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Abstract—This paper introduces a control strategy which can
be used for the connection of both type-3 and type-4 wind
turbines to HVDC-Diode Rectifier (HVDC-DR) stations. In this
way, wind turbines from different technologies could effectively
connected to the same HVDC Diode Rectifier station. The
proposed strategy is verified by means of PSCAD simulations
including start-up operation, optimal power tracking with chang-
ing wind conditions and off-shore ac-grid frequency reference
changes. Moreover, reactive power sharing between the wind
turbines is proven for the aforementioned scenarios.

I. INTRODUCTION

A continuous drive to reduce offshore wind levelized cost
of energy (LCoE) is paramount in order to reduce subsidies
to offshore wind energy, driving it closer to market prices.

Diode rectifier stations for the connection of large offshore
wind power plants (OWPPs) allow for increased efficiency
and robustness and can lead to substantial CAPEX and OPEX
reduction [1], [2]. The use of diode rectifier stations for the
HVDC connection of OWPPs has been proposed for type-4
OWPPs [3], [4], [5], [6], [7]. The authors have also proposed
a general solution for the connection of type-3 wind turbines
to diode rectifier based HVDC links [8].

It is envisaged that more than one OWPP might be con-
nected to one (or several series connected) diode rectifier
units. Therefore, it is important to show that different types of
OWPPs can cooperate in the control of the off-shore ac-grid.

This paper extends the results of the control framework
already presented in [8] for type-3 wind turbines to obtain a
compatible control strategy also applicable to type-4 OWPPs.

The paper covers the detailed description and analysis of
the proposed control strategy, as well as simulation studies
based on detailed PSCAD models which show the technical
feasibility of joint type-3 and type-4 OWPP operation when
connected to the same diode rectifier station.

The approach used in this paper consists on using the
strategy in [9], [8], which allows the DFIG to behave as an
ac voltage source of programmable amplitude and phase.

The off-shore ac-grid is controlled by standard P/f, Q/V
droops, which can easily be implemented in the grid side
converter of type-4 wind turbines.

The proposed control approach is verified by means of
detailed PSCAD simulations. Considered scenarios include
start-up operation, optimal power tracking to changing wind

conditions and the response of the off-shore ac-grid to chang-
ing frequency references.

In all these cases, good reactive power sharing amongst the
wind turbines has been verified.

A small signal stability analysis has also been included as
a guideline for choosing the droop parameters.

Therefore, this paper will show the technical feasibility
of the joint connection of type-3 and type-4 wind turbines
to HVDC diode rectifier stations using the same voltage
referenced control strategy in both types of wind turbines.

II. WIND TURBINE CONTROL STRATEGY

Figure 1 shows the system under consideration. The
405 MW wind farm consists of 135 wind turbines of 3 MW
each, connected to a 66 kV collector bus. The collector bus
is connected to a £300 kV HVDC link by means of a 12-
pulse HVDC diode rectifier station. A HVDC-VSC inverter
is used for onshore grid connection and for HVDC link voltage
control.

The simulated wind farm consists of 5 clusters of 27 wind
turbines (81 MW ecach). The first three clusters consist of
DFIG-based wind turbines, whereas cluster 4 and cluster 5
correspond to PMSG-based wind turbines.

A. DFIG-based Wind Turbine Control

The wind turbine dc-link voltage (Ep.y) control is carried
out by the wind turbine front-end converter, using standard
vector control [9].

The back-end converter is used to control the DFIG using
Indirect Stator Flux Orientation (ISFO) [9].

Considering the DFIG dynamic equations in the syn-
chronous rotating d — g frame, we have:
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Fig. 1. Mixed DFIG and MPSG-based OWF connected to a HVDC-DR station
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where ¢,,,s is the stator magnetising current. Therefore equa-
tion (2) becomes:

(1)

Indirect Field Orientation is achived by using the DFIG
current control to force (11). Therefore, the quadrature rotor
current reference (ij,) will be:

(12)

Considering stator flux field orientation and constant stator
flux magnitude, eqgs. (5) and (6) become:

(13)
(14)

Vgs = Rgigs
Vgs = Rsiqs + WeAgs = Rsiqs + weLotms

Neglecting the stator resistance voltage drop, the stator
voltage can be calculated as:

Vo = /3 + 02 % Vimg = weLoims (15)

clearly, V5 is proportional to %,,s. Therefore, by controlling
ims, 1t is possible to set the DFIG stator voltage magnitude.

Figure 2 shows the complete diagram for the DFIG control.
As shown in this section, the inputs to the proposed control
are the desired back-emf magnitude (V,,, ;) and phase angle
0z, #)- Neglecting stator resistance and stator leakage induc-
tance, the stator voltage vector is equal to the stator back-emf,
hence the DFIG can be controlled to provide desired stator
voltage magnitude and phase (frequency) [9], [8].

B. PMSG-based Wind Turbine Control

The PMSG machine side converter is controlled to keep
constant dc-link voltage (Epc;) [6], [7]. In this way, two
degrees of freedom can be used for the control fo the grid-side
converter.

Previous work by the authors used these two degrees of
freedom for the independent control of grid side converter
active and reactive power current components (Irg;,Irqi).
However, in this paper, the PMSG grid-side converters are
simply set to follow a given voltage magnitude and phase
angle reference (Viy;, Oviy,)-

III. WIND POWER PLANT CONTROL STRATEGY

As both type-3 and type-4 wind turbines can be controlled
to follow instantaneous voltage references, a control strategy
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Fig. 3. DFIG WT Control Strategy

based in standard P/ f and Q/V droops is used for the control
of the off-shore ac-grid:

e = Vi —nQs (a7
g = / W —mP—P)ydt  (18)

where the active power reference of each wind turbine is given
by the wind turbine aerodynamic control. For optimum power
extraction P} = ktwf’ below rated speed, where w; is the
wind turbine rotational speed and k; is an optimal constant

coefficient.

Fig. 4. PMSG WT Control Strategy

Clearly, if all the droop coefficients are the same, then
active and reactive power will be shared equally amongst
wind turbines. Figure 3 shows the control strategy used of
the DFIGs, including the previously mentioned droops.

The proposed droop control, together with optimal active
power references (P;), lead to an active power sharing
proportional to the wind resource available in each wind
turbine. However, in order to achive maximum optimal power,
a centralised secondary controller for the total active power
(3_ P) has been included to modify the off-shore grid voltage
reference (V7).

However, the response times of the DFIG and the PMSG
based wind turbines to changes in stator voltage magnitude are
very different. In the case of the DFIG, the back-emf voltage
(Vomy) dynamics are about the same as the rotor current
dynamics, and are usually in the order of tens of milliseconds
for wind turbines of the considered rating.

On the other hand, grid side converter of a type-4 wind



turbine can deliver desired voltage in one switching period.

Therefore, if PMSG-based wind turbines also use the off-
shore ac-grid control strategy shown in 3, then they will be
subjected to unequal power sharing during transients.

Therefore, the PMSG-based wind turbines will use the
slighly modified control method shown in Fig. 4. In this case
the first order lag Ts1+1 is introduced to make the dynamic
response of the PMSGs similar to that of the DFIGs.

Therefore, when the dynamics of both DFIGs and PMSGs
based wind turbines are similar, power sharing during tran-
sients is improved.

A. Small signal stability

The design and dynamics of standard P/ f and Q/V droops
is well known. However, the considered system includes a lag,
either by design, as in the PMSG, or as a result of the indirect
control of the DFIG back-emf.

This section includes the small signal stability analysis for
the proposed type-3 and type-4 wind farm control strategy.

The droops used to share the active and reactive powers
among the wind turbines are:

(19)

wwi = w?}w — mPWi

Vs = Ve —nQw:

The dynamic of type-3 wind turbines is determined by
the dynamic of the generator control. However, type-4 wind
turbines are connected to the offshore grid through a full ac-
ac converter so the dynamic depends mainly on the power
electronic converters.

From Fig. 2, the phase angle of the output voltage of
the DFIGs can be changed instantanously by setting fem .
However, the magnitude of the output voltage presents a
first order dynamic according to equations (13) and (14).
This behavior is clearly different for type-4 turbines, hence,
an additional low-pass filter is included in their droops to
resemble the DFIG dynamics.

(20)

wwi = w?}w — mPWi (21)
1 «
Vi = 7_87_'_1 (VF - nQWz) (22)

where 7 is the time constant of the closed loop control of
the magnetizing current of the DFIG (see Fig. 3). In this way,
the droop constants m and n guarantee the active and reactive
power share in steady state, and the low-pass filter assures the
different types of wind turbines have similar dynamics.

The active and reactive power delivered to the grid are given
by:

Pwi = ZYVF i b 23)
Twi
ViviVr cos ¢y — V2
Qu = VRS Owi = Ui (4)
Twi

where Vyy; is the output voltage of the converter, Vy the
voltage of the off-shore ac grid, ¢w,; is the phase angle

difference between Vyy; and Vr, and X7, is the output
impedance. Here only an inductive impedance is considered
since its value is dominated by the leakage reactance of the
transformers.

A small-signal analysis taking into account a finite bus
approximation is carried out to get the dynamic of ¢w; as
in [10]:

~ Vi . N ~
Pwi= F (sm dwi - ewi + Ewi cos dw; - ¢Wi) (25)
Tw;

~ V ~ ) ~
Gwi = —— (COS owi - ewi — Ew; sin gy - ¢Wi) (26)

XTWi
~ m
dwi = — bwi (27)
1
Bwi = — : 28
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where denotes perturbed values and capital letters
denote equilibrium point values. From the above equations,
the dynamic of ¢,,; is obtained:

(1 + nVp cos dwi + Vw7 cos pw;)

52$W¢ + - S$Wi +
+mVW7,VF (nVF + Tr; Ccos ¢W )¢Wz — 0 (29)

TXTWi

The values of m and n can be used to obtain the desired
closed loop dynamics.

IV. REsuLTS

The proposed control strategy has been evaluated by means
of detailed PSCAD® simulations, including start-up opera-
tion, optimal power tracking and off-shore ac-grid frequency
changes.

A. Start-up operation

Figure 5 shows the start-up operation of the off-shore grid.
Initially, both the HVDC link and the wind power plant
are energised. At this stage, the HVDC-DR station does not
conduct.

To connect the wind farm, the off-shore grid voltage magni-
tude reference is increased until it reaches a sufficiently high
voltage so the HVDC diode rectifier starts conducting.

The HVDC-DC station starts conducting at ¢ = 0.9s. At
this point, the ripple on (Vz) increases, as well as the power
being delivered by the diode rectifier (Prg.)-

Figure 5 also shows that, during the transient, the active
power is reasonably shared amongst the wind turbines.

Note that the reactive power delivered by the wind turbines
(3>- Q) increase with increasing off-shore ac-grid voltage
(V). This is expected, as the reactive power produced by
the capacitor banks (Cr in Fig. 1) increases with voltage.

It is worth stressing that active and reactive powers are
shared between the wind turbines even during transients. The
small differences in active power delivered by each wind
turbine cluster (P; .. 5) are mainly due to the fact that the wind
speed for each case is different.
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Fig. 5. Start-up operation of the mixed type-3 and type-4 WT wind farm

During the start-up transient, there is a relatively large
difference between reactive power being delivered by the
DFIGs (Q1...3) and that delivered by the PMSGs (Q4p5),
the latter being slightly faster. This deviation is due to a
mismatch between the voltage magnitude dynamics of DFIGs
and PMSGs, in spite of the considered first order lag.

Frequency is kept constant during the complete transient.

B. Optimal power tracking

The capability of the proposed control strategy to provide
optimal power tracking once the diode rectifier station is
conducting is shown in Fig. 6. The top trace shows the average
wind speeds for each one of the five clusters. A typical
10% turbulence intensity has been considered whereas wind
farm averaging effects have been neglected. Therefore, this
assuption will lead to faster active power changes that would
otherwise occur in actual installations.

The second trace shows that each wind turbine cluster is
delivering its optimal active power reference (P;) even for
changing wind conditions. Power limitation by pitch control
is also shown here.

The third trace shows a good reactive power sharing
amongst the wind turbine clusters, irrespectively of their

4'920 40 60 80 100 120

time (s)

Fig. 6. Optimal power tracking

technology.

The fourth trace shows the averaging effect of the different
wind turbine cluster on the power delivered to the HVDC
station (PRrgc).

The final two traces of Fig. 6 show the varying wind turbine
speeds and also that the off-shore ac-grid frequency is kept
constant inspite of the changing delivered power.

It is clearly shown that the proposed control strategy allows
for the individual wind turbines to deliver their optimal
reference power (FP;).

C. Frequency control

The presented control algorithm is also capable of con-
trolling the frequency of the off-shore ac-grid. To illustrate
this point, Fig. 7 shows the response to frequency reference
changes from 50Hz to 49Hz, then to 51Hz and back to 50Hz.

The second trace of Fig. 7 shows that the off-shore ac-grid
voltage is largely unaffected by the changing grid frequency.
The same can be said about the active power being delivered
by cluster 1 (P;) and about the power delivered to the HVDC
cable (Prgc)-

However, the reactive power delivered by the wind tur-
bines (Q1..5) is clearly dependant on the off-shore ac-grid
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Fig. 7. Variable frequency operation

frequency. Moreover, it is clearly seen that the reactive power
is shared reasonably between the 5 wind turbine clusters.

V. DiscussioN AND CONCLUSIONS

This paper has shown a control strategy, based on traditional
P/f and Q/V droops, for the simultaneous connection of
type-3 and type-4 wind turbines to HVDC diode rectifier
stations.

A modification on the off-shore ac-grid control strategy for
type-4 wind turbines has been introduce in order to equalise
voltage magnitude dynamic response between type-3 and type-
4 wind turbines.

The proposed control strategy has been verified during si-
multaneous connection operation, during optimal C), operation
and also during off-shore ac-grid frequency changes.

The study has also shown a good active and reactive power
sharing amongst wind turbine clusters even during transients.

Therefore, this study has shown the technical viability of
the joint connection of type-3 and type-4 wind turbines to the
same HVDC diode rectifier station.
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