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Laboratory Tests Assessment of a Mechanical
Sensor-less MPPT Control Strategy for

Tidal Turbines
Mohammad Rafiei, Francesco Salvatore, Carwyn Frost, and Ian Benson

Abstract—The purpose of this study is to demonstrate
through towing tank experiments the effectiveness of
a novel mechanical sensor-less Maximum Power Point
Tracking (MPPT) control for tidal stream turbines under
fluctuations of the onset flow. The MPPT control method,
based on the linear relationship between DC outputs
of a Permanent Magnet Synchronous Generator (PMSG),
was derived theoretically and validated through model
tests. The tests were conducted under both steady-state
and unsteady inflow conditions, using the 1.5 m diameter
horizontal-axis device developed at the Queen’s University
of Belfast. Results indicate that the proposed MPPT control
strategy improves the convergence to the maximum power
coefficient under regular wave conditions, thereby validat-
ing its efficacy. A comparative analysis with a conventional
Tip Speed Ratio (TSR) control method is also presented.

Index Terms—Tidal energy, MPPT control strategy,
PMSG, Wave-current interaction, Towing tank tests.

I. INTRODUCTION

OCEAN energy will play a crucial role in the
renewable energy sector over the next decades.

Instream turbines for tidal currents are a rapidly matur-
ing technology to exploit a highly predictable energy
source [1]. Despite the promising prospects of tidal
energy, substantial challenges persist in terms of opti-
mizing reliability and efficiency. Tidal Stream Turbines
(TSTs) face significant hurdles due to transient loads
caused by inflow velocity fluctuations, which can lead
to fatigue, thus affecting system longevity and lifecycle
efficiency [2]. These fluctuations are often attributed
to various transient phenomena in the tidal stream,
including waves [3] and turbulence [4].

In laboratory tests, fully controllable and repeatable
fluctuations of the onset flow velocity can be generated
by generating surface waves propagating against the
model turbine. A comprehensive characterization of
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onset flow perturbations induced by surface waves can
be obtained under linear wave theory assumptions, as
discussed, e.g., in [5].

Several experimental studies [5]–[9] have been con-
ducted in controlled laboratory settings such as flume
or towing tanks to gain insight into the impact of wave-
current interactions on turbine performance. These
studies assess the performance and operational re-
sponses of devices through tests on scale models.

In [5], a 0.5 m diameter model of a horizontal axis
tidal turbine was tested under regular surface waves.
Despite similar mean coefficients of power and thrust
were measured in unsteady and steady flow condi-
tions, significant cyclic variations in power and thrust
were observed at the frequency of the waves. On the
other hand, [6] highlighted the potential of transient
interactions between tidal currents and turbine rotation
to induce high asymmetric loadings, which could lead
to early component failure. This study emphasized the
importance of understanding flow regimes for material
selection and deformation capability of turbine blades.
Knowledge gained from these studies can aid fatigue
prediction and component lifespan estimation, provid-
ing crucial data for turbine design.

An investigation on extreme wave-current condi-
tions in [7] revealed significant variations in power.
Time histories of blade root loading in wave-current
conditions highlighted the importance of relationships
between wave phase, blade angular position, and the
number of blade rotational periods in a wave period
for the fatigue life of the blade. Moreover, the authors
in [8] carried out the first experimental investigation of
a horizontal axis turbine model subjected to combined
oblique waves and current. The findings showed that
the presence of waves significantly affected the rotor
power and thrust, with off-axis waves associated with
lower thrust loads than head-on waves.

Recently, a Round Robin Test program [9] demon-
strated the influence of the combined wave and current
effect on the power capture and performance of a
notional model turbine. The performance varied be-
tween facilities, with differences up to 25% in terms of
average power coefficient depending on the wave and
current cases.

This body of research provides valuable insights into
the performance and operational responses of tidal
stream turbines under various wave-current condi-
tions. Furthermore, the knowledge gained from these
experiments, underscores the necessity for comprehen-
sive testing and further reinforces the importance of
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well-designed control strategies to optimize turbine
operation in varying environmental contexts.

Control strategies based on Maximum Power Point
Tracking (MPPT) are utilized to maximize the electrical
power production of rotary-wing energy generators, as
e.g., wind turbines and TSTs. Assuming the optimal
Tip Speed Ratio (TSR) corresponding to the maximum
power coefficient is known, the turbine operational
state is modulated in the attempt to enforce that the
optimal TSR is tracked regardless of the variability
of the onset flow and turbine loading conditions. An
effectively structured control system for turbine opera-
tion not only enhances the device efficiency and lowers
the cost of energy generation, but also improves its op-
erational life by mitigating the intensity of oscillations
of mechanical loads on rotor blades and drive-train
components [10]–[12] . A critical point is the utilization
of mechanical sensors to observe inflow fluctuations
and turbine operating conditions to feed the control
algorithm.

This paper aims to introduce an efficient and ro-
bust MPPT control approach that does not rely on
mechanical sensors, and instead leverages the linear
relationship between the generator DC output current
and the square of its voltage. The method requires
predetermined turbine characteristics to establish the
control reference that is effective across the operating
conditions. The proposed model, hereafter referred to
as Sensor-Less MPPT (SL-MPPT) was derived theoret-
ically through linearization and simplifications of the
turbine power conversion system.

An initial characterization of the SL-MPPT was car-
ried out by tests in the tidal field site in Strang-
ford Narrows, North-Ireland [13], by using the 1.5
m diameter horizontal-axis turbine developed at the
Queen’s University of Belfast (QUB) [14]. In order to
achieve a broader understanding of the effect of control
strategies on the turbine performance, in the present
work a set of laboratory tests were carried out in
the wave-towing tank at CNR-INM, in Rome, Italy,
using the same turbine and equipment from field site
tests. The laboratory-scale environment of the towing
tank provides completely controlled and repeatable
testing conditions which allow to perform a careful
assessment of the proposed MPPT control strategy and
a comparative analysis of different control strategies.

In addition to the proposed SL-MPPT control strat-
egy, laboratory tests also considered a conventional
TSR control strategy, in which the angular velocity
of the turbine rotor is controlled by measuring the
onset flow speed to obtain the optimal TSR and ensure
maximum power point tracking.

The tests were conducted in two scenarios: calm
water (steady state) and unsteady inflow with a regular
(sinusoidal or monochromatic) waveform, with ampli-
tude chosen to simulate moderate sea-state conditions
at full scale. The power output was measured from the
turbine during regular wave conditions and compared
to results from steady flow to assess the impact of
wave-induced velocity on turbine performance.

In the following sections, the Power Take Off (PTO)
system arrangement of the model turbine, the pro-

Fig. 1. The power take off layout of the model turbine used in field
site and wave–towing tank tests.

posed SL-MPPT control strategy and the logic behind
it are briefly explained. The test setup, laboratory test
facility, and the test matrix are described. Next, main
results describing the turbine operation with the pro-
posed control strategy are presented, and the compar-
ison with results obtained using the conventional TSR
control is discussed.

II. METHODOLOGY

The methodological approach involves the use of
a large–scale model turbine, the development of a
sensor-less MPPT control strategy for the PTO con-
figuration, and the establishment of specific test sce-
narios and comparison with a conventional MPPT
strategy known as TSR control. These components
collectively aim to validate and assess the proposed
sensor-less MPPT control strategy for Tidal Stream
Turbines (TSTs).

A. Tidal Turbine Testing Device (TTT)

The process of designing and selecting cost-efficient
PTO systems is of primary importance for the per-
formance and reliability of tidal turbines. A thorough
overview of the latest advancements in tidal turbine
generator topologies and PTO layouts was presented
in [15]. A direct-drive Permanent Magnet Synchronous
Generator (PMSG) with a full-rated frequency con-
verter, combined with fixed-pitch rotor blades, pro-
vides an example of a simple and robust PTO config-
uration.

In the pursuit of tidal turbine research, a large-scale
3-bladed horizontal axis model turbine was built. The
device featuring a PTO system tailored to accommo-
date a 1.5m diameter rotor and a 0.35m diameter na-
celle, was developed at the Queen’s University Belfast
(QUB) [14] and is hereafter referred to as Tidal Turbine
Testing (TTT) turbine. Given the rather compact size of
the nacelle, the chosen PTO configuration consists of a
PMSG coupled with a single-stage gearbox linked to a
programmable load via a diode rectifier.

Figure 1 provides a view of the TTT turbine PTO
system arrangement. A load-resistor array was im-
plemented to handle the electric power produced by
the turbine during operation. To monitor the turbine
performance, the generator DC output was measured
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using current and volt meters. The demand torque at
the DC output terminals was managed using a linear
regulator, which was governed by the central Data
Acquisition system (DAQ).

The DAQ system, configured on a National Instru-
ments Compact Rio (cRio) and operated with Lab-
VIEW, was upgraded with custom-developed interface
electronics and cabling. Moreover, to refine the accu-
racy of the shaft speed and torque readings, an absolute
rotary encoder and a torque meter were implemented.
This integration facilitated enhanced precision in the
management of the turbine rotor velocity through the
Proportional-Integral (PI) loop controller.

B. Sensor-less MPPT control strategy

By using a classical notation, the mechanical power
Pm delivered by a turbine can be written in terms of a
non dimensional power coefficient CP as

Pm =
1

2
ρACPV

3
F (1)

where ρ is the water density, R denotes the rotor radius
and A = πR2 is the rotor swept area, whereas VF is the
nominal onset flow speed.

The turbine operating condition is characterized by
the Tip Speed Ratio (TSR) as

λ =
ωm R

VF
(2)

where ωm = 2πnm is the turbine rotational speed, with
nm in rps.

Combining Eqs. (1) and (2), the essence of a MPPT
control strategy can be represented by the following
equation, which gives a relationship between the max-
imum mechanical power Pm,max that can be harnessed
by the turbine rotor, and the corresponding rotational
speed ωm,opt

Pm,max =
1

2
ρACP,max

(
R

λopt

)3

ω3
m,opt

= Khy ω
3
m,opt (3)

where λopt = ωm,optR/VF , whereas the quantity Khy is
a constant for a given turbine and reference conditions.
Recalling that power is directly proportional to torque
and angular velocity, Eq. (3) yields

Qm,opt = Khy ω
2
m,opt (4)

where Qm,opt represents the optimal mechanical torque
of the turbine rotor necessary for extracting the maxi-
mum power from the flow.

The Optimum Relation-Based (ORB) control strat-
egy employs pre-set relationships, such as Eq. (4), to
track the maximum power point and establish the
control reference. This approach has been implemented
in the turbines of leading marine renewable energy
companies such as ORPC [16] and HydroQuest [17].
However, it’s crucial to note that the implementation
of this strategy requires the use of mechanical sensors,
which could potentially increase the overall cost of the
system and affect its reliability.

Fig. 2. Notional TST power coefficient curve and TSR-MPPT control
region.

Given that electrical torque and DC-bus current Idc,
as well as share a proportional relationship, under
certain assumptions and simplifications, Eq. (4) can be
extended to establish a linear correlation between the
generator current and the square of the output voltage.
It should be noted that lack of precision of the MPPT
control algorithm in pinpointing the optimal operating
conditions would cause only a minimal influence on
the extracted power. This is visually demonstrated in
Fig. 2, where a notional tidal turbine power coefficient
curve is charted.

Minor fluctuations in the CP curve near the max-
imum power point, coupled with the significant de-
viation range of turbine rotational speed for a certain
inflow velocity, leads to a slight reduction in power.
Taking the TTT turbine as example, available towing
tank performance data [18] show that a deviation of
over 10% around the optimal TSR causes less than a
5% decrease in power. This observation enables us to
make simplifications and assumptions in the process of
power transmission and conversion from the turbine
rotor to the DC side, establishing a linear relationship
between the DC-bus current and voltage squared.

The phase back electromotive force Emf of a PMSG
with a constant flux Ψ exhibits a linear proportionality
to the rotational speed of the generator ωg

Emf = npp Ψωg (5)

where npp stands for the number of pole pairs. Assum-
ing negligible copper losses, commutating inductance,
and commutating angle, the rectifier’s output voltage
can be simplified as [19]

Vdc =

(
3
√
3

π

)
Emf (6)

On the other hand, the maximum power output that a
diode bridge can provide is represented by

Vdc,opt . Idc,opt = ηt Pm,max = ηt Khy ω
3
m,opt (7)

where Vdc,opt and Idc,opt denote the optimal values of
DC-side voltage and current, respectively. Quantity ηt
represents the efficiency of power transmission and
conversion from the turbine rotor to the DC side, which
is assumed to be constant.

The relationship between ωm and ωg is defined as

ωg = Ngear ωm (8)
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where Ngear denotes the gear ratio for drive-trains
equipped with a gearbox. This parameter is set equal
to one in the case of direct-drive systems.

By manipulating Eqs. (5)-(8), the following expres-
sions are derived

Idc,opt = ηt Khy

[
π

3
√
3nppΨNgear

]3
V 2
dc,opt

or simply

Idc,opt = Kdc V
2
dc,opt (9)

where Kdc represents the constant slope of the gener-
ator output current (Idc) with respect to the square of
the generator output voltage (V 2

dc), aimed at achieving
maximum power. Equation (9) is the basis of the SL-
MPPT methodology proposed here, in which only
electrical quantities are observed to feed the control
strategy.

III. EXPERIMENTAL SET-UP

This section describes the laboratory infrastructure
and the test set-up used to analyse the proposed SL-
MPPT control strategy. The primary objective was to
examine the SL-MPPT control strategy within a con-
trolled environment that simulates relevant operating
conditions at sea. The focus was to understand its
response and performance under fluctuating inflow
conditions and identify improvements to enhance the
turbine power extraction capability. The controlled lab-
oratory environment is crucial as it minimizes the
uncertainties associated with field trials, leading to
precise and accurate findings. The infrastructure de-
scribed herein encompasses a towing tank facility and
the instrumentation used in the study.

A. Towing tank facility
Laboratory tests were conducted in the wave–towing

tank facility at CNR-INM, which is among the largest
worldwide for experimental research on marine renew-
able energy systems. The tank has a length of 220
m, a width of 9 m, and a depth of 3.5 m, resulting
in a blockage ratio of 2.8% when the TTT model
turbine is deployed. This small blockage ensures that
flow confinement effects are negligible, making the
results comparable to those obtained in an unbounded
environment during sea trials.

The TTT 1.5m diameter, 3-bladed model turbine was
equipped with 0.575 m long steel blades by a commer-
cial Schottel Hydro design [20], as shown in Fig. 3.
The combination of the TTT model turbine and the
towing tank provides an ideal platform for studying
tidal stream turbines under controlled conditions.

Wave–towing tank layout and dimensions are illus-
trated in Fig. 4. The tank is filled with fresh water,
and the operating conditions of a tidal turbine or any
marine vehicle are simulated by towing the model
by a carriage that moves back and forth at speeds
ranging from 0.5 to 10 m/s. The carriage is powered by
four Ward-Leonard electrical motors, providing precise
control of velocity with an accuracy of 1 mm/s at

Fig. 3. The TTT model turbine with Schottel Hydro blades installed
on the towing carriage at CNR-INM

Fig. 4. Layout and dimensions of the wave-towing tank at CNR-
INM

constant speed. Additionally, the carriage allows for
variable speed motion with user-defined acceleration
laws. To generate waves, a single-paddle wave maker
is located at the south end of the tank, while an
absorbing beach is positioned at the opposite end to
minimize wave reflections that could distort the wave
patterns generated by the wave maker.

B. Instrumentation

The TTT model turbine was mounted on a support
frame suspended from the towing carriage structure.
The center of the turbine hub was positioned at a depth
of 1.25 m below the still water surface, clamped from
above by a steel stanchion in the mid-section of the
tank.

In order to fully characterise the flow conditions,
direct measurements were taken using two ultrasonic
sensors to determine the wave pattern and a pitot
velocimeter to measure the axial flow velocity intensity.
These measurements allowed for the assessment of
fluctuations in the current velocities caused by the
waves and provided information on the kinematics of
the waves. The pitot probe was positioned at a water
depth corresponding to the blade tip when at the 12
o’clock position.

Top Fig. 5 depicts the carriage set-up with the TTT
model turbine and part of the sensors, whereas bottom
Fig. 5 shows a sketch of the set-up, with distances
among turbine and sensors given in Table I.
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Fig. 5. TTT Turbine, flow velocity measurement (Pitot) and ultrasonic
sensors deployment configuration.

TABLE I
TURBINE AND SENSORS DEPLOYMENT PARAMETERS

Symbol Definition Value [m]

h1 Turbine depth 1.25
h2 Pitot depth 0.50
d1 Pitot distance from turbine blades 3.00
d2 Ultrasonic distance from turbine blades 5.00

The velocimetry equipment consists of a Pitot tube
with an ellipsoidal head of type L and a differential
pressure measurement cell. The measurement cell has
a range of ±1 to ±5000 PSI difference (PSID) with an
output signal of 2mV/V . The Pitot sensor enables the
measurement of a single velocity component, with the
axial component being measured during the tests. The
Pitot tube has an intake at the nose for capturing the
total pressure and 6 holes on the head for measuring
the static pressure. Particular attention was paid to
install the device in a vertical position, with the head,
ending with an ellipsoidal nose, maintained parallel to
the flow and facing it.

The measurement of the dynamic pressure Pd, which
corresponds to the difference between the total pres-
sure Pt captured by the nose and the static pressure
Ps captured by the holes on the head, allows for
the calculation of fluid velocity using the Bernoulli
equation. The dynamic pressure is displayed by the
instrument as ”velocity pressure” in units of mmH2O
or Pa.

To quantitatively characterize the kinematics of
waves in the tank, two metallic cylindrical ultrasonic
sensors of size M18x1 were employed. The detection
beam of each ultrasonic sensor has a conical shape with

TABLE II
TEST MATRIX

Condition Control strategy Set-point

Calm water Constant RPM -
Regular wave I SL-MPPT 7e-4
Regular wave I TSR 5 & 6
Regular wave II SL-MPPT 7e-4
Regular wave II TSR 5 & 6

Fig. 6. Ultrasonic sensors – wavelength and wave elevation pattern

a base diameter of 400 mm and a penetration depth
of 1500 mm. In the experimental set-up, the distance
among sensors was carefully chosen to avoid interfer-
ence causing noise in water level height acquisitions.

C. Experimental Scenarios

The tests were conducted in two scenarios: calm
water (steady state) and unsteady inflow with regular
(sinusoidal or monochromatic) waves, with two am-
plitude values chosen to simulate moderate sea-state
conditions at full scale, and time scales comparable to
turbine revolution periods. In addition to the proposed
SL-MPPT control, a conventional TSR control method
was also considered for comparative analysis.

The experimental scenarios are summarized in Ta-
ble II, which includes the conditions, control strategies,
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and set-points for each case. Based on previous experi-
mental characterizations of the TTT model turbine [13],
a reference value of the maximum (mechanical) power
coefficient CP = 0.44 at TSR = 5 was determined as
the optimal condition. Based on these hydrodynamic
characteristics and the PTO system characteristics of
the TTT turbine, the theoretical value of Kdc obtained
from (9) is approximately Kdc = 7e-4, which is taken
as set-point for SL-MPPT control.

Initially, a series of experiments with constant RPM
were conducted in calm water to establish the baseline
performance characteristics of the turbine. A constant
flow speed between 0.8 and 1.4 m/s was considered.
These experiments were instrumental in tracking and
assessing the effect of alternative control strategies,
such as TSR and SL-MPPT, on turbine operation under
unsteady flow conditions.

Next, two regular waves in-line with the current
were generated in the tank to establish onset flow
conditions characterized by a fluctuating components
superimposed on the carriage speed, which was main-
tained constant at VF = 1.2 m/s. Specifically, the wave
paddle in the tank was set to generate regular patterns
with 200 mm nominal wave height Hw, and encounter-
ing frequency Tw of 2.138 and 2.566 seconds. At TSR=5
and VF = 1.2 m/s, the wave periods correspond, re-
spectively, to 2 and 2.5 turbine revolution periods. The
generated free-surface flow is described by a Froude
number Fn = 0.31, calculated as Fn = VF /

√
gD, with

g = 9.806 ms−2.
Fig. 6 shows wavelength and wave elevation pattern

as measured by the ultrasonic sensors for the two
wave cases and a representative time period of 15
seconds. The waves come across the turbine with a
regular pattern and the wave elevation fairly matches
the imposed value. The phase shift between the two
signals is a consequence of the position of the two
probes, as illustrated in Fig. 5. In particular, in the
testing conditions at Tw of 2.138 s, the signals measured
by the two probes are almost in phase.

In both calm-water and wave conditions, the pro-
posed SL-MPPT control strategy was compared with
two TSR control references: TSR = 5 (design point) and
TSR = 6 (over-speed zone).

IV. RESULTS AND ANALYSIS

This section presents the results obtained from the
experiments described in Section III. Measured data
were analyzed to assess the effectiveness of the SL-
MPPT strategy in optimizing power extraction from the
TTT model turbine.

As mentioned above, the results obtained using the
constant RPM strategy in calm water operation were
considered as a reference to identify turbine perfor-
mance figures. This choice is motivated by the fact
that under calm water towing and with constant RPM
control, the turbine operating conditions are precisely
known (onset flow speed and optimum rotation speed)
without the need for input from flow measurement
sensors. Subsequently, the optimal value for the Kdc

coefficient in Eq. (9), which mediates the relationship

Fig. 7. Time series of generated mechanical power Pm, electrical
power Pel, and dissipated power ∆P with the SL-MPPT control
(top), and TSR (bottom). Wave–towing conditions at Tw = 2.138 s.

between the DC-bus current and the square of the
DC-bus voltage, was established for the case with an
inflow speed of 1.2 m/s. The mean value obtained from
the calm water test was Kdc = 6.8 e−4, in very good
agreement with the theoretical value taken as the set-
point for the SL-MPPT control.

Figure 7 shows the time series of mechanical power
Pm, electrical power Pel, under the SL-MPPT and TSR
control strategies facing inflow fluctuations caused by
surface waves with period Tw = 2.138 s. This figure
describes how wave–towing tests are performed. At
time t = 0, the wave generator is activated and at the
opposite side of the tank the carriage starts moving.
After few seconds, the generated wave train encounters
the towed turbine. In the cases described in Fig. 7, this
condition happens at approximately time te = 30 s.
After about 10 seconds, fully developed regular waves
interact with the turbine. Both power signals oscillate
with the wave–forcing frequency. The intensity of fluc-
tuations with SL-MPPT control (top Fig. 7) is higher
than in the TSR control case (bottom Fig. 7). Another
difference is that while in the SL-MPPT control case,
the fluctuations of mechanical and electrical power
have a comparable intensity, in the TSR control case,
the electrical power oscillates with significantly lower
intensity than the mechanical power. This is reflected
by the difference between mechanical and electrical
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power, ∆P = Pm − Pel, with strong oscillations in the
TSR control case.

The quantity ∆P denotes the passive power dis-
sipated by the PTO components, encompassing the
generator, the power electronic interface, and the drive-
train (shaft, joints, and gearbox). In fact, it represents
the portion of mechanical power that is dissipated into
heat and fatigue loads on the turbine mechanical parts.
The results displayed in Fig. 7 reveal that the passive
power, under both control strategies, remains relatively
stable prior to the onset of inflow fluctuations, in-
dicating the PTO system’s efficiency, which is inde-
pendent of the control strategy employed. However,
during unsteady flow conditions (from approximately
te = 30 s), this characteristic persists only in the case
of SL-MPPT control, whereas intense peaks of passive
power occur when using TSR control. The same trend
was observed with wave forcing at Tw = 2.566 s
(not shown). This phenomenon suggests that the SL-
MPPT control strategy effectively tracks the dynamics
of the onset flow and compensates for the variability
of conditions to maintain peak power point operation.

To gain a better understanding of the effect of
alternative control strategies on turbine operation, a
comparison is made between the fluctuation of turbine
power performances and the corresponding quantities
measured when the turbine operates in a constant and
uniform onset flow without waves (calm water).

Figure 8 shows instant measurements of mechanical
power in wave–towing conditions at Tw = 2.138 s (top)
and Tw = 2.566 s (bottom), and using different control
strategies and set-points. Unsteady flow measurements
are compared with calm water test data with constant
RPM control at flow speed 0.8, 1.1, 1.2, and 1.4 m/s,
and their polynomial fit. Both results under SL-MPPT
and TSR control describe loops that correspond to
several wave periods with quasi identical conditions
as shown in Fig. 6.

Mechanical power mean values, plotted as colored
square dots, are approximately matching the calm wa-
ter condition at VF = 1.2 m/s. A major difference be-
tween control strategies is that SL-MPPT data describe
loops where at each time step the measured power
is close to the calm water value at the same instant
velocity. A completely different trend is observed by
using the TSR control, with very large oscillations of
measured power.

Similar comparisons are presented for the turbine
power coefficient CP and torque coefficient CQ versus
TSR, in Figs. 9 and 10, respectively. In this case, the
turbine power coefficient CP , the tip speed ratio λ and
the torque coefficient CQ = CP /λ have been evaluated
by modified definitions in (1) and (2), where the nom-
inal flow speed VF is replaced with the actual value
of the axial velocity incoming to the turbine under the
effect of surface waves. As a reference, instant values of
power and torque coefficients in the wave–towing case
are compared with results of calm water tests described
in [21], where a 0.5 m diameter model turbine with
same blade design as the TTT turbine was tested in a
flume tank at flow speed up to 2.75 m/s.

The results clearly show the effect of the control

Fig. 8. Mechanical power versus actual flow speed with SL-MPPT
and TSR 5, 6 controls. Wave–towing conditions at Tw = 2.138 s
(top) and Tw = 2.566 s (bottom), and comparison with calm water
measurements.

strategy on the variability of the mechanical torque
and power output of the turbine when subjected to a
variable onset flow. These comparisons provide valu-
able insights into the response of the control strategies,
with reference to the capability to track the optimal
operating condition, and to limit the intensity of load
fluctuations on turbine blades and drive-train compo-
nents.

In particular, it can be observed that the proposed
SL-MPPT control strategy determines smaller fluctua-
tions in mechanical power compared to the TSR control
strategy. The SL-MPPT results closely match the tur-
bine response during ideal uniform flow conditions.
In contrast, the TSR–based control leads to relatively
strong oscillations in mechanical loads compared to
uniform flow operation at the same speed. This com-
mon feature can be attributed to the uncertainty in
evaluating the onset flow speed required by the control
strategy and the limitations in the dynamic response of
the physical control.

The obtained results highlight that the turbine ro-
tational speed adapts to unsteady inflow conditions
through the quick dynamic response of the SL-MPPT
control strategy. As a result, in spite of the wave–
induced velocity fluctuations, turbine operation at the
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Fig. 9. Instant values of power coefficient CP versus instant TSR.
Wave–towing conditions at Tw = 2.138 s (top) and Tw = 2.566 s
(bottom), and comparison with calm water data from [21].

maximum power coefficient is enforced, thus optimiz-
ing power extraction in transient inflow conditions.

V. CONCLUSION

The effectiveness of a novel mechanical Sensor-Less
Maximum Power Point Tracking (SL-MPPT) control for
tidal stream turbines under fluctuations of the onset
flow has been investigated. The control methodology
has been outlined, and the results of validation studies
by towing tank experiments have been discussed.

A key aspect of the proposed control strategy is
that the turbine power take-off response is governed
by maintaining a constant ratio between the generator
current and the square of the DC-bus voltage. The
optimal proportionality factor can be determined from
turbine performance in uniform flow conditions at
constant RPM.

The study was conducted at the wave–towing tank
facility at CNR-INM, using a 3–bladed, horizontal-axis
model turbine with a 1.5 m diameter, developed at
the Queen’s University of Belfast. The turbine was
equipped with Schottel Hydro blades, a Permanent
Magnet Synchronous Generator (PMSG) with a single-
stage gearbox, and a central data acquisition system
suitable for implementing alternative control strategies.

Fig. 10. Instant values of power coefficient CQ versus instant TSR.
Wave–towing conditions at Tw = 2.138 s (top) and Tw = 2.566 s
(bottom), and comparison with calm water data from [21].

Preliminary tests in calm water conditions deter-
mined a proportionality factor in close agreement with
the theoretical value predicted by the simulation model
used to develop the methodology. The capability of
the proposed SL-MPPT control strategy to track the
optimal turbine operating point in variable inflow
conditions was investigated by towing tests in regular
waves with periods equal to 2 and 2.5 turbine rev-
olution periods and Froude number Fn = 0.31. The
analysis of the response of the turbine with SL-MPPT
control and a conventional TSR control allows to draw
some conclusions:

• under the SL-MPPT control, the electrical power
follows the fluctuations of the mechanical power
associated to the onset flow perturbation;

• the power that is dissipated in the mechani-
cal/electrical conversion presents very small oscil-
lations with respect to the variability of the rotor
loadings;

• regardless of the wave–induced variability of the
inflow speed, the mechanical power delivered
with the SL-MPPT control presents fluctuations
around optimal calm water conditions at the same
instant flow speed that are very small as compared
to TSR control operation;
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• a similar trend is observed for the mechanical
torque.

The analysis of turbine performance covering a wide
range of loading conditions and inflow variability is
the subject of ongoing work. The objective is to con-
firm the promising results obtained from the present
laboratory tests and from available field site data and
assess the proposed methodology as an alternative to
conventional control strategies used in the tidal energy
sector.
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