the controller design more complex as it needs to bring this, nyrice- DeSpite the fact this rotor is specifically designed
unstable system into stability. to operate with an overspeed controller,, [#]also matches
One could claim now, that forcing the rotor into stall bthe rotor blade design targets for underspeed controlled
reducing tip speed ratio is the known method of a stdlirbines, discussed later. Being a well-rounded rotor it is
regulated turbine, ‘Danish concept’ (cf. Fig. 1, marker: o), therefore an equal basis for the comparison to state of the art
[10], however there is a distinct difference. A turbine with theontrollers with different approaches.
Danish concept uses a fixed speed and is therefore not able to TABLE |
maintain the rated power output over a range of current speeds, TURBINE PROPERTIES
but the power output varies depending on the current speed.
The underspeed controller on the other hand reacts with a

Rotor & Drivetrain

variable speed to any change in current speed. Rated Power: Diameter:
Prateq = 1MW D =13m
2 ‘ d Rotor hydrodynamics Inertia (including added
1.75 7313:33;;‘1 4 cp(Arsr, B) = Cp uyride mass) s )
15 crn(Arsg, B) = Crh myTide J =500-10° kgm
Nacelle & Foundation
3 1.25 Nacelle Volume Tower stiffness
o 1 Vacele = 81.7 m3 c=10-10°N/m
& 0.75 Nacelle drag Nacelle added mass coeff.
i A-cg=10m? C, = 0.133
0.3 Equivalent tower head mass (including enclosed water,
0.25 tower mass fraction, etc.)
n Myeqq = 270 t
0 0.25 05 0.75 1 1.25 1.5 1.75 2
o [I. UNDERSPEEDCONTROLLER
Fig. 2: Optimal generator torque for fixed pitch ings A. Seady Operational Points

Fig. 3 shows the exemplary steady points of operation with
increasing current speed. As can be seen the tip speed ratio is
kept constant for below rated, optimal power production, and
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significantly reduced for above rated operation. This leads to a Quyaro
constant power and reduced thrust as desired.

However there is also a first hint to a practical issue .., _ Qgen /L+ _ 0
noticeable for the underspeed control, which needs to be Pl Turbine
addressed. Right after the rated point, the rotor speed needs to T

be significantly reduced to maintain rated power. In transie]E_t 5: Inner loob of controllefl.... — . extracted from ubper half of Fid. 4
cases this can lead to high speed and power fluctuations. ffe> P rea. T PP g
characteristic curve of the controller, cf. Fig. 2, requires By introducing the substitutesy; , for the input

therefore a modification as will be shown later. disturbance,
1.2 x:[ ] [fgdt] (2)

1 SO6Go6650: 5 £=0—0Qp, (3)
0.8 . p/p / the generator torque,., as output of the Pl-controller can be
o6 sk f“;;f f & calculated,

' R '1|‘SR reed / U\%@@% Qgen = kp - & + k] : f E = kp N x2 + kI * xl . ( 4 )

rated . . .
0.4r ‘ ;\/‘ ~ The rotor is a non-linear system and therefore requires
02 linearization of the hydrodynamic torqu, .., at the set

MX pointQ,

(P

0 025 05 075 1 125 15 Quydro = QHydro|Q +(Q—-9Q)- szxyf”’ , (5)

V}/‘Vrated =X2

Fig. 3: Points of steady operation for an underspeetrolled turbine ~ With Qo = Q.. = const here. With the momentum equation,

. 1
B. Layout of Controller A=+ (Qttyaro — Qgen) » (6)

As mentioned above the controller needs to achieve #@e turbine behaviour can be concluded with the rotational
optimal speed),,,, as a function of the generator torqdg,, inertia/,

during operation. The resultant setup is shown in Fig. 4. It

consists of the turbine with the input of hydrodynamic torque Y= €= 0=y =0 J (Quyaro = Qgen) (7)
Quyaro @and generator torqu@,.,and rotational speed as Summarizing this to the differential equation set,
output. The generator torqug,., is controlled by a Pl- 3 — 4,.x+ b, (8)
controller and applied to the turbine and the transfer functlon
1 X 0
GQgen—Qreq calculating the required spe€l.., as input to the ] [__ 1 (dQHydro . )] xl n QHydrolﬂo ’
Pl-controller. The required behaviour afqgenqﬂreq J da p 2 —F
determined below within the stability analysis. =A; = b,
(9)
Q .
Quydro 4 o Turbine the poles of the inner Ioc»’gl/2 can be calculated
AQHydro AQHydro 2
Qgen. . —kp —kp k
g Pl /111/2=e1g(A1)=( dnz_] )i <( ‘m” ) —7’.
(10)
Cogen~treq. Therefore the stability limits of the inner loop are defined
Fig. 4: Layout of controlle@y, ., — Q as '
C. Inner Closed-Loop Stability k20, (11)
!
To analyse the controller it can be split in an inner and ank,, > dQ’;y‘”" VQE [0, Qmax] A1 € [0,0y max] . (12)

outer loop. The inner loop contains the turbine and a P|-
controller as shown in Fig. 5. Its purpose is to control t
turbine rotational speed to a set point valug,..,. This loop

pwever also the dynamic properties for the loop can be set
andk,, k; calculated from the damping ratoand natural

needs to be stable for all possible points of operation. frequencyw,,
k,=2J - (+“Q”y‘”". (14)
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D. Outer Closed-Loop Sability ' 0 diom 0 0

On the results of the inner loop stability it can be concluded ? ok 0 TVTgen ! ki dope Ky dfope ?
that the controller and the turbine operation is stable for the Zz = TP“O “gen T’g 1 T OdQ”e” TPTy 1‘“’9” : Z; +
required speed being constalﬁ'x,eq =0. Based on this Z ky K . %,RPJ 2z,
finding, we can assume now that the inner loop is also stable J J J
with the change in required speed being sufficiently small, =Ao
Qreq — 0 and subsequentiye time constant of the outer loop Aol Qm|n0 jg;:;]
being large enough. This assumption will be proven here and T (23)
the stability analysis boils down to finding the fastest possible w0
time constant of the outer loop. QHydro\ao o

Therefore, it can be deduced that the 6N, -0, MAY

consist of the characteristic cury&Q) of the controller
combined witha PT; -low pass filter element, as shown in FlgCO
6, and the controller is stable B, being sufficiently Iarge
[11] and [12] used a more complex setup with PI controlle§
here, however this leaves issues on e.g. wind up and limits
options for adaptions in the characteristic curve.

—bO
The analytical solution for the eigenvalugs of 4, is
mplex and not done here. Instead a numerical solution is
uggested and used to solve for the valug.gfrequired for
ability as shown below.
ft needs to be mentioned that 1 eigenvalue is 0 independent
from the parameters, indicating that the set of variahles
could be condensed to a 3 dimensional set. However this
Qgen. £00) Qopt. PT, Qreq would increase the complexity of the matAy.

E. Dynamic Behaviour

As indicated above, the system matdiy is solved here
To determine the actual required value foy;, the with a numerical solver. Fig. 7 shows the exemplary results of
dynamics of the overall loop need to be calculatethis procedure for an arbitrary point in the above rated region

Flg 6: GQgen"nreq

Substituting to the variables ,, (V1 > Vpgreq ) Of the turbine with kp = 1.1e7 sNm ,
2 [ Qyeq k; = 1e8kgm?s™% ,  resulting in  dQu,/dQgen =
—1.45e6 (sNm)~! anddQyy4r0/dQ = 96.3e3 sNm.
7 = Zz — Qreq (15) 4
% [ Qdt - ! 10 [s]
Z4 —_—
Q i e
8 Mo 5.0
the Pl-controller, 6
Qgen = kp - (24 —23) + k; - (23 — 21) , (16) _ 4 2.0
and the linearized turbine behaviour, can be calculated as d % 2 el
. T NIOROCTNDL MO 1.0
for the inner loop. g
The same linearization is done fd?Qgeanreq by A i 0.5
linearizing the characteristic cury€Q), 6 Y i
PRrated -8 3R - L1 I 0.2
Qgen 10 Fr— ‘ +)L (lP”
. - I
. — 0.1
f(@): Qopt (Qgen) = ming o (17) 1251075 5 25 0 2.5 5 75 10 12.5
N Real(R)
R Fig. 7: Pole location ofl, coloured byl for an arbitrary point of
k= %;Cpm (18) operation above rated
2235
_PRated /) _ PRated While the first eigenvalue A, is real and negative for all
dQope _ Qfen %P Qgen (19) values ofl,r,, the other poles form a pair whitch is positive
dQgen. _r else real for small values ofp;, . In this case the system is
2- Qgen'k . . . 1 . . .
ape unstable. With increasinByr, the pole pair gets an imaginary
Qope = Qopt |Qo + (Qgen — Qgen|QO Qgen (20) part and converges to the poles of the inner lbagp, for

and thePT, filter element, Tpr, = 0. This confirms the initial analysis of the stability
! L P sufficiently slow change of).., resp. a sufficiently large
opt—42 . .
P ( opt — req) p : (21) Tpr,results in a stable operation of the underspeed controller.
These equations can be summarlzed to the differential™ F19- 8 the required value @pr, is shown. For below
equation of the overall system, rated operation the control loop is stable independefitof
. In this case thé’T; element could therefore be neglected.
z=A4p-z+ by (22)

Zy = Q'req =
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However, for above rated operation the required value spiketor speedQ . For the stability analysis above only
near the rated point due to the required fast deceleration oflthearized model of the rotor spe€dhas been taken into
rotor to maintainP = P,,:.q, Cf. Fig. 3. Beyond this large account. However, to analyse the dynamic loadings, the
gradient in the curve of steady points of operation a valuestfuctural model is extended to the non-linear setup taking the

Tpr, = 1s leads to a stable operation. 2 degrees of freedom of nacelle motion and the rotor speed
Q into account,
2 Wy Q
1.75 w = |W2| = |Ax| . (24)
135 w3 Ax

— 125 Assuming a pure axial motion of the nacelle and rotor,
(2] p - . . .
= ! \ nullifying the gyroscopic eﬁ_‘e_zcts, the equation of motion for
l_E T the tower DoF can be simplified to a harmonic oscillator

i Mijeaq - A% + € - AX = Fyyaro (A%) | (25)

03 Heremj,,q is the sum of head masg,.,, and added mass

02 with the added mass coefficiefy,

85 0.75 1 1.25 1.5 Miead = Muead + P * Viacette * Ca - (26)
V¥ i With the equation of motion for the rotor DoF as shown
Fig. & Required value of,. for stable operation above, cf. Eqg. (6), the dynamic model of the turbine can be
! concludedas
As a result of the pole locations shown in Fig. 7 the optimal QuydroW)

value ofTpr, is a compromise of the fast reaction of the pole [ O J —%
on the real axis and the damping ratio of the imaginary pole[Ax| = W3 + 0 ) (27)
pair. As shown in Fig. 9 for a step change in current velocity alazl | FHydroW)—c-Ax 0

smaller value of 1, results in oscillations of the spe@dand MHead
the electrical poweP including a high initial peak in power With the system inpU@gey,.. Fuyaro is calculated as the sum of
output. On the other hand a larger value decreases the pdemMorison equation and the rotor thriig}..,,

peak, however it takes a long time for the turbine to return to ) v}

the rated power. Therefore an average value should be chosefiivaro = Thyaro(V1 +8%) + 2% PVacene - (Ca + 1) +

resulting in a reduced peak and fast return to the desired Froude—Krylov
power levels. For the given paramet&ps, = 1.5 s fulfills §-A ccqg - (v — Ax) - |vi — Ax| . (28)
these requirements. drag
1.175 — Incorporating the findings of [5] the nacelle is however too
115 i —Q, | large for being subject to the local and instantaneous current
iy {f\\ — | veIlocityvl, but is averaging the current field by its sge:{o
' H This was taken into account by applying a low pass fiR&} X
11 H to the velocity with the time constant being equal to passage
1.075 \ time of a particle along the nacelle length,; = 13m,
1.05 b vy = PTl(v1)|T1=v_1. (29)
1.025 . 2 lHead
1 \ 7(\\= Also to accaint for the dynamics of the power electronics
0.975 \\\l_,_ = an additional time constant Ofgeno = 0.02s5 is added
R betweenT,.,, applied to the rotor DoF and the controller
093705 0 05 1 15 2 25 3 35 4 45 5 output value.

t[s]

, . B. Hydrodynamic Representation
Fig. 9 Step response to increase of current spgee 3.5 - 3.6 m/s for

Tpr, = 1.25 5 (solid), Tpr, = 1.5 s (dashed) antly;, = 2 s (dotted) For each set of mean current velocify and turbulence
intensityTu 6 random seeds of turbulent velocity have been
[ll. SMULATION ENVIRONMENT defined and generated with the TurbSim, [X4Hal’ spectral

To analyse the behaviour of the underspeed controller gAgdel. As TurbSim has a prescribed turbulence intensity
compare it to state of the art approaches a non-linear mogtlemented for the ‘tidal’ spectral model, the hub-height

has been setup and implemented in Matlab Simulink. velocity is then scaled to the desirEd. Each seed has a
) length of 700s for an effective simulation time o600s
A. Dynamic Model excluding the onset. The results of the 6 seeds are merged to

Based on the results of [3] the most significant impact the mean, min resp. max value during all runs and to the mean
turbine loads are the nacelle motiam and obviously the value of the 6 standard deviatiomsesp. damage equivalent
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loads DEL. The lateis calculated with the rainflow algorithm polynomial curve. Both options reduce the spike inTihe
[15], for Nyey = 2-10° and the Wohler exponent of =4 curve significantly tomax(Tpr,) ~ 1.3s with clipping resp.

(steel). 1.2s for the polynomial curve. Based on these valligs,

As shown above the nacelle hydrodynamics are subjeCy[Qq chosen to s for the original curve and.5s for both
an additional low pass filtering, however, for the rotqfiharg

hydrodynamics the rotor performance and load is Ca,ICUIateq:ig.iZ shows the power output of the turbine for each case.
directly from the instantaneous velocity without taking ag it can be seen, the modifications resulted in a significant

additional dynamics into account, increase in power quality, resp. decrease of standard deviation

Quyaro = gnR;’gom ~vi - coArsr, B) (30) of electrical poweio(P,;), while sacrificing an acceptable
P o 5 small portion of the mean power outpBf;. The highest loss
Tuyaro = 3 MRiotor * V1 * Crn(Arsr, B). (31) in power output occurs at, = v,g.y With AP, ~ 1.3%
This distinction is necessary due to the difference in size amgulting in a loss of annual energy production AEB.52%
transient behaviour of the components. assuming a site withy = 1.3 - V,q1eq * SIN2T - t/Trige). AS
_ ) the clipped characteristic curve features lower peak power the
C. Smulation Model further simulations are done with the clipped characteristic

The simulation model is setup in Simulink based on tharve and’pr, = 1.5s.
block diagrams used for the controller development above The same issue of high power fluctuations at rated current
However, a a non-linear turbine model is used for the loagheed was also observed by [17]. However as mentioned
simulations it was replaced with an implementation of théove, [17] used a PI-Controller for the turbine power and
dynamic model described above and sketched inlBig. therefore did not have the option to shape the characteristic

To achieve a good balance of computational efficiency asdrve, but needed to shape the power over current speed curve.
accuracy the ‘ode2’ method, a 2" order fixed step solver, with |t therefore needed to rely on a theoretic option to have the
a time step oflt = 0.002s was chosen. This value is at leashomentary current speeg measured online to deal with the

1 order of magnitude smaller than any frequency of the systRgue. As discussed, for the here presented controller setup no
The other solver methods implemented offered only minggditional sensor inputs are required.

increased accuracy with significantly higher resources. )
\ — baseline

— - —clp
1.5 polynomial |
L QHydro
———( )—‘ Q
U1 Rotor Rotor DoF

B
Hydrodynamics OE 1
_ < 05
Nacelle Frydro Ax A

’— Hydrodynamics ~ Nacelle DoF T 0.5
0.25
/

Fig. 10: Block diagram of turbine model 0 0.2 0.4 0.6 0.8 1 1.2
QIO

rated

IV. COMPARISON OFCONTROL STRATEGIES TOSTATE OF THE
ART CONTROLLERS Fig. 11: Modified characteristic curve®(Q): Q,:(Qgen)

Within this section the controller will be evaluated an

compared to state of the art contrddler — baseline | | %% [ XX X X %
L ]'75>fc[ip [ X % K X XX 2

A. Controller Optimisation 1.4l golyiominiie B X

As shown above, cf. Fig. 3, maintaining the rated pow ' %

output of the turbine requires a steep change) ofith §1'25 -3 TTTTl |

increasing current velocity,. A current velocity oscillating & | ; = _t*";/— g i 8 B2 9

around the rated velocity would result in fast fluctuations =" .75} 55 %= = EI .

rotor speed and subsequent the power output would be hic =T | L=

volatile. This was also indicated by the required larg ' TULTTT ki x o F ™

controller time constarifr, in this region, cf. Fig. 8. Itis %2~ | '

therefore. d.esired to reduce this impact by adapting t 8e 0f7 08 09 I 11 12 13

characteristic curvg(Q): Qupe (Qgen)- .

. . e . 1 d
In Fig. 11 two options for modification are shown. On the e

one hand a clip of the speed, on the other a smooth transigorﬁig- rﬁ Mel":‘” power O?tﬁfﬁé_fowﬁs_ta;‘g;r? ‘r’s":a:"ﬂ‘?rff e;]) _(te”°r
of the above and below rated region with & drder P3'S)andpeakpower (x)for turbine with = 10% turbulence intensity
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B. Baseline Controllers turbulence intensity. The mean thrust is reduced around the

For comparison to the state of the art, two baselif@€d point with increasing turbulence intensity, but increases
controllers, an overspeed control amdpitch to feather for higher current speeds. In the same way also the DELs and
concept, are defined. The overspeed control as descriB€8k loads are increasing with turbulence intensity, as

above applies the generator torqyge, os accordingly to the expected. , , _
rotor speed) The same analysis has also been done including the tower

shadow assuming downstream operation. The impact to the

P ate . .
0 Q) = min RT” (32) rotor was therefore approximated from the results of [2] with a
gen 08 k-2 Fourier series resulting in a stroB@ and6Q excitation of the

The pitch control is based on the controller described y¥er- However the qualitative results didn’t change
[13] for the NREL 5MW baseline wind turbine. However® mpared to upstream operation, so this is not detailed here.

several options typical for wind turbines, as keeping the ro 15 : ,
speed constant with, slightly smaller than rated current —gnderspﬁgd_ " A
V,rareq (r€gion 2.5) and a hysteresis in the torque curve, Pi::]:Spee X o b X % X X X Xxﬁ%
Qgen 0s(@) O<1° 2 1 % % /—~T&+ = |
Qgen Pitch,Literature (Q) = PR;ted else ' ( 33) I:ﬁ X o M i __;’{_-—:/ff——::%;: e
proved to be problematic with the low inertia of the tide Z; z= 7 * X
turbine. Therefore the generator curve of the overspe &= 0.5 X X W R % :
control is also used for the pitch controlled turbine here wi Wy ™ - "
the target speed for the pitch angle controller b&ing., = X X X
1.05 - Qpgly= . The pitch angl® is controlled by a gain
05 lv=vraceq P g yag 06 07 08 09 1 11 12 13
scheduled PI-controller . e
1" rated
_ 2)QqtedSpWon .
Kpo(0) = _g_g . GK(©) (34) Fig. 13 Mean rotor thrustly,., (solid), damage equivalent load
9;0 +DEL(Tyyaro) (error bars) and peak loading (x) for turbine with= 10%
Ki0(0) = /ﬂraa;ed“’tpn - GK(0) . (35) turbulence intensity
“o0le=0°
The gain scheduldg?K (0) is based on the actual pitch an@le 1.3 — Tu=5% |
1 L —Tu=10%_
GK(0) = , 36 1.25 :
©®) Lige (36) TU:ZU%XXX;E))E;);E;;iiAXXX
and the reference pitch an@g with double the sensitivity 2 !
aP/30 of © = 0°, S 075
aP aP S
= _—= . —_ T
Ok =6 (a@ 2 a@|@=00) : (37) & 0.5
[13] suggests the response characteristics tavpe= 0.25
0.6rad/s, ¢, = 0.7, however they need to be adapted. For tl
present tidal turbine kpg = 0.9; - GK(0) and Tie = . 8.6 a7 08 9 ] 11 12 13
kpo/k;jo = 1.5s are found tobe suitable. The pitch rate is .
L 1 rated
limited to |d®/dt| < 10°/s.
) Fig. 14 Mean rotor thrustnydn, (solid), damage equivalent load
C. Turbine Loads and Power Output +DEL(Tyyaro) (€rror bars) and peak loading (x) for turbine witiderspeed

The main purpose of developing the underspeed controfentroller
is to reduce the turbine loads during operation. As shown ingor the rotor torque this comparison of the controllers
Fig. 13, in the comparison of the different controlleghanges, see Fig5 The underspeed controller causes now
approaches this ains achieved. Despite the rotor bladggher torque loadings than both other approaches. However,
investigated here was optimised for overspeed operation, {fils was to be expected as the concept of the underspeed
the average loads are significantly reduced. With the pitghntrolier relies on an increase in torque. More interesting is
controller it was possible to further reduce the average thryglre that also the DELs of the torque are reduced by the
but the DEIs are by a factor of 2 smaller for the underspeeghgerspeed control compared to the other approaches for high
controller. The same applies for the peak load amplitude Withrent speeds.
the best performance on the underspeed controller. On the power output, Fig.6, all controllers proofed to be

Fig. 3 indicated a reduction in thrust based on the steagye to maintain rated power. However as the point of
points of operation, which is no more present in the turbulgieration for the underspeed controller is unstable by nature
cases shown here. As shown by Higthis is an impact of the anq stabilized by the controller, the peak power output is
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increased. The best power quality was given by the overspease in Fig.12 these peaks might even reach up to double
controller. rated power. However as the average electrical power is
From the analysis of the loads it can be concluded, that #pprox. at rated, this is mainly a question of the thermal
underspeed controller is able to reduce the (thrust) loads of ¢dhpacity of the generator.
tidal current turbine, however on the cost of additional loadsFor the volatile power on the grid entry point, there are 3
in the drivetrain. basic ideas of how to deal witty burning the peak power,
smooth it on a turbine level or smooth it on the grid level. An
— Underspeed| x x ¢ X X | X 7YX X[RE initial analysis of each option is given here.
—— Overspeed % v IETFES The first option, burning the peak power, can be
1.5p — Pitch > X implemented e.g. by short circuiting the generator with an
R active crowbar system for a time span long enough to re-
establish the required rotor speed and rated power. However
as we want to produce energy and not waste it this option is
X not preferable. Also the generator needs to be suitable for this
0.5——==— v x;ﬁ’i{rﬁ type Qf operatiqn. _

T . . Using the grid on the other hand for smoothing the power
output, requires a grid strong enough to maintain stable
operation with fluctuating power input, which might be but is
not always given. Also the inverter needs to be designed to
withstand the full peak power and will therefore be expensive

Fig. 15 Mean rotor torqueQuyqr, (solid), damage equivalent load subsequently.
+DEL(Quyaro) (error bars) and peak loading (x) for turbine with= 10% This leaves the option of smoothing the power on the
turbulence intensity turbine level. The inverter typically consists of a generator-
side converter and a grid-side converter coupled with a DC-

X
<
Ny
AL e
4
»_L
X
X

8.6 0.7 0.8 0.9 1 1.1 1.2 1.3

Vlfvrated

2 - : . . . )
— TUnderspeed « “ x link. Adding a storage capacn";{?C to the DC-link the power
— Overspeed | X o x F XXX X X output can be levelled. Assuming the power at the grid entry
1.5k — Pitch o x X point Py,.;; may be5% aboveP.,., and is coupled to the
- X stored energ9 < Ep: < Cpe,
£ B o | 8 B e . . M)
T B T = e Paria < Pratea - (1+5% - 3¢) (38)
= %X x 3 S il Y e B L m s _
- |~ =T - EDC_fPel_Pgrid dt , (39)
0.5p¢ : = ol L ERE LR % the required capacitf,. can be calculated. In all cases
g MR R ™ simulated in this research a capacity @f; = 1IMWs =
8" ol 0.28kWh was well large enough to result in a smooth power
6 07 08 0'\?/\/ L Lt 12 13 output limited t0105% Py4¢eq, Fig. 17.
1 rated
Fig. 16: Mean power output,,; (solid), standard deviatioAa (P,,) (error ) —P  [MW]
bars) and peak power (x) for turbine with = 10% turbulence intensity
_Pgrid MW] |
V. IMPACTS TOTURBINE DESIGN AND CHARACTERISTICS |5 Epe MWs] | Ul || |
To achieve an optimal system, the turbine and tl |

controller cannot be designed independently. Above, t
turbine was assumed to beredefined unit and the controller | n

was added. In this section some key issues of the undersg | i | “
controller and the changes in the turbine concept are discus 05— [l ' i
required to optimal fit the controller. These cover the pow

system, the hydrofoils and the blade design. | ‘ ‘ \

1

|

00 100 200 300 400 500 600
A. Power System t[s]

The first discussed issue of the underspeed controller is thé&ig. 17: Power at grid entry poit,,, for underspeed controlled turbine
volatile power output. This is the result of a tradifor the with capacity in DC-linkp; = 4.5? current speed arftu = 10% turbulence
fluctuating power in the current between the structural loadgensity
the system complexity and an electrical smooth power outpgt.

The underspeed controller places this balance on the electrica ydrofoil stall ) ) ) o
System, which has to deal with the fluctuations. Another type of issue is the stall on the hydrOfOIl. As this is

For the generator it is unavoidable to design it to withstaHie key element for the functionality of the controller it needs
very short but intense power peaks. As shown on the exanifld€ taken into account during design. By nature stall is an
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unsteady and transient effect which will cause fluctuating lift Therefore it is desired to choose trailing edge stall
and drag forces on the rotor blade. To evaluate these for iydrofoils for an underspeed operated turbine. The hydrofoil
present example case of the HyTi@#800-13 rotor blade a should not have a suction peak as this would cause leading
CFD simulation has been carried out using a steady infloedge stall. Typically this is geometrically indicated by a large
Fig. 18. leading edge radius and thickness.

ANSYS

By choosing the appropriate type of hydrofoil the issue of
unsteady stall can therefore be accepted. Also it has to be
mentioned that this is an investigation for a homogenous
inflow. In case of a turbulent, unsteady inflow the stall
patterns will further change and be less stochastic but
following the apparent turbulence.

0.2
0. 1 5 Mo A [\\ A A V/\
PRl
=
5‘:>c 0.1
Fig. 18: Stall structure in wake of rotor blade withsz = 4,,./2 coloured =
by velocity
0.05

The model is based on the setup of fiit has been limited 0332 <r/R <0453
to a 120° periodic case and the grid has been refined to a | 0.721 < 1/R < 0.826
quality grid with approx.3.6-10° structured elements. 0 - .
Further the turbulence model has been changed to the ¢ 0 2 4 time [s] 6 8 10
SST model as this one is more appropriate for stail
simulations than the classic SST modie6]. Fig. 20: Thrust forceF, integrated for 2 radial sections

Fig. 19 shows the thrust coefficientr, and power ¢ pBjade Design Targets
coefficientc, over time for a point of operation afsz =
Aopte/2 . As can be seen, both values are fluctuati
stochastically causing additional loads on the turbi

However, a more detailed analysis of this case revealed &I current turbine that optimal power production with

the origin for these fluctuationis concentrated on the c’Uterlimited loads in below rated and minimal loads with constant

The rotor blade has the largest impact to the turbine design.
hl% adapting this component to the control strategy optimal
ystem behaviour can be achieved. In general, this means for a

radii, Fig.20. rated power output in above rated operation is desired. Taking
1 the underspeed control into account we can conclude for the
design target:
0.8 f‘A BVAGES- SERvA S o & AT 0} Cp = Cpopt T VArsg = /‘{opt * dlopt
0.6 (if) CP~/13VATSR < Aopt - dlopt

(i) cp/ern?
Among these (iii) is the most important as it governs the
loads. However, to achieve the design targets there areonly

04 /\M\f\/\/\/\f"‘wm""ﬂ\

0.2 el l parameters for each section of the rotor blade - chord length
B Popt tenoras tWist anglea,,,;; and the hydrofoil. Based on these
—c_/c ..
0 _ b "Th.opt parameters the characteristics of the rotor blade have to be
0 2 4 6 8 10 shaped for optimal operation in a trade-off between the design
time [s] targets.
Fig. 19: Thrust,c;y,, and powerc,, coefficient for HyTid81000-13 rotor With design target (i) we can deduce that no stall should
blade WithArsz = Ay /2 occur withinArgg = A,y £ dA,,.. The magnitude ofid,,,

The comparison to Figl8 indicates that the hydrofoils €an be calculated from the maximum gust intensity, e.g.
used in inner and outer section differ in their stall behaviofh? * V1, resulting in the required stall margiia, 4,

and cause this localisation. While the inner hydrofoils are d@os = Qgesign — Xstaur = X2 — Az, 4av, (40)
thick and have trailing edge stall behaviour, the outer are thin (Wy+dvy)-(1-a)\ . .
with leading edge stall, optimised for overspeed controlled %2-+dv: = atan( )W'th ~ const . (41)

operation. As shown by [7] it is a systematic behaviour thpgerefore for each radial statierthe maximum design angle
leading edge stall causes unsteady currents and lef@ttacka,,, = a design €an be deduced,
fluctuations while trailing edge stall is more stable.
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(42)

(1+dﬁ)-(1—a)
= —atan | —2— | +at
Agesign = Astqu — atan 2 t‘(z) atan
opt'\R

The paper concluded with an outlook to the design impacts
of the controller to the turbine system and showed the
suitability to future use on tidal current turbines.

Ideally this value should coincide with the maximum glide ACKNOWLEDGMENT
ratio a,,4(€op.) based on the hydrofoil design to result in This research has been conducted within a joint grajeStuttgart Wind
optimal power production and the design point being tlk8ergy, University Stuttgart, and Voith Hydro Oceamrr@€nt Technologies

optimal pointd,,: = Agesign -

The more constant the valde, is along the radius, the
sharper the transition between the plateau incffid,sz)
curve, design target (i), and the stalled region, design target
(il). However, as the regions can’t be shaped independently
the radial spread of this parameter needs to be optimised%to
meet the design targets depending on the actual hydrofail
characteristics.

Design target (iii) can be translated to 2 operation&l
requirements: On one hand for the hydrofoil a high glide raliﬂ
€ =¢;/cq is required for the full range of operation. Thi
results in a hydrofoil with high valugin a wide range of
angles of attack,,, and subsequent a smooth stall behaviol®.
Typically this correlates with trailing edge stall hydrofoils as
already requested by the stall analysis. [6]

On the other hand for the optimal design point (iii)
translates into a reduced induction ratiat the design point.
Reducing this value too far would jeopardize (i) resultin[g]
again in a tradeff between targets. A value of eqg= 0.25
compared to the Betz optimum = 0.333 is suitable.
Therefore including the results of the stall margin, the twit
anglea,,,;s; and chord length,,,,; can be calculated from a [9]
modified Betz blade design,

CTh,Momentum(a) =4a- (1 - a) ’ ( 43) [10]
2mR-c
tchord (T) ~ Th,Momentum —, ( 44) [11]
nblades'Cl(aAoA,design)'Aopt' l(z)pt'(ﬁ) +§ [12]
1-a
Apwist(T) = atan| ——= | — ion - 45
twtst( ) (Aopt'(%)> AoA,design ( ) [13]

With the above given set of equations a rotor blade suitable
for underspeed operation can be designed. Furthgy
optimisation might be necessary but requires a more detailed
analysis of the turbine system and operating conditions. (1]

VI. CONCLUSIONS [16]

The present paper introduced a control method for fixed
pitch tidal current turbines based arvariable speed system
forcing the rotor into stall the underspeed control. After
discussing the stability, the paper compared the performance
of the underspeed controller to state of the art contfd$]
techniques. [19]

The underspeed method was able to reduce the fati
damage equivalent rotor loads (thrust) as well as the ultimptg
loads significantly. Compared to a baseline pitch controller
the DELs are reduced by a factor of 2 and a factor of23!
compared to the overspeed controller. Although also the
drivetrain DELs were reduced slightly, this load reduction was;
on the cost of increasing mean drivetrain loads.

[17]

GmbH & Co. KG. Further it is supported by the softwamgpliers Simpack
AG and Ansys Germany GmbH.
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