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Implications of conirol schemes Tor elecirical syvslem
desien in tidal energy converters

S. Benelghali, M. Benbouzid and JF Charpentier

Nomenclature

i Fhix

i Ptk gz le

] Tedal leakaes cociticiont e 1 MYLL,
Qeen Mechanizal spead 80 o/py

C, Povwer comtfiaent

d,if Syrchronogs: relorence trame mdox

i YViscosity coefficent

S Rt ineTtia

Inductance (mutual inductance)



P(0) Active (Reactive) power

P —Pole pair number

R Resistance

s, (r) Stator (rotor) index (superscripts)

TokIgen)  Electromagnetic torque (Mechanical torque)

() Voltage (current)

Voo —Tidal current speed

y — Mechanical efficiency of the turbine power train
0, Rotor position

A —Tip-speed ratio

s Rotor electrical speed (electrical synchronous speed)

The tidal current turbulences and the system parameter drift due to the system wear
can significantly influence the dynamic performance of a tidal turbine. In this
context, various control techniques suitable to any particular turbine configuration
can be used. In most cases, classical PI or PID control are preferred. In this section,
a review of control strategies for tidal energy 1s presented. These strategies are
mainly inspired from common practices developed for wind turbine applications.

8.2.1 General control strategy for tidal current energy extraction

Figure 8.5 shows an idealized power extracting strategy for a tidal turbine device.
Such power strategy is generally used as the basis of control strategies for har-
nessing energy from tidal turbines.

The tidal turbine does not operate below a pre-defined cut-in tidal velocity, V.
As the tidal velocity (V) increases above the turbine’s cut-in speed, the power
delivered by the generator increases proportionally to the cube of the tidal velocity
by following a maximum power point tracking (MPT) strategy. When the tidal
velocity reaches the rated tidal speed Vg, the generator/converter set is delivering as
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much power as it is designed for and the power has to be limited. Power output
remains constant as the tidal velocity increases above the rated velocity.

The MPT strategy and the power limitation can be achieved using (8.14) pitch
control with variable pitch systems, (8.15) variable speed systems with fixed pitch
systems or (8.16), a combination of these two principles.

8.2.2 Fixed-speed variable-pitch tidal turbine

In this case, optimization of the harnessing strategy involves using the C,(4.5)
characteristic (see section 9.1). If ' < Vp, one finds the optimum of C,(4,5) using a
look-up table interpolation. Under constant-speed operation (i.e. fixed turbine
rotational speed), this curve depends on the pitch angle, 3, and the tidal speed Vi;ges.
Optimization is achieved by changing the angle 5, such that the operating point to
be placed at the maximum of C(f) corresponds to the tidal speed when the fluid
speed is lower than I, If the speed is higher than V5, the pitch angle is then chosen
to limit the power or to cut out the power (for extreme tidal velocity values)
(Figure 8§.6).

8.2.3 Variable-speed fixed-pitch turbine

Control of variable-speed fixed-pitch turbine generally aims to regulate the power
harvested from the tidal currents by modifying the speed of the generator. In par-
ticular, the control goal is to capture the maximum power available from the tidal
stream. For a tidal velocity lower than Vg, there is an optimum turbine rotational
speed which produces a maximum power coefficient, C,.. For tidal velocities higher
than V7, the rotational speed is chosen to limit the turbine’s output power to the
rated power of the generator and drive set. In this case, the reference speed is
chosen to be higher than the speed corresponding to the maximum value of C, in
order to limit the torque value and to operate in a stable zone of the power curve.

Figure 8.6 C,(Ap) curves
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Figure 8.7 (a) Power curves for different tidal current speed; (b) power
coefficient curve

All these reference speeds (as a function of the value of tidal velocity) com-
pose what is known as the ORC (optimal regimes characteristic) in the literature
(Figure 8.7(a)) [1, 2]. By keeping the static operating point of the turbine around
the ORC, one ensures an optimal steady-state regime. In this case, the captured
power is the maximum available from the tidal stream. This is equivalent to
maintaining the TSR at its optimal value Aopt for V< Vg (Figure 8.7(b)). Main-
taining the TSR at its optimal value can be achieved by operating the turbine at
variable speed, according to the tidal speed [1]. Of course, this kind of strategy is
only possible if the generator and drive set is able to control the speed in the
corresponding range.

Basically, the control strategies vary in accordance with assumptions concerning
the known models/parameters, the measurable variables, and the used tidal turbine
model. Depending on how rich the information are about the turbine model, espe-
cially about its torque and power characteristic, the optimal control of a variable-
speed fixed-pitch turbine is based upon the following approaches, when V' < V.

8.2.3.1 Maximum power point tracking (MPPT) strategy

This approach is adequate when parameters A,,,and C,,,,.. — C,(4,,,) are unknown.
The reference of the rotational speed control loop is adjusted such that the turbine
operates around the maximum power for the tidal velocity [I, 2]. To establish
whether this reference must be either increased or decreased, it is necessary to
estimate the current position of the operating point in relation to the maximum of
the Prygp(w) curve. This can be done in two ways:

o The speed reference is modified by a speed variation, Acw. The corresponding
change in the active power (APrygp) is determined in order to estimate the
value a—fgﬁﬂﬂ. The sign of this value indicates the position of the operating point
in relation to the maximum of the Pryzp(cw) characteristic. If the speed refer-
ence 1s adjusted linearly with a slope proportional to this derivative, then the
system evolves to the optimum where a—glgfﬂ —=0.
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e A probing signal is added to the tidal current speed reference. This signal is a
slowly varying sinusoid. Its amplitude does not significantly affect the system
operation, but still produces a detectable response in the active power evolu-
tion. In order to obtain the position of the operating point in relation to the
maximum, one compares the phase lag of the probing sinusoid and that of the
active power sinusoidal component. If the phase lag is 0, then the operating
point is placed on the ascending part of Pryrp(w), while if the phase lag is 7,
then the operating point is placed on the descending part of Pryrp(w). There-
fore, the slope of the speed reference must increase/decrease. Around the
maximum, the probing signal does not produce any detectable response and the
speed reference does not have to change [8].

In this simplified MPPT presentation, factors like the tidal turbulence influ-
ences and system dynamics that distort information concerning the operating point
position have been neglected. A more detailed description and performance ana-
lysis can be found in [1].

8.2.3.2 Shaft rotational speed optimal control
Using a set point from the turbine data
This solution can be applied if the optimal value of the TSR A,,; is known. The
turbine operates on the ORC if
i(f) — Z«op[ (815)

which supposes that the shaft rotational speed is closed-loop controlled such that to
reach its optimal value:

O :’%v@ (8.16)

8.2.3.3 Active power optimal control

Using a set-point from the shaft rotational speed data
This method is used when bothA,,;and C,,,,..x = Cp(A,p;) are known. In this case the
extracted power can be written as

1
8P,{'UR3 = sz(l)pﬂfRzVs
1G4
=553
By replacing A,,and C,,,,,.x = C{Aopy), ONE Obtains the power reference for the
second region of the power-tidal speed curve.

(8.17)
otk

PTURB — Pref — ngef (818)
where
1C,(Aop) 15
K= RN p7R (8.19)



This approach supposes an active power control loop being used, whose
reference is deduced from (8.19). This method is widely employed, especially for
medium- and high-power wind turbine and can be exploited for marine current
turbine [1, 2].

8.2.4 Tidal turbine control

In this section, we introduce some classical PI design of wind turbines that can be
used for the turbine control for the three above-mentioned cases.

8.24.1 Torque control loop

In order to improve and maximize the captured energy, the rotor turbine must
operate at the maximum possible power. Equivalently, this means imposing the
electromagnetic torque (7,.,) which equals the tidal torque corresponding to the
maximum available power. The turbine works at maximal efficiency when turning

at optimal TSR 4, so the maximum power is proportional to the cubed rotational
speed egs. (8.18) and (8.19).

Tyor =nKor,; (8.20)
Of course if J > V' the reference torque must be limited to
Tref :Pr/w (8.21)

As the turbine control structure allows the tidal speed to be tracked within
admissible limits of mechanical loads, this method can be used as long as it
depends only on slow tidal speed variations. For high dynamics turbulent tidal
current, filtering is necessary to ensure sufficiently slow closed-loop dynamics.
Moreover, this method is strongly sensitive to parametric variations.

8.2.4.2 Speed control loop
The controller design is based upon the turbine linearized model. The simplified
closed-loop structure is shown in Figure 8.8. A high gain, Kp, will thereby ensure
better tracking performance. However, one must take account of control effort
(torque) limitations, so K, values must also be limited. The zero effect of increasing
the overshoot is compensated by first-order filtering of the reference signal
(Figure 8.8). Although the steady-state speed error is zero, there will always be
nonzero dynamical errors due to the significantly variable reference signal w,..
One must note that the imposed closed-loop performances are guaranteed for
the chosen operating point. Both the gain and the time constant of the torque
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Fig.e 8.8 Turbine PI control structure: speed control loop case



controlled system around a cettain steady-state operating point depend on that
operating point (through tidal velocity and rotational speed). Therefore, the
dynamic performances of the tracking system also vary upon the operating point [1, 2].

8.2.4.3 Power control loop

The input of the system is the electromagnetic torque and its output is the generated
active power P. The controller design is based on the parameterization of the
system response at step changes in the generator torque for a given tidal speed.
The difference between the tidal torque and the electromagnetic torque leads to the
variation of the rotational speed, such that the power increases according to
the tidal speed dynamics until it reaches a new steady-state value [1, 2, §].

Example: Optimal control of tidal turbine driven PMSG by PI
speed control

As an example, an optimal control based on a PI speed controller has been simu-
lated using a dedicated Matlab/Simulink® library presented in [7] for a low-power
experimental variable speed fixed-pitch turbine driven PMSG. The control system
1s defined in the synchronous d-g frame. For the proposed control strategy, the
permanent magnet synchronous generator dynamic model is written in the s-
domain with the stator voltage given by:

—(R+Lgs)ig = Vi — Pguws
LTy o (822

The mechanical equation is expressed by
Tgen —Tem = (JS + h)Qgen (823)

where Q= /p is the mechanical speed and Tgen is the mechanical torque pro-
vided by the gearbox or directly by the turbine (in direct driven system) to the
generator shaft.

The electromagnetic torque 7., 1S defined by

Tom= %p(ﬁbdiq - qufd) = %p [';bm ig + (La — Lq)idiQ} (824)

. Pg = Ldid + P
with { ¢y = Lyl

The generator chosen for simulation is a surface mounted permanent magnet

synchronous generator; therefore, there are no saliency effects and 7, =71, So the
electromagnetic torque 7, can be simplified as

Lo =3 Py (825)

In those conditions, the PMSG Park model is illustrated by Figure 8.9.

CH008 27 August 2013; 19:5:10



A =
O_W | | | | | =
M ” N . b - R oy || =
IIIII- IIIIIIIIIIII 1 1 1 1 9
] p 1 1 ] 1 =
'y H : H H H L3
g " " " " " ==
Ty I g SRR A L B LI, | &
= - . : " " " ! ! R
2 o3 " i " " " " A =
oy =+ 1 1 1 1 1 1 =
y S 1 1 1 1 " 1 m n.m
= 2 = R R T S — p— T ArEHSe
y d 1 1 1 1 1 1 " = [
20 ) , , , , , . :
8 y y = ! ! ! ! . . !
Y] S ES B 2 I S e L e Cmme- A | =
s | /@\ o S : o A @
= < M m m m m " "
had L¥) 1 1 1 1 1 1
= B e e bt LR Tmmmm oo - - q------ mm———- r----
g X< )¢ = : : . . .
® {Salls s . . . . .
= A - @ , , : \ ,
= = v® =R R e B AR S
g Y SN : : m m m
3 m+ v = AN G SN SN NS SN SN SN
) 1 1 1 1
& = - B " : ! !
=, —|.& E | ! ! —
= e L e S AR : : :
g R 1 1 1
5 ~ . H : H
e 1 1 1 1
& ! ! ! !
= il Tt v K .
2 H H H . .
= C " " " " "
C 1 1 1 1 1
Im.w 1 1 1 |
A = = o <
w e Y )
=t = [an} (an
oy ™
3 BN N {s/pe1) paads 10101 DHSIAJ
o

Time (s)

Figure 8.10 The PMSG rotor speed and its reference
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Figure 8.11 The PMSG active power

An inner loop is needed for the current (torque) control. Then an outer loop can
be used to control the turbine shaft speed. Indeed, as shown in Figure 8.9 the PMSG
rotor speed can be controlled through the rotor current /, which is proportional to
the torque. It can be seen that in the case of a fixed-pitch turbine, power limitation
can be achieved using overspeed operations (the generator/converter set must be
designed to be controlled in the corresponding speed range).

To illustrate the control behaviour, a PMSG-based turbine is simulated for a
varying tidal speed. The PI control strategy is tested for a low power experimental
marine current turbine of 1.44 m diameter and 7.5 kW PMSG [3, 4].

For speed references given by the MPPT strategy (V' < V) , the PMSG-based
turbine control performances are shown in Figure 8.10 and 8.11 respectively
illustrating the rotor speed tracking performance and the generated active power.

The estimated power presents the maximum power that can be extracted. It
depends on the tidal speed variation and is deduced from the tidal turbine hydro-
dynamic model. The simulated power presents the measured power generated by the
turbine simulator. The obtained results show good tracking performances of the
PMSG rotor speed. However, the tidal current turbulences and the system parameter
drift due to the system wear out can significantly influence the turbine dynamic
performance. In this context, various control techniques, suitable to any particular
configuration, can be used. In most cases, classical PI or PID control are preferred.
However, advanced control techniques can be used in order to ensure better per-
formances, especially for guaranteeing robustness to modelling uncertainties [3—6].






