provided by Universidade do Minho: RepositoriUM

Simulation of OWES with Five-Level Converter
Linked to the Grid: Harmonic Assessment

M. Seixas, R. Melicio and V.M.F. Mendes

IDMEC/LAETA-Instituto Superior Técnico
Universidade de Lisboa and Departamento de Fisica Escola
de Ciéncias e Tecnologia, Universidade de Evora, Portugal

ruimelicio@gmail.com

Abstract— This paper deals with a computing simulation for
an offshore wind energy system taking into account the influence
of the marine waves action throughout the floating platform. The
wind energy system has a variable-speed turbine equipped with a
permanent magnet synchronous generator and a full-power five-
level converter, injecting energy into the electric grid through a
high voltage alternate current link. A reduction on the unbalance
of the voltage in the DC-link capacitors of the five-level converter
is proposed by a strategic selection of the output voltage vectors.
The model for the drive train of the wind energy system is a two
mass model, including the dynamics of the floating platform. A
case study is presented and the assessment of the quality of the
energy injected into the electric grid is discussed.

Keywords—Offshore Wind Energy System; five-level converter;
modelling; simulation.

L INTRODUCTION

The development of the society in the last decades has lead
to a progressive increase in energy usage. The conventional
energy sources such as coal, oil, natural gas and nuclear have
been used as the main usage for conversion into electric
energy [1]. However, conventional energy sources have been
criticized as having issues pointing to adverse circumstances
that hinder consider reliable energy sources for a sustainable
society development. For instances, the issue regarding the:
harmful to the habitat, coal and fuel combustion process
produces pollution, emissions of gas contributing to the
increase of the global warming [2]; unstable price of fuel
having depletion foreseen in less than a century. Renewable
energy sources emerge as a response to the issues pointed to
be adverse circumstances of conventional energy sources. The
usage-based of renewable energy technology has increased by
30% to 40% per year worldwide [3] and wind power has
become the fastest growing renewable energy power
generation technology in the world [4]. Currently, the wind
power generation solely accounts for 27% of annual growth
rate [3]. At present, more than 40 countries in the World have
wind turbines installed, mostly located in Europe, North
America, and East Asia [4]. Nowadays, due to this growth
there is an increasing difficulty to find new appropriate places
for deployment of onshore wind farms. Particularly, this
difficult to find appropriate places is a fact in Europe [5].
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Thus, there is an interest in the development of offshore wind
energy systems (OWES), which has the benefits of available
vast sea areas and of more favorable wind conditions, than
those on onshore [6]. Also, there is an interest devoted to the
efficiently incorporation of the wind power generation into the
electric grid. The efficient incorporation of wind power
generation into the electric grid implies the use of a power
electronic interface and power electronic devices are damned
to inject harmonic. Harmonics create significant interference
with communication systems, cause excessive heating in
rotating machinery, increase power system losses, damage
sensitive loads, and generate noise on regulating devices and
control systems [7]. Nevertheless, the power converter is an
unavoidable essential constituent of a wind power generation
systems. A power converter increase on the number of voltage
levels leads to better power quality waveforms [8], decreases
the total harmonic distortion (THD) [9]. A five-level power
converter is particularly interesting for equipping high power
systems, because the implemented number of unidirectional
commanded insulated gate bipolar transistors (IGBTs) allows
each one to be subjected to a lower voltage. Nevertheless, as
more and more wind power generation systems are connected
to the electric grid, the harmonic content has to be taken into
consideration or the power quality in the electric grid may
become threatened [10]. Thus, the THD for wind power
generation systems has to be assessed to ensure that dynamic
actions influencing the operation do not lead to violation of
standards of quality of energy injected into the electric grid.

This paper presents a model for an OWES equipped with
permanent magnet synchronous generator (PMSG) and back-
to-back MPC five-level converter topology, with
unidirectional commanded IGBTs. The focus of the paper is
on the converter performance and not on the control dynamics.
The OWES is linked to the electric grid by alternated current
(AC) power transmission. A two mass (TM) model, modeling
the dynamics of the rotor, the structure and the floating
platform models the drive train. The first mass models the
mechanical inertia subjected to the action of the wind and the
marine waves; the second mass is due to the inertia of the
generator. Classical proportional integral (PI) controllers are
use to obtain the reference values. Also, pulse
width modulation (PWM) by space vector modulation (SVM)
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Fig. 1. Offshore wind energy system with five-level converter, AC.

associated with sliding mode (SM) is used for trigger the
converter's IGBTs. The rest of the paper is organized as
followed: Section II presents the mechanical models and the
electric models for the five-level converter AC power
transmission, the filter and the electric grid. Section III
presents the control strategy and the selection of the output
voltage vectors. Section IV presents the case study simulated
in Matlab/Simulink and some of the output results particularly
concerned with the harmonic content. Section V presents
concluding remarks.

IL.

The model for the wind speed variation reported in [11] is
used in this paper. The OWES model considers two sources of
actions. The wind speed causes one of the actions and the
floating platform motion causes another one, by acting on the
structure of the wind turbine. The first action has an energy
conversion and a perturbation, i.e., a mechanical torque
oscillation, and the second one is regarded as a perturbation.
Both actions are sources for electrical perturbation. The
configuration of the simulated OWES with five-level power
converter AC power transmission is shown in Fig. 1.

A. Mechanical Modeling

Although the wind speed intermittence and variability has
a stochastic character, for the assessment in this paper is
possible to use a deterministic modeling for the wind speed as
a sum of harmonics ranging 0.1-10 Hz [11] given by

MODELING

u(t) =u,[1+ Y A sin(ay 1] (1)
k

where u is the wind speed with perturbation, u, is the
average wind speed, A4, is the magnitude of the & eigenswing,
w, is the eigenfrequency of the k eigenswing.
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The mechanical power captured by the wind turbine
without perturbations is given by

b,

1 3
5P Su C, )
where P, is the turbine mechanical power without dynamics
influences, p is the air density, S is the area covered by the
turbine blades, C,, is the power coefficient.

The analytic function for the power coefficient C, as a
function of the tip speed ratio (tsr) [12] is shown in Fig. 2.
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Fig. 2. Power coefficient versus tsr.

The mechanical power captured from the wind turbine with
the perturbations is given by

3
F=F 1+ 1,0)]

n=1

3)



where [, are the dynamics influences considered [11,13]:
asymmetry in the turbine, vortex tower interaction and
eigenswings in the blades modeled.

The marine waves are responsible for the floating platform
motion. The marine wave model [14] is given by

n(x, y,0) = 3 1, (i) cos[ i)t + £ ()~ pD)v(x, ,00]  (4)

i=1
where

v(x, y,1) = xcos(y()) + y sin(y (i) o)

where 77 is the wave height for x, y position as a function of
time, 77, is the vector of harmonic wave amplitudes, ¢ is the
vector of harmonic wave frequencies, ¢ is the vector of
harmonic wave phases (random), ¢ is the vector of harmonic
wave numbers, i is the vector of harmonic wave directions.

The behavior of the mechanical drive train of a OWES can
be considered by modeling the inertial mass as a set of discrete
inertia ones connected together by springs and dampers. A TM
model is the one followed in this paper. The configuration of
the simulated TM drive train model is shown in Fig. 3.

Seabed

Fig. 3. Two mass drive train model.

The equations for modeling the motion of the rotor for the TM
drive train are based on the second law of Newton torsional
version, given by

da, 1

(Mmb+Mstp _Mrb_Mmh _Msb)

da,
dt

1
:J_(Msb_Mre_Mrae_Me) (7)

e

where @), is the rotor angular speed of the turbine, J, is the
moment of inertia intended to describe the mechanical inertia
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subjected to the action of the wind and the marine waves,
M,,, is the wind turbine mechanical torque, M, is the tower
and platform stiffness torque due to floating platform motion,
M,, is the turbine bearing resistant torque, M,,, is the hub

and blades viscosity airflow resistant torque, M, is the shaft
stiffness torsional torque, @, is the angular speed of the
generator, J, is the generator moment of inertia, M,, is the

generator bearing resistant torque, M,, is the generator

rae
viscosity airflow resistant torque, M, is the electric torque
associated with the power outputted by the generator.

B. Electric Modeling

The equations of the behavior of a PMSG can be retrieved
in diverse texts [15]. The need to avoid demagnetization of the
permanent magnet of the PMSG is imposed by assuming a
null value reference for the stator direct component current,

5

ie., i, =0 is imposed [16].
The five-level converter is an AC-DC-AC power
converter, equipped with twenty four unidirectional

commanded IGBTs, identified by S, implementing the

rectifier, and with the same number of unidirectional
commanded IGBTs implementing the inverter. The rectifier is
connected between the PMSG and a voltage divider constitute
by four capacitor banks. The inverter is connected between
these capacitor banks and a second order filter, which in turn
is connected to an electric grid. The groups of height IGBTs
linked to the same phase constitute the arm k of the
converter.

The converter has p =5 voltage levels. The voltage level
on each phase is associated with the switching variable n,
which range from 0 to (p —1) and is used to identify the state

of the IGBT i in the leg k of the converter establishing the
switching function of each IGBT. The index i with
ie{l,..,8} identifies the IGBT. The switching states
combinations of the IGBTs (conduction or blockage) of each
arm k, determine the level variable J;, that is associated

with the charging state of each capacitor bank. The level
variable [17] is given by

0 j>n
5. = J =N
SN 1 ank

jefl,.,p-1}, n€{0,.,p-1 (8)

The rectifier output voltage u, as a function of each
capacitor voltage U, and of é}nk for je{l,.,p-1},

ng €10,..., p—1} and J;, €{0,1} is given by

ng

1 p-1 3
uy =50 20, = 28Uy kel 23 ©)
Jj=1 I=1

1%k



The inverter input voltage is given by an identical function
as the one given in (9), but with ke {4,5,6}.

The current on each capacitor bank i,; [17] as a function
of 5]’% -1}, n; €10,..., p—1} and &;, € {01} is
given by

for je{l,..,p

z iy — z Ouix kefl,..6}

(10)

The voltage U, is the sum of the capacitor voltages U,
U, , Ug, Uy, in the capacitor banks C,, C,, C;, C,. This
voltage U ;. is modeled by the state equation given by

p—l

Z—zl jefl,..,p—

dUdc

1} 11

A three-phase active symmetrical circuit in series models
the electric grid [18]. The currents injected into the electric
grid are modeled by the state equation given by

dt

—u ke {4,56
I ) ke }

(g —R,ig (12)

n
where i, is the output of the filter, i.e., the currents injected
into the electric grid, u g is the voltage at the output of the
filter, L, and R,
resistance of the electric grid, u; is the equivalent voltage

are respectively the inductance and the

used to describe the electric grid as a three-phase active
symmetrical circuit.

III.  CONTROL STRATEGY

Classical PI controllers are used on the OWES and PWM by
SVM associated with SM is used on the converters. SM is
known by having robustness to model uncertainty and to
external disturbances. The choice of the appropriate space
vector is processed by the sliding mode control. Finite value of
switching frequency of 2 kHz, 5 kHz or 10 kHz are normally
reported. The fact that the IGBTs have a finite switch
frequency implies that an error e5g will be expected between

the reference value and the control value. Hence, to ensured
that the system does not abandon the sliding surface S(eyp.1)

is proved that has to hold a stability conditions [19] given by

aS(eap.t) _

Seop,t) ——

(13)
In practice a small error £ >0 for S(e,z,t) has to be allowed,

due to IGBTs switching only at finite frequency, therefore the
acceptance of an error window is feasible. This error window
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over time is the sliding surface and in practice the switching
strategy is given by

—€<8(eyp,1) <+€ (14)
The values for the integer voltage variables o, and og
are in a domain set, i.e., obey the relation given by

0n:05€{-4,-3,-2,-1,0, 1, 2, 3, 4 (15)
The integer variables 0, and o allow choosing the most

appropriate of the 125 vectors. The output vectors for level 0,
level 1, level 2, level 3 and level 4 in the of plane for the

five-level converter are shown in Fig. 4.
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Fig. 4. Five-level converter, space vectors.

Fig. 4 shows the space vectors in order to mitigate the critical
issue in multi-level converters related with the DC-link
capacitors unbalance voltages [13].

IV. CASE STUDY

The mathematical model for the OWES with the five-level
converter is implemented in Matlab/Simulink.

The simulated OWES linked to the electric grid has a
nominal power of 2 MW. The electric grid is considered to be
1 kV at 50 Hz.

The wind speed considered in the simulation has a profile
defined by having an average speed starting with a value of
10 m/s followed by a ramp increase stabilizing after 1.5 s with
an average speed of the 20 m/s, i.e., between 1.5 s and 4 s the
values for the average wind speed remain constant.

The significant wave height and the frequency are
respectively 10 m and 0.25 Hz.



The average wind speed with the perturbations profile is

shown in Fig. 5.

30

Wind speed (m/s)

Time (s)

Fig. 5. Wind speed profile with perturbations.

The marine height elevation is shown in Fig. 6.
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Fig. 6. Marine height elevation.

The results for the DC reference voltage and the voltage at
the capacitor banks without unbalancing are shown in Fig. 7.
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Fig. 7. DC voltages at capacitors without unbalancing.
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The instantaneous current injected into the electric grid is
shown in Fig. 8.
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Fig. 8. Current injected in the electric grid.

Fig. 9 shows that the Fig. 8 current injected in the electric grid
has a well-behavior, i.e., influence of marines waves is not
propagate into the electric grid.

The Discrete Fourier Transform used to compute the total
harmonic distortion THD is given by

50
> X

THD (%) =100 =2 (16)
XF

where X, is the root mean square value of the harmonic H ,
Xy is the root mean square value of the fundamental

component. The THD of the current injected into the electric
grid is shown in Fig. 9.
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Fig. 9. THD of the current injected into the electric grid.

The average THD of the current injected into the electric grid
for the five-level converter is 0.29%. With the five-level
converter, the THD of the output current is lower than the 5%
limit imposed by IEEE-519 standard [20].



V. CONCLUSIONS

The simulation of the electrical modeling of the five-level
converter combined with the control strategy reveals the
capability in mitigating the unbalancing between the
capacitors bank voltages.

The simulation study revealed a good performance of the
OWES with the five-level power converter. Although, there
are effects on the current output of the power converter, the
average value for the THD of the current injected into the
electric grid is lower than 5% limit imposed by IEEE-519
standard. The IEEE-519 standard might not be necessarily
applicable in such situation. This standard is only used in this
paper as a guideline for comparison purpose.
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