Multi-phase generators viability for offshore wind farms with HVYDC transmission.
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Abstract. The interest in offshore wind farms has
experienced a significant growth in recent years. Technical
knowledge allow the design of wind farms at higher
distances, making the high voltage dc (HVDC) transmission
a real alternative to current high voltage ac (HVAC)
transmission. When the network is decoupled from the wind
farm by a dc link, there is no need for a mandatory use of
three-phase  generator. To the contrary, multi-phase
generators can be used and the wind farm can benefit from
inherent advantages and recent developments of multi-phase
drives. This preliminary study shows some of the potential
advantages of the dual three-phase generators in wind energy
conversion systems (WECS).

Keywords: Multi-phase systems, wind energy conversion,
high voltage dc transmission.

1. Introduction

Wind energy has become an issue of significant interest
achieving a spectacular increase in the last years [1]. This has
been both because of technology improvements and due to
ambitious European Union objectives. The European Union
requirements regarding renewable energies have been
recently tightened with mandatory goals, and the trend of
increasing the installed wind power is going to be maintained
in the next years. Among the whole expected wind energy
growth, offshore is going to play a major role in new
installations because of the benefits related to higher wind
speeds, visual impact and land use. Offshore wind farms are
nowadays planned to be installed in the open sea with
distances of above 100 km to the transmission grid [2]. The
critical distance for the use of HVDC instead of HVAC
transmission has been estimated to be between 40 and 90 km
[3], [4]. Consequently, the use of voltage source converter
high voltage dc (VSC-HVDC) transmission together with
offshore WECS is becoming already an alternative to
conventional HVAC. In fact, VSC-HVDC has been used by
ABB to supply an oil and gas platform 65 km offshore in
Bergen [5]. The same company opens the possibility to use
this technology for off-shore wind farms. HVDC is
advantageous compared to HVAC because issues related to
reactive power, harmonics and limited transmission length,
do not exist anymore. The use of VSC-HVDC for offshore
WECS has been already proposed following similar schemes
than in onshore systems, i.e. using doubly-fed induction
generators (DFIGs) and afterwards converting to dc [6]. A
different approach has been proposed in [7] by using dc grid
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for the wind farm. Another solution is the use of full-power
converters instead of DFIGs [1], although this option makes
more sense for onshore applications or offshore HVAC
systems. In any case, once you have a decoupling dc link and
once you are using VSCs anyway, there is no need for the
mandatory use of three-phase machines. This applies both to
the case of full-power back-to-back VSCs and to the case of
off-shore WECS with VSC-HVDC. Nevertheless, the use of
multi-phase generators for wind power applications as an
alternative to standard three-phase generators has hardly been
considered so far [8].

Research on multi-phase machines has also followed a
path of spectacular increase since the beginning of the 21st
century, and new techniques for the control of the multi-
phase VSCs and machines have been successfully developed
[8]. Multi-phase systems offer different advantages compared
to three-phase systems, such as higher reliability [9], higher
power density [10], power segmentation, lower current ripple
[11] or the possibility of achieving independent control of
multi-machines systems supplied from a single inverter [12].
Both multi-phase and offshore WECS are emerging
technologies, and this preliminary study combines the use of
multi-phase generators and offshore wind farms to jointly
provide improved performance. In offshore systems it is
desirable that both offshore and onshore systems provide an
independent control in order to avoid communications [7], so
that the turbine-side VSC only takes into account the dc link
voltage level which is maintained constant by the grid-side
VSC. As a consequence the control of the wind farm
generators is carried out just measuring the dc link voltage.
This work is focused on the wind farm side to show the
resultant performance when using multi-phase generators.
The control of the grid side converter, that would be in
charge of transmitting the wind farm active power (maintain
the dc link voltage) and the grid demanding reactive power,
is described but not simulated in this paper. Among multi-
phase machines, the dual three-phase machine (also called
asymmetrical six-phase or split-phase machine) is one of the
most popular options [8] because it can be obtained from a
conventional three-phase machine by splitting the phase belt
and because dual conventional three-phase VSCs can also be
used. The six-phase machines reduces to one half the per-
phase current for the same power and voltage ratings,
reduces the dc link current ripple and allows post-fault
operation. This study points out the mentioned advantages
both in steady-state and transient operation.
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2. WECS model description.
A. Model summary.

A scheme of the WECS model is depicted in Fig. 1. The
wind energy conversion system (WECS) consists of a pitch
controlled wind turbine driving a dual three-phase induction
generator (IG) and a back-to-back voltage source converter
(VSC) system connected to the host AC gird network. The
induction generator is connected to a vector controlled pulse
width modulated (PWM) six-phase VSC, termed machine-
side VSC further on. The dc link is connected to the host AC
grid network through a VSC, termed grid-side VSC further
on. This model is essentially the same both for onshore full-
power WECS and for offshore WECS with VSC-HVDC. In
the former case the dc link consists of a capacitor
interconnecting the back-to-back two level VSCs while in the
second case the dc link models the submarine cable
interconnecting the offshore converter (machine-side VSC)
and the onshore converter (grid-side VSC). The system
depicted in Fig. 1 can also include a storage system (e.g. a
capacitor bank connected at the dc bus through a full-bridge
dc-dc converter [13]) to smooth the output power, but this
consideration is out of the scope of this work.
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Fig. 1. Model summary of the proposed WECS.

B. Variable speed pitch controlled wind turbine.

The wind turbine receives the mechanical power from the
wind according to [13]-[14]:

P, =%pa/xvvicp(ﬂ,ﬂ> (1)

where the performance coefficient C, is dependent on the
blade pitch angle B and the tip speed ratio A:

2

A=
\%

The performance coefficient function is non-linear and has
been approximated using [14]:
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Fig. 2: Performance coefficient C, as a function of the blade

pitch angle B and the tip speed ratio A.

3. Machine-side control.
A. Dual three-phase generator and VSC models.

The dual three-phase IG can be modelled following the
double dq approach or using the vector space decomposition
(VSD) approach [15]. Since the latter option has proved to
provide a better insight in the dynamics of the machine, it
will be used further on for the modelling of the generator and
VSC. The VSD approach decomposes the five-dimensional
space (one degree of freedom is lost assuming isolated
neutral) into two subspaces plus the zero sequence
component. One subspace is termed d-q (or a-f if it is
expressed in the stationary reference frame) and it is
responsible for the flux creation and the torque production.
The other subspace or plane is termed X-y [8] and it is
responsible for additional losses, due to circulating stator
currents in the machine, and does not contribute to the
overall torque generation. The VSD converts phase abc-def
values into af-Xy components using the power invariant
transformation matrix [15]:

1 c4a c8a ca CcS5a cYa

0 s4a S8a sa SS5a SY9a
M _ 1 1 c8ax cd4a c5a¢ ca Yo ©)
= 3|0 s8a sda s5a sa S9a

1 1 1 0 0 0

0 0 0 1 1 1

where € and S denote cosine and sine functions respectively,
being a = /6.

RE&PQJ, Vol. 1, No.6, March 2008



Using the transformation matrix (5) the IG equations in
afF-xy components can be expressed in the stationary
reference frame. Because of the limited bandwidth of PI
controllers, the sinusoidal ff components are projected on to
a rotating dq reference frame through the following rotational
matrix:

—sin @

S

where 0, = Iwadt is the angle of the arbitrary reference

cosd, (6)

sind, coséd,

frame rotating at an angular frequency ®,
The final equations in dg-Xy components can be expressed
in state-space form as:

Pig = C, (Ve — Ryigg )+ €3 Ryl + @iy L, + @i Ly )+ @,
piqs (Vqs R i s)+c3(Rr| wldr I-r _a)ldsLm) walds
pidr - C3(Rsids _vds)+c4( R Idr wiqu a)lqs Lm)+ walqr (7)
Piy = c3(RS|qS —vqs)+ c4( Ry + @iy L, +oig L, |- @,y
pixs = CS(sz - Rsixs)
piy, = CS(Vys - Rslys)
P L. . p
po= J|:PLm(Idr|qS - Iquds)_Tm _Pw:|
where
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The six-phase VSC is modelled neglecting the losses and
considering ideal characteristics. The output leg and phase
voltages depend solely on the individual switching functions
S; of each leg [16].

B. Dual three-phase generator and VSC control.

The maximum power extracted from the wind (1) is
dependent on the turbine speed @ and the wind speed v,, as
shown in Fig. 1. The aim of the IG control is to efficiently
regulate the rotor speed in order to achieve a maximum
power point tracking (MPPT) that assures maximum active
power delivery from the wind to the network. Each wind
speed has an optimum turbine speed to obtain maximum
generated power. This optimum value for the rotor speed can
be approximated by [13]:

=)
- — Gen
W = Oyppr =3 K
P opt

The reference speed @ is defined according to (9), the
flux in the IG is set to the rated value (except in the field
weakening region), and the wind torque is obtained from (1).
The proposed speed control is an indirect field oriented

)
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control (IFOC) where the speed of the reference frame is set
to [8]:

s (10)
T,i

rids

=0+

W, =0+ O,

The controller methodology is shown in Fig. 3. Two PI
controllers are used to control the direct and quadrature
currents of the IG and a further outer PI control is used for
the speed control. Voltage decoupling shown in Fig. 3 for d-
g components is required for proper operation, being ey and
€4 the decoupling terms:

jleqs

The x-y reference voltages and currents are set null and no
controllers are used. This is valid if quasi-balanced operation
is assumed [17], i.e. there are no machine or supply
asymmetries. Otherwise X-y controllers can be used [18].
The output of the control is transformed to phase values
using (5)-(6), providing the input reference phase voltages
for the pulse width modulation (PWM). This study adopts a
space vector PWM based on two independent modulators for
the two windings (abc and def) with a spatial shifting of 30°.
The SVPWM is carried out at 5 kHz following a standard
sector-based approach similar to three-phase systems.

2
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LL eq = a)aLsi;s

Machine-side
dc link

Speed control vsc

Fig. 3. Scheme of the machine-side control.
4. Grid-side control.
A. Grid-side model.

The ultimate control of the active and reactive power
injected to the network is carried out by the vector-controlled
grid-side VSC as shown in Fig. 4. In order to define the grid-
side control, it is firstly necessary to define the equations of
the grid-side equivalent circuit. Since the control structure is
highly simplified if one deals with DC instead of AC
magnitudes, the equations are considered in a synchronous
reference frame aligned with the grid voltage vector vpcc at
the point of common coupling (PCC), yielding [6], [7], [13]:

(12)

di
o AN

Vysca = Rflgd +Lhy —— lgg T Veccd

=R;i

flaq

Vyscq et lgd
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where Vyscq and Vyscq are the d-g voltages at the output of the
grid-side VSC, igg and igq are the grid d-q currents, vpceq is
the direct component of the voltage at the PCC, w, is the
electrical grid angular frequency and R¢ and L; are the
equivalent resistance and inductance between the grid-side
VSC and the PCC (including the transformer leakage
inductance and modelling the converter losses).

The orientation of the equations in (12) along with the
PCC voltage allows a decoupled control of the active and
reactive power injected to the AC network by controlling the
grid direct and quadrature components respectively [7], [13]:

Pyig = gv i
grid 2 PCCd "gd (13)
3 .
Qgrid = EVPCCd ng

B. Grid side control.

The aim of the grid-side control is to maintain the dc bus
and PCC voltages at certain reference values. The dc bus
voltage depends solely on the active power, which in turn is a
function of the direct grid current. Similarly, the PCC voltage
depends on the reactive power and ultimately on the
quadrature grid current (12). The control structure for both
the dc bus and PCC voltages is designed with an inner
current controller and a cascade outer voltage controller (Fig.
4).
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Fig. 4. Scheme of the grid-side control.

Additional terms from (12) are included at the output of
the current controllers for dynamic decoupling compensation,
similarly to the adopted procedure in the machine-side
control:

L.i (14)

€y =—w, L as eq =, legs

This control structure assures a stiff operating dc bus
voltage [4] and allows the transference of the generated
power from the machine side to the grid side. It must be
noted that in the transient state the reference for the active
power can be imposed by the grid requirements assuming
variable dc bus voltage [19]. Furthermore, the reference for
the reactive power can be imposed from a global voltage
controller, instead of the local voltage control depicted in
Fig. 4. However, both considerations are out of the scope of
this paper and standard operation is assumed from now.
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4. Simulation results.
A. Steady state performance.

The steady state performance has been tested assuming a
constant wind speed which in turn leads to a constant wind
torque. The VSCs are operated at 5 kHz and the IG is
magnetized with rated direct current. The IG parameters and
rated values are scaled according to lab rig requirements and
the drive performance is verified with standard conditions.
The machine-side VSC voltage is depicted in Fig. 5 showing
the waveform and spectrum. The waveform shows the
standard PWM-based performance and the dual three-phase
space vector PWM technique shows satisfactory results. The
phase currents are shown in Fig. 6 in steady state showing
the phase displacement of 30° between the two sets of three-
phase windings. The steady state performance is improved
compared with the standard three-phase case because the per-
phase currents are halved and the spectrum shows a lower
harmonic content.
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3.2 Transient performance.

The transient performance has been tested considering a
worst case scenario: a start-up and shut-down of all turbines
in the wind farm [7]. These two cases illustrate how the
dynamics of the multi-phase generator are similar to their
three-phase counterpart. The target (optimum) speed and the
rotor speed are shown in Fig. 7 showing a good speed
tracking and an adequate behaviour in the low speed region.
The quadrature current is depicted in Fig. 8 showing the
transient behaviour during the braking and acceleration
stages. The controllers act adequately leading to a proper
speed tracking as shown in Fig. 7. The phase voltage of
phase ‘d’ is shown in Fig. 9 in the acceleration transient. It
can be noted how the voltage is held constant in the mean
value while the reference speed is null. The voltage
frequency starts to increase as the machine accelerates. The
phase currents are finally shown in Fig. 10 showing a proper
performance in the transient state. The transition from rated
speed to zero speed and viceversa is properly performed
imposing currents of Fig. 10. An improved transient
performance can be achieved by using a different number of
phases (e.g. five) and considering a concentrated-winding
machine with higher order spatial harmonics [8]. However,
this possibility is restricted in dual three-phase machine to
the case when the neutral is connected to the mid-point of the
dc-link.
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5. Conclusions.

The advantages and new developments for multiphase
machines can be transferred from applications such as
traction, aerospace or ship propulsion to the case of offshore
wind farms if full-scale power converters are used or if VSC-
HVDC transmission is used. The use of dual three-phase
machines in such cases increases the reliability of the wind
farm due to the possibility of achieving post-fault disturbance
free operation. In addition, the inherent power splitting and
the harmonic reduction due to the increased number of
phases improve the performance of the wind farm. The
results shown in the paper demonstrate that the transient
performance is maintained similar to the standard three-phase
case although it could be improved through torque
enhancement if a different number of phases rather than six
is considered. The complexity of the control structure is
essentially the same compared to three-phase drives and the
complexity of the space vector PWM technique is also low if
no overmodulation is required. The above mentioned
advantages can compensate for the additional installation
costs in offshore applications where reliability is a main
concern.
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