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Abstract—This paper describes the dynamic models of the
complete power take-off system (PTQ) for grid-connected tidal
energy systems and performs its real-time simulation on a parallel
hardware platform. It is aimed at (i) validating the system concept
by showing if the operational performance and limits of the PTO
meet the requirements set by the turbine, (ii) providing the real-
time simulation as a development tool for the control algorithms.
It is shown that the presented level of modeling and real-time
analysis are a good foundation for a performance assessment of
the overall system control prior to any installation of the hydro-
kinetic turbine.

Index Terms—electric drive, hardware-in-the-loop, hydro-
kinetic turbine, PMSM, real-time simulation, tidal energy.

I. INTRODUCTION

Tidal energy systems (TESs) have been demonstrated in
many installed plants worldwide [1]. The related ocean re-
newable energy sector has utilized technology from the wind
energy and marine sectors and incorporated it directly into the
applied design [2]. This approach often results in shortcomings
in performance, reliability, and survivability, as interactions
between power take-off systems (PTOs) and marine compo-
nents are not fully addressed or captured in the design process.
To help economic viability, lowering the high levelized cost
of electricity (LCOE) by improving operational reliability and
resilience of TESs has therefore been a recent primary research
focus [3], [4].

The prime mover considered is a horizontal axis hydro-
kinetic cross-flow turbine with three foils. Cross-flow turbines
typically produce a torque pulse for each of the foils in the
turbine over one rotation. Even though a relatively uniform
torque output is obtained when the output torque of all foils
on the turbine are summed over a full rotation, torque ripples
still exist. In controlling the power output of the generator
coupled to the turbine, due to the large inertia of the turbine,
the control time constant is too large to account for the
torque transients [5]. This resulted in poor power quality
being delivered to the grid. Therefore, delivering a viable
PTO designed specifically for TESs requires the development
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and testing validation of optimal control strategies. This task
aims at not only maximizing the power and energy output of
the prime mover, but also increasing power quality, reducing
down-time and improving system robustness.

Offline simulation has been the major tool used in devel-
oping control strategies for the grid integration of electric
drive systems [6], [7]. However, this task is computationally
prohibitive with offline simulation tools that unables to connect
the developed controller hardware in the loop [8], [9]. The
need to simulate PTO systems in real-time and test them in
a non-risky environment gave rise to the concept of real-time
simulation on parallel hardware platforms [10], [11]. Parallel
hardware platforms are becoming convenient means for testing
and validating developed controllers in different architecture
configurations like hardware-in-the-loop (HIL) before proto-
typing [12]. In a real-time simulation, model variables of the
system are produced and alter accurately within the same
length of time as real world time. Hence, a real-time emulated
PTO model can allow one to evaluate the impact of developed
control strategies under a wide range of situations and extreme
conditions in a non-destructive environment before the field
implementation. Furthermore, it would make it possible to test
the developed PTO controller hardware on the grid under HIL
architecture.

The aim of this study is to present a real-time simulation
as a development tool in designing the PTO controller for
a grid-connected TES, which will be used later on in the
actual system laboratory testing. The complete PTO modelis
developed in MATLAB®/Simulink®, and emulated in real-
time on a multi-core CPU and FPGA-based hybrid hardware
platform. The characteristic of the turbine for a given water
flow condition is simulated and used as input to the real-time
simulation. The impact of the PTO controller on the grid is
evaluated through the real-time analysis. Real-time simulation
results are presented to explore system limits and show the
impact of the developed PTO on the grid. To evaluate the
impact of the actual PTO system on the grid, future work will
include laboratory HIL testing of the complete PTO hardware
and grid connected to the real-time platform.
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Fig. 1: Overview of the tidal energy test system studied.

II. GRID-CONNECTED TIDAL ENERGY TEST SYSTEM

The schematic representation of the TES considered is
illustrated in Fig 1. The complete PTO comprises a permanent-
magnet synchronous machine (PMSM) rated 56 kW, 80 rpm,
and about 7000 Nm, directly coupled to a tidal turbine (e.g.,
cross-flow turbine) and a bidirectional back-to-back converter
and its controller. The turbine power curve is equal to zero
during very low speeds. In this case, the PMSM is operated in
motoring mode to accelerate the turbine, and once the turbine
starts to develop torque on the machine shaft from interaction
with the water flow, the direction of electrical power flow will
change and power generation to the grid is maintained through
the grid-side converter.

III. MODELING OF THE COMPLETE POWER TAKE-OFF
SYSTEM

A. Hydro-kinetic Cross-flow Turbine Model

The power at the shaft of the turbine provided by a water
flow having a flow speed of vy, passing the swept area A of
the turbine is given by [13]

1 3
Prury = E'p’A'CP'vflowv (1)
The density p for sea water is 1025 kg/m® The power
coefficient C, depends on the operating condition and the
design of the turbine. The operating condition is characterized

by the tip speed ratio A, which is defined as the ratio between
speed at the tips of the turbine’s blades and the flow speed:

2= Oryrp rturb’
Vflow

2

where, @y, and ry,;, are the rotational speed and radius of
the turbine. The dependency of C, on the tip speed ratio is
obtained by computational fluid dynamics calculations shown
in Fig 2.a. For measured water flow speed values in Fig 2.b,
the mechanical power for a set rotational turbine speed (i.e.,
55 rpm) is then obtained as shown in Fig 2.c.

B. Transmission Line Model

The turbine is typically placed close to shore with a rel-
atively short one bundled cable run. Since the underground
cable has large capacitance value, a nominal Pi model of the
transmission line is used.

TABLE I: Machine Parameters Used.

R, (Q) 0.2781
R, (Q) 0.04
Ly, Ly (H)  0.0098
L, (H) 0.001
P 16
Ata (Ves) 39871
J (kg-m?) 225
Ty (N-m) 238
B (Nm-s) 4.017

C. Field-oriented PMSM Drive Model

The machine equations in the synchronously rotating refer-
ence frame are given by [14]

. d. :
Vas = Ry -igs + Las—las — Oe - Lgs - igs,

3
- 3)
Vgs = Ry ligs + qualqs + @, - (Lds “lgs + )Lfd)’ S
3P . i
To=> (Aga -igs + (Las — Lys)ids - igs) )
do,
]‘turb:Te—ka-l—B.a)m-l-Jim, (6)

dt

where, @, = Pw,,. d and g denote the direct and quadrature
axes quantities, vy and i are stator voltage and current, Ry and
L, are stator winding resistance and inductance, respectively.
Atq is rotor permanent magnet flux; P is the number of poles;
oy, is angular velocity of the turbine shaft; 7;,, and T, are
turbine output torque and generated electromagnetic counter
torque, respectively. Ty is static friction of the turbine. B and J
are viscous friction and inertia of combined turbine and rotor
shafts, respectively. The parameters of the model are listed in
Table L.

The machine converter control employs a cascade control
structure with inner and outer loops. The innermost torque
controller is surrounded by the speed loop, which is in turn
surrounded by the position loop. A field-oriented control
scheme was developed utilizing cascaded speed and current
control PI loops. A PI controller uses a speed error to create
a reference g-axis current, which is directly proportional to
machine torque. The controller to the PWM converter controls
the machine terminal voltages to produce the d and q axis
currents.
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Fig. 2: a) Power coefficient of the turbine, b) measured water flow speed, ¢) emulated turbine output power.

TABLE II: Real-time Simulation Parameters.

D. Grid Side Converter Model
The grid side converter is assumed to be connected to a stiff Major Computation time 5.17 us
grid through a series resistor R, and inductor L,. The voltage Acquisition (send to/{gfieved from the plant) (3)(1)42; us
e 14 us
Time Step 10 us
8 kHz

equations in the synchronously rotating reference frame are
Switching frequency

given by [15]

(7N
phase, 4 poles, 22 kW AC machine is used to emulate the

(8) turbine. The platform consists of one Intel processor core @3.0

GHz including a SPARTAN-3 FPGA card with 256 analog and
digital I/O [16]. The complete PTO model has been tested in
real-time on the platform while the characteristics of the tidal
turbine for a given water flow condition are used as inputs to

. d. .
Vag = Rg - lag JrLga’dg — O - Ly - igg +Vagria,

: d. .
Vag = Ry g +Lga’qg + @ - Lg - lag +Vggrid,
where, vg4, and v, are the per phase output voltages in
quadrature axes from the converter while vyg.iq and vy, are
the corresponding voltages of the stiff grid. iz, and iy, are the
currents flowing into the grid in quadrature axes. @, is the

grid angular frequency.
The grid side converter is controlled to maintain the dc
bus voltage at a desired level using PI controllers. Similar
to the machine side converter control, the grid side converter
control employs cascade voltage and current control loops
with outer and inner loops for the active and reactive power,
respectively. A PI controller uses a voltage error to thus create
a reference d-axis current which is directly proportional to
output active power, while the g-axis current can provide
any desired reactive power requirements by setting a current
reference to the second current controller. The active and

reactive output powers can be expressed by [15]

the simulator.
To utilize the computational hardware resource efficiently,

the model has been decoupled into four subsystems using
the ARTEMIiS-SSN solver [17]. The choice of a calculation
time step is a compromise between simulation speed and
resolution. The computational hardware needs 5.17 us for
execution of the model simulation and 0.02 s for data sending
to and receiving from the plant. To comply with the real-time
behavior, a time step of 10 us is therefore chosen. The real-
time simulation parameters used are summarized in Table II.
Considering the PWM switching frequency of 8 kHz used,
the chosen time step is quiet sufficient to capture higher order
dynamics. A real-time simulation is then performed. Special
blocks on the target platform are used to acquire the values
of variables for the first 3 seconds of the real-time simulation

3.
P(Z) = Eldg *Vdgrid 9
3 where a specific torque step change from 1 kNm to the rated
(10) " value of 7 kNm occurs at 1 second. The dc bus is center tapped

grounded with (+) and (-) 600 V either side. The voltages
and currents at the machine and grid connection terminals

including the dc bus voltage are observed.

Q(t) = Eiqg “Vdgrid -
IV. REAL-TIME EMULATION ON A PARALLEL HARDWARE
PLATFORM

B. Results and Discussion
Fig. 6 shows the PWM switching voltages and currents at
the machine terminals. The open circuit voltage is 450 V (L-L)

A. Real-Time Hardware Configuration

The hardware test rig is shown in Fig 3. It comprises a
medium speed turbine emulator and a multicore CPU and
FPGA-based hybrid real-time simulator. A re-configurable, 3



Fig. 3: Medium speed turbine emulator (left) and real-time simulator (right).
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Fig. 5: (a) Electromagnetic counter-torque in the generator (b) generator speed (c) DC bus voltage.

which is equal to a peak phase voltage of 367.4 V. The average
value in Fig. 4a is 367.8 V. The resulting electromagnetic
torque is shown in Fig. 5a. Torque fluctuations are a result
of the high frequency switching in the converter. To help
maximize lifetime and reduce wear of mechanical components
in the drive train, it is desirable to reduce the torque noise
which will be investigated in the future. In response to a torque
change from 1 kNm to 7 kNm at 1 s, the speed variation is
given in Fig. 5b. As seen, the response of the speed controller
is fast enough to settle the desired speed. For the step change in
input torque, Fig. 5c demonstrates the dc bus voltage variation.
The dc bus capacitor is seen to be a high stress component
in the system. Filtering can be employed to alleviate that

stress. To improve the power output through electrical storage
options, supercapacitors connected to the dc bus have been
investigated as an option for marine renewable technologies.
Their demonstrated maintenance free long cycle life [18] can
improve the power exported to the grid.

The currents and voltages at the common point of coupling
are shown in Fig. 6a and 6b, respectively. To be able to
quantify the quality of power being exported to the grid, THD
of current signals is used as the voltage is ideal sinusoidal
due to the stiff grid assumption. The switching frequencies up
to 8 kHz do not violate the real-time behavior in our real-
time setting. The THD values of the currents at steady-state
for various switching frequencies are obtained as given in
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Fig. 6: (a) Grid currents (b) grid voltages (c) exported active power to the grid.

TABLE III: THD Measured of the Current.

Switching Frequency THD
2 kHz 22%
4 kHz 12%
8 kHz 8%

Table III. As THD varies with the modulation index, it can be
decreased for an increasing modulation index. Another option
to help remove some of the noise from the grid side converter
is to employ fine tuning of the filter. The grid voltages are seen
to be an ideal stiff grid showing that irrespective of the active
power exported shown in Fig.6c, the voltages stay the same.
The mean value of reactive power is observed to be zero. To
explore the system operation limits, the simulation is repeated
for constant torque and constant power operations. The speed
at maximum power is found to be 80 rpm while the maximum
speed with field weakening is found to be 120 rpm.

V. CONCLUSION

The developed dynamic real-time simulation models
proofed the system concept that incorporates a generator-
frequency converter-system connected to the hydro-kinetic
turbine to be valid. Operational limits and ratings were detailed
through the real-time analysis. The developed model enables
one to assess the power harvested by the hydro-kinetic turbine
as well as the resulting power provided to the grid. Overall
energy production and power quality can be evaluated.
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