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Abstract: Hydrokinetic energy conversion systems capture the power available in the water flowing in waterways. An
electrical interface for the power take-off of a hydrokinetic energy conversion system was designed and a control strategy
for the maximum power extraction was investigated. A laboratory prototype was used for the experimental
characterisation of the system. High efficiencies were observed due to the restricted flow conditions. The power curves
obtained from the experimental results were used for the simulation of the system in MATLAB/Simulink. A ‘perturb and
observe’ method was used for the maximum power point tracking. A control scheme based on a heuristic algorithm
suitable for restricted and turbulent water flows was developed. A practical advantage of this scheme is that it does not
require the use of mechanical sensors. The maximum power point tracking of the laboratory prototype was simulated and
experimental validation undertaken, with simulation and experimental results agreeing well. The maximum power point
tracking of a full-scale hydrokinetic energy conversion system was simulated to assess its performance towards practical
deployment.

1. Introduction
Hydrokinetic energy conversion systems harvest the
energy that is available in tidal currents, river streams and
man-made waterways [1]. As there are thousands of miles of
waterways around the world, this could potentially be a
suitable renewable energy technology to extend the current
hydroelectric capacity.
As in the case of variable-speed wind turbines, power
electronics are used for the control of hydrokinetic energy
conversion systems. The two basic configurations considered
in the literature use either an active bridge rectifier or a diodebridge rectifier and a dc-dc converter, followed by a threephase inverter for the connection to the grid. Variable-speed
operation below the rated water speed allows tracking of the
maximum power point of the turbine [2], [3]. As a result, the
efficiency of the system is maximised and the payback period
of the installation costs reduced.
Since turbine-based hydrokinetic energy conversion
systems are fairly new, their maximum power point tracking
(MPPT) methods are often similar to those used in wind
turbines [4]. The MPPT methods reported in the literature are
either based on a predefined trajectory obtained from the
turbine characteristics or on an iterative search. MPPT
methods based on a predefined trajectory are widely used in
large, grid-connected wind turbines [5], [6] and have been
also discussed for tidal turbines [7]. However, ‘perturb and
observe’ (heuristic) algorithms are often considered for
standalone [8] and grid-connected small-scale turbines [9].
The principle of a ‘perturb and observe’ MPPT
method is the perturbation of a control variable and the
observation of the resulting electrical power. In [10] and [11],
the MPPT of a wind turbine is achieved through the
perturbation of the duty cycle of a dc-dc converter, while in
[12] and [13], the perturbation is done through the rectifier
voltage for the control of a standalone wind turbine. An
optimal power curve combined with a heuristic algorithm is
considered in [14] for the maximum power extraction from a

wind turbine. However, this control scheme is dependent on
the turbine parameters. An adaptive MPPT algorithm for
faster convergence for a wind energy conversion system is
reported in [15]. The MPPT of wind turbines using fuzzy
logic for the control of the firing angle of the inverter has been
discussed in [16], while in [17] it was employed to estimate
and compensate for the non-linearities and uncertainties in a
wind energy conversion system. However, in these cases the
complexity of the control scheme increases significantly. In
[3], the MPPT of a river-current turbine is achieved through
the perturbation of the rotational speed of the turbine. This
MPPT method is based on knowledge transferred from the
wind industry.
There have been significant research efforts reported
in the open literature specifically directed to the MPPT of
hydrokinetic turbines. For instance, an MPPT approach based
on the regulation of the dc current for a predefined behaviour
in the frequency of the electrical machine (PMSG) is
proposed in [18]. A predefined trajectory is also used in [19]
for the control of the torque of the hydrokinetic turbine along
with a current meter. A similar approach is followed in [20],
where vector control is adopted based on the measurement of
the rotational speed of a turbine. In this case, the hydrokinetic
energy conversion system is used to capture energy during
the ship lock process in a hydraulic canal. In [21], a power
signal feedback technique based on an MPPT scheme
implemented as a look-up table is used to extract the
maximum power of the turbine for a PMSG-based
hydrokinetic turbine. The control scheme proposed in [22] for
torque control is based on the knowledge of a factor K (related
to the turbine parameters) and the square of the rotational
speed. More complex methods are based on a threedimensional MPPT model [23] or on neural network-based
control schemes for the estimation of the turbine discharge
[24]. However, such an increase in complexity may not be
attractive from an industrial standpoint towards practical
deployment.
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It is relevant to mention that references [18]-[24]
exploit the knowledge behind MPPT algorithms reported for
wind applications. However, when such an approach is
adopted the performance of the algorithms needs to be further
investigated under the presence of restricted and turbulent
water flows. In addition, it should be noticed that knowledge
of the parameters and characteristics of the turbine and the
need for sensors to measure mechanical signals is required in
the work reported in the previous references for an adequate
performance of the algorithms.
In this paper, a control scheme for the MPPT of a
hydrokinetic energy conversion system for a man-made
waterway is investigated. The control scheme is based on a
‘perturb and observe’ algorithm. It is a simple controller
based on the perturbation of the rectifier voltage and, thus, no
mechanical signal is needed. This simplicity offers a major
practical advantage, with the presented scheme being
particularly useful for kinetic energy turbines that are often
located in constrained and turbulent water flows. For
completeness, a laboratory prototype was developed to obtain
the experimental characteristics of the hydrokinetic energy
conversion system and to demonstrate the MPPT method.
2. Configuration of the hydrokinetic energy
conversion system
The hydrokinetic energy conversion system
investigated in this work is shown in Fig. 1. It consists of two
identical vertical-axis turbines driving a permanent magnet
synchronous generator (PMSG) through a common shaft. The
design of the turbines is similar to that of a Gorlov turbine
[25]. The power conversion system consists of a diode-bridge
rectifier, a dc-dc converter and a three-phase inverter for the
connection to the grid. A voltage source converter (VSC) is
used for the grid connection of the system and to keep the
voltage 𝑉𝑏 constant. With a fixed voltage 𝑉𝑏 , the dc-dc
converter is used to provide a variable voltage 𝑉𝑑𝑐 for the
control of the generator. The anticipated full-scale
hydrokinetic energy conversion system is rated at 10 kW.
PMSG

𝜔𝑐𝑠ℎ

Coupling and
Gearbox

𝑉𝑑𝑐

Diode-bridge

Dc-dc
converter

𝑉𝑏

Grid
VSC

rectifier terminal. For its implementation, the dc-dc converter
is used to control the rectifier voltage as this may facilitate
the connection of a battery energy storage system. The VSC
inverter terminal is employed for grid integration.
3. Modelling of the system
3.1. Hydrodynamic model
The hydrodynamic model shown in Fig. 2 is used to
calculate the torque produced by the turbines. The speed of
the common generator shaft, 𝜔𝑐𝑠ℎ , is measured and the
rotational speed of each turbine, 𝜔𝑡 , is calculated using the
gearing ratio, 𝑁. This way, the tip-speed ratio, 𝜆, is obtained
and a look-up table is used to determine the power coefficient,
𝐶𝑝 . Although there is mechanical coupling between the two
turbines, it was assumed that there is no hydrodynamic
interaction between each other. Thus, the power available in
the water is calculated using:
1

𝑃𝑓𝑙 = ∙ 𝜌 ∙ 2𝛢 ∙ 𝑣𝑓𝑙 3 ,

where 𝜌 is the water density (997 kg⁄m3 ), 𝛢 is the swept
area of each turbine, and 𝑣𝑓𝑙 is the water speed.
The power captured by the turbines is calculated using
the power coefficient and divided by the rotational speed of
the common shaft so that the mechanical torque of the
common shaft, 𝜏ℎ𝑦𝑑 , is obtained.
𝑣𝑓𝑙

𝜔𝑐𝑠ℎ

1
𝑁

𝜔𝑡 𝑅
𝑣𝑓𝑙

𝜆

𝐶𝑝
calculation

𝑃ℎ𝑦𝑑
1
𝜌(2𝐴)𝑣𝑓𝑙3 𝐶𝑝
2

1
𝜔𝑐𝑠ℎ

𝜏ℎ𝑦𝑑

Fig. 2. Hydrodynamic model.
3.2. Drive-train Model
A single-mass (lumped) representation was used to
model the drive-train of the system. This is described by
𝑑𝜔𝑐𝑠ℎ 𝑇ℎ𝑦𝑑 − 𝑇𝑒𝑚
=
,
𝐽𝑡𝑜𝑡𝑎𝑙
𝑑𝑡

(2)

where 𝐽𝑡𝑜𝑡𝑎𝑙 is the total inertia of the rotating mass and 𝑇𝑒𝑚 is
the electromagnetic torque of the generator. The total inertia
of the system is given by
𝐽𝑡𝑜𝑡𝑎𝑙 = 𝐽2𝑡 + 𝐽𝑔𝑒𝑛 ,

Fig. 1. Configuration of the hydrokinetic energy conversion
system.
It should be highlighted that although a back-to-back
configuration based on VSCs is the prominent alternative for
power conversion systems, this was not adopted in this paper.
The hydrokinetic energy conversion system studied in this
work is intended for a low-rated canal application—which
could be also adopted in standalone systems. Given that the
employed MPPT algorithm is a practical solution that does
not require sensors for mechanical signals or prior knowledge
of the turbine characteristics, this was complemented with the
adoption of a diode-bridge rectifier. This is a simple, robust
and economic alternative that eliminates the need for a VSC

(1)

2

(3)

where 𝐽2𝑡 is the total inertia of the two turbines and 𝐽𝑔𝑒𝑛 is the
inertia of the generator. Details of the calculation of the total
inertia of the system are given in the Appendix.
It could be argued that the single-mass drive-train
model given by equations (2) and (3) is arguably simple as it
does not consider the mechanical coupling between the two
turbines of the hydrokinetic energy conversion system.
However, this model is sufficient to reproduce the
phenomena of interest despite its simplicity, as shown by the
simulation and experimental results reported in Section 6.
The mathematical derivation of a more detailed drive-train
model and/or the use of two-mass or three-mass models
where bending dynamics and frequency of oscillations can be
represented more faithfully [26], [27] are out of the scope of
this work.
2

3.3. Generator model
The PMSG model in a dq frame is given in [28] as
𝐿𝑞
𝑑
1
𝑅𝑠
𝑖 = 𝑢 − 𝑖 + 𝑛 𝜔 𝑖 ,
(4)
𝑑𝑡 𝑑 𝐿𝑑 𝑑 𝐿𝑑 𝑑 𝐿𝑑 𝑝𝑝 𝑔𝑒𝑛 𝑞
1
𝑅𝑠
𝐿𝑑
𝑑
𝑖𝑞 = 𝑢𝑞 − 𝑖𝑞 − 𝑛𝑝𝑝 𝜔𝑔𝑒𝑛 𝑖𝑑
𝐿𝑞
𝐿𝑞
𝐿𝑞
𝑑𝑡
(5)
𝜓𝑚 𝑛𝑝𝑝 𝜔𝑔𝑒𝑛
,
−
𝐿𝑞
3
(6)
𝜏𝑒𝑚 = 𝑝[𝜓𝑚 𝑖𝑞 + (𝐿𝑑 − 𝐿𝑞 )𝑖𝑑 𝑖𝑞 ] ,
2
where 𝐿𝑑 , 𝐿𝑞 (H) are the self-inductances of the stator; 𝑅𝑠 (Ω)
is the stator resistance; 𝑢𝑑 , 𝑢𝑞 (V) are the stator voltages; 𝑖𝑑 ,
𝑖𝑞 (A) are the stator currents; 𝜓𝑚 (Vs) is the flux linkage of
the permanent magnet; 𝑝 is the pole pairs; and 𝜔𝑔𝑒𝑛 is the
generator mechanical speed.
A PSMGs is adopted in this work as it is preferred for
variable-speed operation in renewable energy applications.
Contrary to electrically excited synchronous machines,
PMSGs do not require an external dc supply, slip rings and
contact brushes [21]. With respect to induction machines,
PMSGs operate at a higher power factor, have an increased
power density large enough to offset the cost of permanent
magnets, do not require reactive support and are suitable for
multi-pole constructions with low rotor speeds where the use
of a gearbox may be avoided [29]—such as in a hydrokinetic
energy conversion system.
4. Experimental characterisation
A laboratory prototype was used to experimentally
obtain the steady-state characteristic curves of the system.
The laboratory prototype is rated at 200 W and, instead of a
VSC, batteries were used to fix voltage 𝑉𝑏 (see Fig. 3).
𝐼𝑑𝑐
+

PMSG

𝜔𝑐𝑠ℎ

Vdc
Diode-bridge

𝐶1

𝑆1

𝐿1

𝑆2

𝐿2

𝐷1

𝐷2

where 𝐷 is the duty cycle of the converter. The interleaved
operation was achieved by operating the two switches of the
converter with a phase difference of 180°. The switching
frequency was set to 100 kHz.
According to (7), 𝑉𝑑𝑐 can either be higher or lower
than 𝑉𝑏 and, therefore, a wide area of operation was ensured.
The uncontrolled rectifier, the dc-dc converter, and the
capacitors were fixed in an enclosure for safety. A computer
was used to control the buck-boost converter. The
experimental set-up is shown in Fig. 4.
For the experimental procedure, the water level in the
flume, the dimensions, and the distance between the shafts of
the two identical turbines and the gearing ratio were set. This
information is provided in Table 1. For the measurement of
the mechanical torque and the rotational speed, a device
combining a torque transducer and a speed encoder [31] was
fixed on the common shaft. The frequency of the
measurements was 100 Hz. An oscilloscope was used to
measure voltages 𝑉𝑑𝑐 and 𝑉𝑏 and currents 𝐼𝑑𝑐 and 𝐼𝑏 .
The water speed was varied using a pump controlled
remotely from a control panel. The flow speed was varied by
regulating the electrical power applied to the impeller of the
flume. Following a similar procedure as the one reported in
[32], the flow speeds were analysed at certain water depths
and pump powers using an acoustic Doppler velocimeter
(ADV). It was found that when the pump operates at 25% of
its capacity and for a water height of 0.5 m, a bulk flow
velocity of 0.72 m/s occurs. Values of 0.85 m/s at 30%, 0.98
m/s at 35% and 1.09 m/s at 40% were obtained also for a
water height of 0.5 m. The bulk velocities are the averaged
values of several ADV point readings across the cross-section
of the flume. These water speeds were used for the
experiment.

Batteries

𝐶2

+

Interleaved buck-boost 𝐼𝑏
converter

𝑉𝑏

Fig. 3. Configuration of the laboratory prototype.
Two small-scale vertical-axis turbines were fixed on
the bottom of an 18 m flume. A timing belt and three pulleys
were used to transfer the rotation of the turbines into the
rotation of a common shaft. Identical pulleys were put on the
rotor of each turbine. The timing belt was used to connect
these separate pulleys with the third pulley fixed on the
common shaft. This way, synchronised counter-rotation of
the turbines was ensured. The ratio between the radius of the
pulleys of each turbine and the radius of the pulley of the
common shaft defined the gearing ratio 𝑁.
The common shaft was used to drive a 200 W PMSG.
The generator’s output was connected to two 12 V batteries
through a diode-bridge rectifier and an interleaved buckboost converter. In the continuous conduction mode of the
converter, the ratio between voltages 𝑉𝑑𝑐 and 𝑉𝑏 is [30]
𝑉𝑏
𝐷
=
,
(7)
𝑉𝑑𝑐 1 − 𝐷

Fig. 4. Experimental set-up.
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Table 1. Specifications for the laboratory prototype and the
full-scale system
Variable
𝛵𝑠 (s)
𝑆 (V)
𝐾𝑝

Experimental
prototype

Prototype
simulation

Full-scale
system
simulation

0.5 s

0.5 s

1s

0.2 V

0.2 V

5V

0.01

0.2

1

100

400

100

𝛵𝑐 (s)

0.45 s

–

–

DC-dc converter
switching
frequency (kHz)

100

100

100

Estimated inertia
(kg∙m2)

–

0.0876

9.43

𝑉𝑑𝑐 /𝑘𝑟𝑝𝑚

𝐾𝑖

190

190

3460

Number of poles

16

16

24

Rated power of
PMSG (kW)

0.2

0.2

10

Rated speed of
PMSG (rpm)

200

200

200

𝑅𝐿−𝐿 @20℃ (Ω)
Batteries (V)

0.8

0.8

3.53

𝐿𝐿−𝐿 @20℃ (mH)

7.4

7.4

78.2

12

12

–

Grid

–

–

𝑉𝐿−𝐿,𝑟𝑚𝑠 = 200 V,

Turbine
dimensions

0.3x0.18 m

0.3x0.18 m

0.8x1.36 m

𝑓𝑔 = 50Hz

Gearing ratio

4:3

4:3

3:1

Volume of the
blade (mm3)

271064.5

271064.5

3391389

Density of the
blade (g/cm3)

0.93

0.93

2.7

Mass of the blade
(kg)

0.287

0.287

17.3

Note: the proportional and integral gains of the PI controllers were chosen
following a heuristic method aiming to achieve a transient response with a
limited overshoot for reference step changes for voltage 𝑉𝑑𝑐 . It should be
noted that although the inertia of the full-scale system and the voltage
constant of the PMSG are higher than for the laboratory prototype, the rated
speed of the PMSG for all configurations is the same. Therefore, an
independent scaling-up of the turbines and of the PMSG was made
independently. As a result, the gains of the controller had to be reselected for
the simulation of the full-scale system.

For every water speed, the buck-boost converter was
controlled using a proportional-integral (PI) control structure
to decrease 𝑉𝑑𝑐 from the no-load value down to zero. The
gains of the PI controller are given in Table 1. Step changes
of 1 V were applied every 10 s. A low-pass filter with a time
constant of 1 s was used for the offline filtering of the
measurements.
The mechanical power 𝑃𝑚 was calculated using the
torque and the speed measurements of the common shaft. The
power flowing into the batteries 𝑃𝑏 was calculated using the
measurements of voltage 𝑉𝑏 and current 𝐼𝑏 .
The power coefficient 𝐶𝑝 of the system was calculated
using
𝑃𝑚
𝐶𝑝 =
.
(8)
𝑃𝑓𝑙
The tip-speed ratio for this system was calculated,
referring to one of the two turbines, using

𝜔𝑡 𝑅
,
(9)
𝑣𝑓𝑙
where 𝜔𝑡 is the rotational speed of each turbine obtained
from the speed of the common shaft using the gearing ratio 𝑁.
Fig. 5(a) shows the steady-state characteristic (𝐶𝑝 − 𝜆)
curve of the system. Although a unique curve was expected
regardless of water speed, different curves were obtained
instead due to losses in the test system. Fig. 5(b) shows the
power flowing into the batteries versus the rotational speed of
the common shaft for different water speeds. For very low
voltages (1–4 V) and thus rotational speeds, the system was
unstable and no accurate measurements could be taken.
Consequently, the 𝐶𝑝 − 𝜆 curves of Fig. 5(a) were neither
obtained for very low tip-speed ratios nor the power curves
shown in Fig. 5(b) for very low rotational speeds of the
common shaft.
𝜆=

(a)

(b)
Fig. 5. Characteristic curves of the hydrokinetic energy
conversion system. (a) Steady-state 𝐶𝑝 − 𝜆 curves. (b) Power
flowing into the batteries versus rotational speed of the
common shaft.
As shown in Fig. 5(a), the power coefficient for all
curves exceeds the Betz limit (0.593) [33]. This is because the
Betz limit applies for turbines operating under unconstrained
flow conditions. However, for the hydrokinetic energy
conversion system tested in this work, restricted flow
conditions were adopted. Blockage provided by the flume
was used to represent the blockage effect that might be
expected in real conditions. It should be highlighted that the
system of identical turbines investigated in this work is
intended for a canal application, which is an enclosed,
constrained and blocked environment. In such conditions, the
definition of the power coefficient may not be within the same
boundaries for which the Betz limit is defined as the walls of
the flume (and thus of the canal in a full-scale application)
would act as an augmentation mechanism increasing the
efficiency of the system [34].
4

5. Maximum power extraction
5.1. Analysis of the ‘perturb and observe’ method
As shown in Fig. 5(b), for a specific water speed, at
the maximum power point,
𝑑𝑃
= 0.
(10)
𝑑𝜔𝑐𝑠ℎ
For vertical-axis turbines with fixed pitch blades, the power
coefficient 𝐶𝑝 is a function of the tip-speed ratio 𝜆. Therefore,
the power captured by the two turbines of the hydrokinetic
energy conversion system is given by
1
3
(11)
𝑃 = 𝜌(2𝐴)𝑣𝑓𝑙
𝐶𝑝 (𝜆) .
2
The two turbines are synchronised and counter-rotate with the
same rotational speed 𝜔𝑡 . Given a gearing ratio 𝛮 , the
relationship between the rotational speed of each turbine and
the rotational speed of the common shaft is given by
ω𝑐𝑠ℎ
𝜔𝑡 =
.
(12)
𝑁
The common shaft drives the PMSG. Thus, the rotational
speed of the common shaft ω𝑐𝑠ℎ is the same as the rotational
speed of the generator. Therefore, ω𝑐𝑠ℎ is linked to the
electrical angular frequency of the generated voltage ω𝑒 by
𝜔𝑒 = 𝑝 ∙ ω𝑐𝑠ℎ .

(13)

𝑉𝑑𝑐 = 𝑉𝑑𝑐 (𝜔𝑒 ),

(14)

In [35], it is shown that the rectified voltage 𝑉𝑑𝑐 is a function
of the electrical angular frequency ω𝑒 :
and

𝑑𝑉𝑑𝑐
> 0.
𝑑𝜔𝑒
From (11)–(14), considering (9), it is deduced that
𝑃 = 𝑃 (𝑉𝑑𝑐 (𝜔𝑒 (𝜔𝑐𝑠ℎ ))).

(16)

𝜏=𝑡𝑘

𝑆 ∙ sgn(𝑃𝑘 − 𝑃𝑘−1 ) ∙
𝜏=𝑡𝑘−1 ∙ sgn(𝑉𝑑𝑐,𝑘 − 𝑉𝑑𝑐,𝑘−1 )𝑑𝜏

𝑽𝒃

(17)

(19)

(20)

A sampling period 𝑇𝑠 is used, where index 𝑘 in (20) denotes
successive discrete time points such that 𝑇𝑠 = 𝑡𝑘 − 𝑡𝑘−1 .
𝑉𝑑𝑐,𝑘 and 𝑃𝑘 are the values of the rectifier voltage and the
power at time 𝑡𝑘 and 𝑆 is the convergence speed coefficient.

PWM
generator

𝑰𝒅𝒄 𝑽𝒅𝒄

𝟏
𝟏 + 𝑻𝒄 𝐬

MPPT

The following expression is used as the basis of the
‘perturb and observe’ algorithm [3]:
𝑉𝑑𝑐,𝑘 = 𝑉𝑑𝑐,𝑘−1 + ∫

Fig. 6 shows the control scheme for the MPPT of the
laboratory prototype. For a constant voltage 𝑉𝑏 fixed by the
batteries, the dc-dc converter is used for the control of voltage
𝑉𝑑𝑐 for the MPPT.
The voltage 𝑉𝑑𝑐 and the current 𝐼𝑑𝑐 are measured
every 10 μs. In the laboratory prototype three-bladed verticalaxis turbines are employed, which exhibit characteristic 3P
oscillations (i.e. oscillations in torque and speed with a
frequency of three-times the rotational speed) [36]. To
eliminate the effect of the 3P oscillations in the MPPT
algorithm, a low-pass filtering with a time constant 𝑇𝑐 is used.
Then, the generated power 𝑃 is calculated and used as an
input to the MPPT stage. At the MPPT stage, a reference
∗
value for the voltage 𝑉𝑑𝑐
is chosen according to (20). The
difference between the measured and the reference value of
the voltage 𝑉𝑑𝑐 is fed to a PI controller. The PI controller
generates the input signal for the pulse-width modulation
(PWM) generator for the control of the dc-dc converter.

(15)

From (13), it is concluded that
𝑑𝜔𝑒
= 𝑝 > 0.
(18)
𝑑𝜔𝑐𝑠ℎ
Thus, from (10), considering (15) and (18), at the maximum
power point,
𝑑𝑃
= 0.
𝑑𝑉𝑑𝑐

5.2. Control scheme for maximum power
extraction

PMSG

Therefore, applying the differentiation chain rule to
composite function (16) while considering (11), (13) and (14),
condition (10) is written as follows
𝑑𝑃
𝑑𝑃 𝑑𝑉𝑑𝑐 𝑑𝜔𝑒
=
∙
∙
= 0.
𝑑𝜔𝑐𝑠ℎ 𝑑𝑉𝑑𝑐 𝑑𝜔𝑒 𝑑𝜔𝑐𝑠ℎ

According to (20), the voltage 𝑉𝑑𝑐 is perturbed and the
resulting power 𝑃 is measured. For a specific perturbation of
𝑉𝑑𝑐 , if the electrical power is increased, then a step change 𝑆
in voltage with the same sign takes place. Otherwise, if power
is decreased, the same step change takes place but with a
reversed sign. If there is no change in the power, 𝑉𝑑𝑐 remains
constant.

𝑽∗𝒅𝒄 −
+

PI

Fig. 6. Control scheme for the hydrokinetic energy
conversion system.
To assess the performance of the MPPT algorithm, the
convergence speed coefficient, the sampling time and the
time constant of the low-pass filter were set and are given in
Table 1 along with the parameters of the PMSG, the gains of
the controller, and the dimensions of the turbines.
Note: It should be noticed that by varying (i.e.
perturbing) 𝑉𝑑𝑐 , the terminal voltage of the PMSG is changed,
which, in turn changes the rotational speed of the generator.
Consequently, the torque changes and the resulting power can
be measured (i.e. observed). This way, the maximum power
point of the 𝐶𝑃 − 𝜆 curve can be tracked. This approach
makes the control scheme attractive for a practical application
as it is simple and does not require sensors for mechanical
signals. The presented ‘perturb and observe’ MPPT algorithm
could be adopted in the real full-scale hydrokinetic energy
conversion system as no extreme changes in the water speed
would be expected.
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6. Simulation and experimental results
6.1. MPPT of the laboratory-scale hydrokinetic
energy conversion system: simulation and
experimental validation
The laboratory prototype was simulated, prior to the
experimental validation of the control scheme for the MPPT.
For the simulation of the laboratory system, the batteries were
represented by an ideal dc voltage source in series with a very
small resistance. The power coefficient 𝐶𝑝 was calculated
with the aid of a look-up table which considered the data
provided by the experimental results shown in Fig. 5(a). The
gains of the controller were tuned and are given in Table 1.
The inertia of the laboratory-scale system was
estimated and is given in Table 1. To validate this estimated
value, a step change in voltage 𝑉𝑑𝑐 from 38 to 16 V was
applied both in simulation and experimentally. Results are
shown in Fig. 7. It is observed that there are oscillations
present in the experimental results. This oscillatory behaviour,
known as 3P oscillation (or ripple), is exhibited by practical
vertical-axis turbines such as the one used in this work—as
discussed in Section 5.2. However, the 3P oscillation was
neglected in the simulation model and was thus not present in
the simulation results. It is also shown that for the same
change in dc voltage, the time needed for the rotational speed
to settle to its new value is approximately the same for both
the simulation and the experimental test rig. Consequently,
the calculations provided a realistic approximation of the
inertia of the laboratory prototype of the system.

water speeds and the tracking of the maximum power point
was maintained during the change in the water speed.
The sampling time and the convergence speed
coefficient selected for the simulation of the MPPT of the
laboratory-scale hydrokinetic energy conversion system were
used for the experimental validation of the MPPT of the
laboratory prototype. The results were filtered offline as
described in Section 4.
For the experimental procedure, a change in the water
speed of the flume was applied from 0.98 to 0.72 m/s
similarly to the one shown in Fig. 8(a). Fig. 9(a) shows an
oscilloscope screenshot of the power flowing into the
batteries. The power was obtained by measuring the voltage
across the terminals of the batteries and the current flowing
into the batteries. It is shown that when the change in the
water speed took place, the power decreased to a minimum
point. Then, it settled and oscillated around a new value due
to the new water flow condition.

(a)

(b)

Fig. 7. Response of the rotational speed of the common shaft
of the laboratory prototype (blue curve) and of the simulation
model (red curve) for a step change in 𝑉𝑑𝑐 from 38 to 16 V.
For the simulation of the laboratory prototype, the
convergence speed coefficient 𝑆 was selected to provide a
change in the rotational speed of 0.1 rad/s. The sampling time
𝑇𝑠 of the MPPT algorithm was selected based on the response
of the rotational speed of the common shaft for a step change
𝑆 in the voltage 𝑉𝑑𝑐 . Both 𝑆 and 𝑇𝑠 are given in Table 1. The
3P oscillations of the rotational speed and, thus, the voltage
𝑉𝑑𝑐 , were neglected. Therefore, no low-pass filtering was
used in the simulation.
The water speed was linearly decreased from 0.98 to
0.72 m/s, with results shown in Fig. 8. Fig. 8(a) shows the
change in the water speed. Fig. 8(b) shows the power flowing
into the batteries. Fig. 8(c) shows the power flowing into the
batteries against the rotational speed of the common shaft of
the simulated laboratory-scale system. The blue curve is the
power curve of the laboratory prototype for a water speed of
0.72 m/s and the red curve is for a water speed of 0.98 m/s.
The green curve shows the simulation of the tracking
procedure. Maximum power extraction was achieved for both

(c)

Fig. 8. Simulation of the laboratory prototype: (a) water
speed, (b) power flowing into the batteries, (c) power flowing
into the batteries vs. the rotational speed of the common shaft.
Fig. 9(b) shows the power flowing into the batteries
against the rotational speed of the common shaft of the
laboratory prototype. As it can be observed, the curves are
similar to those in Fig. 8(c). The yellow curve shows the
MPPT procedure of the laboratory test system. At first, for a
water speed of 0.98 m/s, the system was operating around the
maximum power point. When the water speed was decreased
to 0.72 m/s, an overspeed occurred. Then the maximum
power point for the new water speed condition was reached
and an oscillation around the new maximum power point was
observed.
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6.2. Simulation of a full-scale hydrokinetic energy
conversion system

(a)

(b)
Fig. 9. Experimental results: (a) oscilloscope screenshot of
the power flowing into the batteries; (b) power flowing into
the batteries vs. the rotational speed of the common shaft.
Note: it could be argued that the use of an ideal dc
voltage source to represent the battery in the simulation
studies may be an oversimplification given the availability of
battery models in MATLAB/Simulink. To examine this in
more detail, the simulation of the laboratory scale prototype
was repeated with a battery model included, with results
shown in Fig. 10. The state-of-charge of the battery is shown
in Fig. 10(a) and the power flowing into the battery model
shown in Fig. 10(b). As, it can be observed, the addition of
the battery model does not represent a substantial difference
in performance compared to when an ideal dc voltage source
is employed (see Fig. 8(b)). Thus, no further discussion is
warranted.

(a)

(b)
Fig. 10. Simulation of the laboratory prototype with a battery
model: (a) state-of-charge of the battery; (b) power flowing
into the battery.

The full-scale (10 kW) hydrokinetic energy
conversion system was modelled and simulated to assess the
performance of the MPPT control scheme for a larger system
inertia and voltage constant of the generator. The sampling
time of the Simulink file was set to be the same as in the case
of the simulation of the laboratory prototype (10−5 s). An
ideal ac voltage source and a phase reactor were used to
represent the grid. For the VSC control, a phase-locked loop
was used to measure the frequency of the grid, an inner loop
for the control of the current in the dq frame, and an outer
loop to control voltage 𝑉𝑏 and fix it at 400 V. The control of
the grid-side VSC is described in detail in [37]. Details on the
turbine dimensions, the gearing ratio of the drive-train, the
estimated inertia of the system, the generator and the grid of
the full-scale system are given in Table 1.
Due to lack of availability in the open literature of
𝐶𝑃 − 𝜆 curves for a full-scale hydrokinetic energy conversion
system for man-made waterways, data from the experimental
characterisation of the laboratory prototype were used instead.
In this specific case, the power coefficient 𝐶𝑃 was calculated
with the aid of a look-up table derived from the experimental
results shown in Fig. 5(a) for a water speed of 0.98 m/s. It was
assumed that this curve was the unique power curve for all
the water speeds of the full-scale system.
Due to the higher inertia of the full-scale system, a
higher sampling time 𝑇𝑠 for the MPPT algorithm was selected
compared to the one employed for the simulation of the
laboratory prototype. Although the PMSG selected for the
full-scale system is rated at 10 kW, its rated speed is the same
as that of the PMSG in the laboratory (rated at 200 W).
Therefore, the voltage constant of the PMSG of the full-scale
system is higher than that of the laboratory prototype and,
thus, a higher speed coefficient 𝑆 was also selected. The
values of both 𝑆 and 𝑇𝑠 are given in Table 1.
For the simulation of the maximum power extraction
from the full-scale 10 kW system, a change in the water speed
from 1.8 to 1.56 m/s was applied as this range of speeds is
achieved on-site inside the canal. This is different from the
range of speeds used for the laboratory prototype. In this case,
a linear decrease was assumed as shown in Fig. 11(a). Voltage
𝑉𝑏 was properly controlled and fixed at 400 V, as shown in
Fig. 11(b). The resulting power flowing from the dc-dc
converter to the VSC, 𝑃𝑏 , is shown in Fig. 11(c).
Fig. 12 shows the power flowing from the dc-dc
converter to the VSC against the rotational speed of the
common shaft of the hydrokinetic energy conversion system.
The blue curve is the power curve of the hydrokinetic energy
conversion system for a water speed of 1.56 m/s. The red
curve is the power curve for a water speed of 1.8 m/s. The
green curve shows the simulation of the tracking procedure.
As in the case of the laboratory-scale system, the maximum
power extraction was achieved for both water speeds.
As it has been shown in the results reported in this
section, a good performance of the ‘perturb and observe’
MPPT algorithm is exhibited both in computer simulations
and experimental tests. This, together with its practical
advantages, makes of the algorithm a potential alternative for
small-scale vertical-axis wind turbine configurations under
the presence of turbulent conditions—however, this requires
further investigation which falls out of the scope of this paper.
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(a)

scheme objective reduces to the control of the diode-bridge
rectifier voltage using a dc-dc converter.
The work presented in this paper goes beyond
computational simulation-based verification as a laboratory
protype was developed for the experimental validation of the
‘perturb and observe’ MPPT-based control scheme. The
steady-state characteristic curves of the hydrokinetic energy
conversion system indicate a high system efficiency due to
the restricted water flow conditions. To mitigate the effect of
3P oscillations characteristic to the rotation of three-bladed
vertical-axis turbines in the dc voltage, low-pass filtering of
the rectifier voltage and current was used.
Simulation results indicated the dependence of the
selection of sampling time of the MPPT algorithm on the
inertia of the system. Additionally, the performance of the
convergence speed coefficient was directly affected by the
voltage constant of the generator used.
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10. Appendix
10.1.

Estimation of the system inertia

For the estimation of the inertia of each turbine, the
mass of each blade, 𝑀1𝑏 , is calculated using 𝑀1𝑏 = 𝑉𝑏𝑙𝑎𝑑𝑒 ∙
𝑑𝑏𝑙𝑎𝑑𝑒 , where 𝑉𝑏𝑙𝑎𝑑𝑒 is the volume and 𝑑𝑏𝑙𝑎𝑑𝑒 is the density
of each blade. Assuming the blade is a point mass rotating in
a distance R from the rotor of the vertical-axis turbine, the
inertia of each blade is calculated using 𝐽1𝑏 = 𝑀1𝑏 ∙ 𝑅2 ,
where 𝑅 is the radius of each turbine. Each turbine consists of
three blades and, thus, the inertia of each turbine is given by
𝐽1𝑡 = 3𝐽1𝑏 . The total inertia of the two turbines, referring to
the low speed shaft, is calculated using 𝐽2𝑡 = 2𝐽1𝑡 . Therefore,
the inertia of the two turbines referring to the common shaft
𝐽
is given by 𝐽2𝑡,𝑐𝑠ℎ = 2𝑡2 .
𝑁
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