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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

The transfer of energy from offshore wind farms using HVDC technology is highly dependant on the con-
verter technology used. The conversion through HVDC has conventionally been done by Line Commutated
Converters (LCC) or Voltage Source Converters (VSC), by using thyristor rectifiers or IGBTs, respectively.
However, 12-pulse diode rectifier at the offshore converter station can be a promising option due to lower
conduction losses, reduced installation costs and converter size, and higher reliability. The main drawback
is that the overall control strategy needs to adapt to the uncontrollable diode rectifier. This paper de-
scribes the system topology and control solutions proposed with the use of diode rectifier. In addition the
paper proposes a shifted voltage and frequency droop control strategy related to the Phase Locked Loop
(PLL) to improve the control system as an original contribution. The control strategies are validated in
Matlab/Simulink.
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1. Introduction

Energy from offshore wind farms can be an important contribution to a more sustainable energy sector.
For offshore wind farms located more than 50-100km offshore, HVDC is favoured over HVAC [1]. In this
connection the efficiency, reliability and control possibilities of the converted energy depend highly on the
HVDC-converter used.
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The transmission through HVDC has commonly been done through Line Commutated Converters (LCC)
with thyristors controlled by a firing angle. However, Voltage Source Converters (VSC) have been used for
more recent HVDC projects, with the main advantage being the control possibilities by using Pulse Width
Modulation (PWM) [2]. The 2L-VSC is one of the lower costs converter of the VSC technologies, and
the performance and reliability can be further improved by the use of the multilevel VSC or the Modular
Multilevel Converter (MMC), that can create a more sinusoidal waveform at the output [3].

Diode rectifiers for HVDC connection have higher efficiency, higher reliability and smaller installation
costs than LCC with thyristor rectifiers [4]. The technology also compares favorably, regarding the afore-
mentioned aspects, to VSC. However, the lack of control possibilities when using diode rectifier has been an
important reason why the technology has not been used for HVDC transmission [5].

The introduction of offshore wind energy into the power market has led to progressive research in HVDC-
technology. Offshore converter station based on diode rectifier has been proposed in publications in [6]-[7].
A similar approach is proposed in [8]. Further the use of diode rectifier for the offshore converter station has
been proposed in a hybrid configuration with VSC/MMC topologies in [9]. The use of the diode rectifier for
this application is, in addition, an emerging topology in the industry, that is under development by Siemens
[10][11].

When using diode rectifier for HVDC connection the control approach of the system needs to adapt to
the characteristics of the rectifier. Conventionally, when using LCCs or VSCs, the offshore converter of the
HVDC system would control the voltage and frequency of the offshore ac grid. However, since the diode
rectifier is uncontrolled this task is proposed to be conducted by the front end inverter of the wind turbine.
The back end inverter of each wind turbine will then control the voltage in the dc link [6].

A critical issue in the control system proposed in [6] was the Phase Locked Loop (PLL). This is emphasised
in [8], and a fixed reference signal of the phase angle was proposed. The main contribution of this paper is
to modify the PLL with an integrated phase angle. Moreover, droop control methodology from microgrids
will be applied to the system topology to further improve the control system.

2. Proposed topologies

The proposed topology in [6] is replicated and presented as a one-line diagram in figure 1. The HVDC
system model consists of a 12-pulse diode rectifier offshore and a 12-pulse thyristor inverter onshore. The
wind turbines are Permanent Magnet Synchronous Generators (PMSGs) with a back-to-back converter
connection. Vwi is the voltage at the terminal of the front-end inverter. Twi is the transformer of each wind
turbine, where i ∈ {1, ..., n} with n being the number of turbines. Further, CF is the filter capacitor at the
Point of Common Coupling (PCC), and VF the voltage at PCC. The ac-side rectifier current is IRac.

Moreover, the system model proposed in [8] is similar, but with an onshore MMC. In addition the use
om both PMSGs and Double Fed Induction Generators (DFIGs) is considered.

3. Operation and control

The development of a control system that allows the control of voltage amplitude and frequency of the
offshore ac grid, also in presence of the offshore diode rectifier is presented. The back-end-converter of the
wind turbine will control the voltage in the dc-link, while the front end converter will provide the grid
integration of the wind turbine controlling the voltage and frequency of the offshore ac-grid. The current,
voltage and frequency control in section 3.1 and 3.2 are based on the control method proposed in [6].

3.1. Current control

When applying Kirchhoff’s Voltage Law (KVL) to the one-line diagram presented in figure 1, equation
(1) is obtained. R and L corresponds to the resistance and inductance of the transformer Twi. IFi is the
front end converter current.

[VWi]
abc − [VF ]

abc = RIabcFi + L
dIabcFi

dt
(1)
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Figure 1: Diode rectifier as offshore HVDC converter - Proposed system topology from [6]

Applying Park transformation and separating the equation into d and q axis in the synchronous reference
frame, the previous equation is transformed to equation (2) and (3) where ω is the angular electrical frequency
in rad/s, that make up the base for the inner current control loop of the system. This is done by designing
PI-controllers local to each front end converter with feed-forward and decoupling terms, with the aim of
removing the two last elements of the equations presented. In addition by aligning the d-axis of the selected
synchronous reference frame to the VF vector, the V q

F component can be assumed to be zero.

L
dId

dt
= −RIdFi + V d

Wi − V d
F + LωIqF i (2)

L
dIq

dt
= −RIqF i + V q

Wi − V q
F − LωIdFi (3)

3.2. Voltage and frequency control

Applying Kirchhoff’s Current Law (KCL) to the one-line diagram presented in figure 1, the system equa-
tions used to obtain the outer voltage and frequency control loop are obtained. Applying Park transformation
and separating into d and q axis the following equations are obtained:

C
dV d

F

dt
= IdF − IdRac + CωV q

F (4)

C
dV q

F

dt
= IqF − IqRac − CωV d

F (5)

The voltage and frequency control loops are also based upon the assumption that V q
F = 0, due to the

orientation of the synchronous reference frame. Neglecting V q
F it is seen from equations (4) and (5) that ω

is only present in equation (5). Therefore equation (4) is used for the voltage control, while equation (5) is
used for the frequency control.

The PI-controller that makes the basis for the voltage control loop is shown in equation (6). Since VF

is a common variable for all the front-end converters, having a PI-controller in each converter would not be

3

possible. Therefore it is proposed in the literature to have a P-controller local to each converter, and one
PI-controller centralized for the whole wind farm.

Id∗F = [KP (V
d∗
F − V d

F ) +KI

∫
(V d∗

F − V d
F )dt] + IdRac (6)

The frequency control loop is constructed from equation (5). However, since this open loop is sensitive
to CF and a distant measurement of IqRac is needed, estimating IqRac by using variables local to the wind
turbine is proposed in the literature. This is done by using the power equations of each wind turbine. The
measurement of IqRac is then obtained as follows, where ωF is the ac-grid frequency:

IqRac =
1

3Kqi

V q
WPWi − V d

WQWi

V d2
W + V q2

W

− CFωFV
d
F (7)

The frequency control loop containing the measurement of IqRac is presented in figure 2 [6].

ωF

ω

×

V d
F

CF Kqi

I�qF i

1
3Kqi

V
q
WPWi−V d

WQWi

V d2
W +V

q2
W

+
-

+
+

Figure 2: Frequency control loop proposed in [6]

3.3. Phase Locked Loop (PLL)

The PLL extracts the voltage signal at the PCC to determine the phase angle and frequency of the grid,
and is an essential part of the control strategy presented.

The power flow of the system with diode rectifier is unidirectional, which implies that a voltage source
is not available at the PCC, and thereby the traditional PLL can not serve its function. It is therefore
proposed a method called FixRef in [12] which uses an external reference signal of the frequency and phase
angle, communicated as GPS time signal or radio signal to avoid the dependence on the voltage signal at
the PCC.

Another alternative to the traditional PLL is to modify it appropriately. In [13], a PLL with an integrated
phase angle reference is described. This PLL is presented by equation (8) and the deviation from the
traditional PLL would be the additional term ω∗.

dθ

dt
= ω∗ +∆ω = ω∗ +KP (V

q − V q∗) +KI

∫
(V q − V q∗)dt (8)

This PLL can be viewed as a combination between the traditional PLL and FixRef. Implementing this
scheme into the control system proposed by in [6], will be a contribution of this paper to improve the control
system performance and avoid synchronization problems.

3.4. Droop control

Instead of using the control approach for frequency and voltage as presented in section 3.1 and 3.2, the
concept of voltage and frequency droop control can be applied to the system topology with diode rectifier.
The original approach presented in [6] was later changed and developed into a droop control approach for
the same system topology in [7]. The droop control approach is not described in detail in [7] and therefore,
and for further improvements, contributions from droop control methodology from microgrids [14] will be
used in this paper. A detailed explanation of droop control can be found in [15]. In this paper the droop
control is named by Output/Input terminology considering the control loop.
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3.4.1. P/V and Q/f droop control

The droop control can be constructed from strategies commonly presented for microgrids [14], but con-
sidering P/V and Q/f relations, where P is active power and Q is reactive power. These relations can be
seen from the system equations (4) and (5), where ω only can be controlled by the q-component of IF , and
thereby the d-component of IF will control the voltage V d

F . Controlling IdF and IqF is proportional to the
control of P and Q. It is seen from equation (5) that when ω is reduced IqF has to increase to maintain the
balance. The line equation presented in (9) is used to describe the droop behaviour.

m =
Y2 − Y1

X2 −X1
(9)

where Y is ω and X is IqF for the frequency control. The same slope, m, was then used as follows:

Iq∗F = IqFref − 1

m
(ωref − ωm) (10)

Iq∗F will be the output of the frequency droop control, and then be the input to the current control loop.
The voltage control loop can be constructed with the same methodology, by using equation (5). In this case
Y is V d

F , and X is IdF . The slope, m, is then used as follows:

Id∗F = IdFref − 1

m
(V d

Fref − V d
Fm) (11)

3.4.2. P/V and f/Q droop control

In some cases it is preferable that ω is the output of the control system. This case is chosen to be named
f/Q, meaning that f is the output while Q is the input. Equation (10) is then solved with respect to ωref ,
which can be used as the input to the modified PLL presented in equation (8). When the f/Q strategy is
used, IqF is not an output of any of the control loops. An additional simple P-control loop with V q

F as input
and IqF as output can then be constructed.

4. Simulation and results

The topology in figure 1 with the control strategies presented was made in Matlab/Simulink [16]. The
initial aim of the simulation is to examine the use of conventional PLL, FixRef and the modified PLL.
An aggregated model of the wind turbines was implemented for this purpose and the control strategies
presented in [6] constructed. An essential assumption in the control method proposed is that V q

F = 0 and
this is thereby visualised for all three cases.

Secondary, the voltage and frequency droop control strategies were applied to further improve the control
system. For this a distributed model consisting of two turbines was carried out. The system parameters
used for both the aggregated model and the distributed model are shown in Table 1 in the appendix.

4.1. Aggregated model

4.1.1. Case 1: PLL

The PLL requires a voltage source at the PCC to extract the phase angle and frequency from the voltage
signal and therefore the diode rectifier is modeled as a voltage source for this case.

With PLL, V q
F is assumed to be zero, since the PLL assures no phase shift. When the corresponding

Park transformation is used this results in only the first component V d
F . The voltage VF is visualised in

figure 3(a). Compared to V d
F , V

q
F can be neglected. Additional simulations, that are not presented due to

the space limitations, showed that the current and voltage control loops follow their respective references,
while the frequency loop is not capable to follow its imposed reference. This could be due to the voltage
source, that enforce the frequency to stay at 50Hz.

5

Figure 3: The voltage VF , at the point of common coupling (PCC) using (a) PLL; (b) FixRef; and (c) modified PLL

4.1.2. Case 2: FixRef

The external phase angle reference, FixRef, is not dependant on a voltage source. The diode rectifier is
therefore modeled as a resistance.

The external phase angle does not assure that the phase shift is zero as done by the PLL. When applying
Park transformation, V q

F can thereby not be neglected. This is visualised in figure 3(b).
The simulation results also show that the voltage loop and the current loop are not able to follow

their reference when FixRef is applied to the control method presented in [6]. This could be because the
assumption V q

F = 0 is no longer valid.

4.1.3. Case 3: Modified PLL

The PLL with integrated phase angle does not require a voltage source and the diode rectifier is modelled
as a resistance. When using the modified PLL, the PLL will maintain the characteristics of the conventional
PLL and assure no phase shift and thereby V q

F can be assumed negligible. The current, voltage and frequency
loop presented in [6] can therefore be applied. The voltage at the PCC is shown in figure 3(c).

The frequency control loop is visualised in figure 4, where a reference step from 50Hz to 49.5Hz is imposed
at t=2s. It is seen that the measured value is following its reference although with a deviation from the
imposed reference value. The PLL with integrated phase angle is thereby chosen for further simulations.

Figure 4: Frequency reference step of 25% at
t=2s, using modified PLL Aggregated model

Figure 5: Frequency reference step of 5% at
t=2s, using modified PLL Distributed model

4.2. Distributed model

4.2.1. P/V and Q/f droop

The droop control presented was implemented in a two turbine system. With this method the frequency,
voltage and current control loop follow their reference, but they all have a significant steady state error. The
frequency deviation, with a simulation of a positive step of 5% at t=2s, is shown in figure 5 as an example.
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Under the same condition it is found that V q
F is no longer zero as shown in figure 6(a). This could be

because the PI-controller in the current control loop is not working at the frequency it was designed for.
Due to this further improvement of the droop control is required, as explained in section 4.2.2.

4.2.2. P/V and f/Q droop

The P/V droop is maintained, while the Q/f curve is shifted, so that f is the output. The frequency will
then be used as the integrated phase angle reference in the PLL. With this method the simulation results
show that V q

F is zero, which is seen from figure 6(b).

Figure 6: The voltage, VF , at PCC in with (a) P/V and Q/f droop control and (b) P/V and f/Q droop control

5. Conclusion

Control strategies for frequency and voltage control of the front end converter have been presented as
proposed in studied literature. A crucial part of the control strategy was the implementation of the PLL,
since the control strategy was based on the assumption that V q

F = 0. However, the conventional PLL could
not serve its function without a voltage signal. An attempt was to apply FixRef as proposed in [12][8], a
method independent of the voltage signal, but that did not guarantee that V q

F = 0. This issue was solved
by the use of PLL with integrated phase angle, which kept the characteristics of the conventional PLL, but
was independent of a voltage signal at the PCC.

When the issue of PLL was enhanced, the control strategies was further improved. The control strategy
was changed, and droop control methodology was implemented to further improve the control system. The
use of the f/Q droop technique allowed reactive power sharing between the wind turbines. However, the
active power control was made in a master-slave technique, where only one turbine was controlling the
power. Droop application for active power control is the subject of further work.
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Appendix A

Table 1: System parameters

Wind turbine
Power 100 MW
Voltage 0.69 kV
Leakage reactance 0.1 pu
Resistance 0.011 pu
Switching frequency 2 kHz

Offshore ac grid
Voltage 0.69 kV
Frequency 50 Hz
Capacitor Bank 100 MVA

HVDC Rectifier
Leakage reactance 0.18 pu
Resistance 0.1 pu
HVDC 400 kV
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