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Abstract:

This paper describes a novel control strategy of voltage source converters (VSC) in large-scale wind farm
applications, in order to achieve a constant DC voltage for connecting to the long transmission system based on
multi-terminal high voltage direct current (HVDC) technology. The control strategy is based on a multi-loop
current and voltage control for tracking the predetermined value of the DC link voltage in the rectifier side
station to achieve proper performance in the irregular circumstances of wind farm operation. In addition, the
control strategy is able to transmit the maximum input power to the consumption side in different situations in
grid side converter. Grid connection of the HVDC system is analysed under two conditions: balanced AC grid,
and connection of unbalanced nonlinear load into the AC grid. The control strategy guarantees injection of
minimum harmonic current components from the grid to the loads. MATLAB simulation results are presented
to demonstrate the effectiveness of the proposed strategy for different types of variations in AC voltage

amplitude and frequency of wind turbines output voltage.
Index Terms-Wind farms; high voltage direct current (HVDC); power quality; voltage source converters (VSCs).

I. Introduction

Energy consumption is ever increasing and over the past decades, the increment in energy demand has been highly
balanced by capacity development of conventional power sources. But, a further electricity generation to balance energy
consumption is considered by unsustainable energy sources, especially due to limited source of their primary energies and due
to negative impacts they introduce into the environment. In order to supply the future electricity demand as well as to replace
ageing existing generations, a number of new generation technologies based on the renewable energy sources e.g. Wind and
solar have been developed. In European countries, development to wind power plants is growing fast for electricity

generation; but still a small percentage of the energy demand is supplied by contribution of wind power sources[1, 2].
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With the purpose of integrating the future far offshore wind farm power plants in to the power grid and, regarding the
capacity of these plants, long transmission lines with higher capacity would be essential[3]. But, variable wind speeds and
linked generated power would result in a low capacity factor of the transmission and consequently relatively high transmission
cost per amount of energy delivered. This capacity factor will be increased by connection of multi offshore wind power plants
into the transmission lines[4].Furthermore, if the transmission is extended more, it can be used to smooth power trading
between different societies as well as evacuate power from the wind power plant[5]. If we consider these solutions, multiple
offshore wind farms would be integrated to multiple onshore power grids and consequently it would lead to the development

of a transnational offshore network [6-8].

High-voltage direct-current transmission (HVDC) technology can be considered as a suitable alternative for such a multi-
terminal offshore network, where huge amount of power can be transmitted over a long distance[9-11]. Furthermore, because
the offshore network can act as a power pool where power can be injected to and extracted from the network at different
nodes, control of direction of power during maintaining voltage in the network is needed. Implementation of voltage source
converter HVDC (VSC-HVDC) technology is a constructive solution for changing the direction of power while maintaining

voltage in the DC network [12, 13].In addition, an independent control for active and reactive power can be performed.

A number of control strategies have been proposed in the literature for operation of a multi-terminal VSC-HVDC network,
e.g., Combined and coordinated control [14, 15], current margin control[5, 12, 13, 16], voltage margin control [17], and AC-
side voltage control [17-19]. Current margin control is a standard method for point-to-point line commutated converter (LCC)
based HVDC systems in which LCC terminals work in one of constant current, constant firing angle and constant turn-off
angle control methods. Voltage margin control is a common control strategy in VSC based HVDC system, which is dual of
mentioned current margin control. Terminals can change the power range in order to regulated DC side voltage according to
the defined margins which is determined by central controller. AC-side voltage control is generally used for point-to-point
HVDC systems with standalone loads such as offshore oil platforms or supplying of small islands. Grid side terminal is
responsible for AC voltage regulation while other terminals are responsible for DC voltage regulation. To achieve constant
AC voltage at grid side, DC side current has to be controlled. Combined and coordinated control is a type of current margin
control in which inverter works in constant turn-off angle mode to regulate DC voltage and rectifier controls DC side current

using voltage errors and by combination and coordination of voltage and current.

Each presented method has its own advantages and disadvantages. For instance, [20] presented a precise control technique
but it makes the control implementation more complex by increasing the system calculations. Therefore, a powerful processor
is required in order to control network operation with a fast response for closed loop calculations of its instantaneous
conditions at different units. Control coordination between sending and receiving units of the power is another worth

mentioning issues, which needs to be considered in multi-terminal networks [21]. This necessitates a radio communication



coordinator between rectifier and inverter units in such systems in order to keep maximum controllable power transfer during

variations at both generation and consumption sides. Consequently, it adds to the complexity of the control system.

This paper presents a control strategy for a MTHVDC system in which each rectifier and inverter units has its own control
task in order to avoid complexity of the control system. This means an independent operation of sending and receiving of the
power, which eliminates telecommunications coordinators. A regulatory system has been proposed to guarantee the generation
of safe and stable DC voltage in the rectifier side of HVDC transmission lines during different operating conditions of wind
turbines. Managing active and reactive powers at their desired values is carried out by controlling of an interfaced voltage

source inverter to the power grid.

The rest of the paper is organized into three sections. Following the introduction, the general schematic diagram of a multi-
terminal DC system with three terminals as a case study, and control of wind farm side and grid side converters under
different conditions will be introduced in section II. Moreover, simulation results have been performed to demonstrate the

efficiency and applicability of the developed control strategy in Section III. Finally, conclusions are drawn in Section IV.
2. MTDC Structure and control of converters

Figure 1 shows the block diagram of a three terminal MTDC system based on VSC converters, which are connected to an
AC grid. This system includes two wind farm terminals and a terminal connected to the grid. Since the variable wind power is
the input driving force of turbines, the output voltage of wind turbines is in the form of unregulated AC with variations in both

amplitude and frequency.

A control system must have the capability to regulate the output voltage in a predetermined reference during mentioned
variations (by controlling AC to DC converter). As the terminals in MTDC structure are located in different places and they
use various amount of wind energy, the control system should help each terminal to deliver constant DC voltage regardless of
their unstable and different AC input voltage. Then, this voltage would be converted from DC to AC in the grid side inverter

to produce regular and stable AC voltage.
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Figure 1.Three terminal MTDC model.



2.1. Control of wind farms side converter to regulate DC link voltage

As shown in Fig.2, the principle of this control method is based on a chain of control loops. Each inner loop includes a
series of reference values, which are specified by the designer or other loops. The output production of the outer control loop
is the reference voltage to generate the switching pattern for the power electronic converters.
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Figure 2.Diagram of wind farm side controller loops in order to regulate DC link.

As shown in inset figure of Fig.2 (DC voltage regulator), DC link capacitor is compared with its reference value and then
regulated via PI controller to generate reference value of i;. This current obtains the inputs for the current controller to

generate reference voltages for the converter.

From Fig .2 and neglecting resistance of line impedance, AC voltage of the converter can be calculated as:

di (D
=1L—
v T +u
Rewriting (1) in the Laplace domain leads to:
V(s) = sLI(s)+U(s) ()

where ¥ is the voltage at the common bus, L is the leakage inductance of the phase reactor, 7 is the current flowing at the ac
side of the converter, U is the voltage generated by the converter and s is the Laplace operator.
Transforming (2) to the dg components results in:

vy = sLig — wLiy +uy 3)

Vq = sLig + wlig +u, “4)



wlizand wlizleads to a cross coupling between d and ¢ axis quantities which makes the independent control of active
power more complex. In other words, when i,is regulated to control the reactive power, Vg will be altered, and thus, the active
power will also change. In order to eliminate the cross coupling, Vzand wLiy are fed forward on the d-axis controller while
vgand wLigare fed forward on the g-axis controller.

The voltage reference values are then transformed to the abc quantities and vy_,.r and v4_,.f are fed as inputs to the

controlled voltage source.

2.2. Control of the MTDC converter in the consumption side

After generation of regulated DC voltage in unstable circumstances of wind farms. It is time to deliver this voltage to the
AC grid. At first, the control method should be able to transmit the maximum input active power to the grid in different
conditions. Also, it should inject the least the amount of the current harmonics in to the consumers and grid. In order to be
able to control the active and reactive power independently, the control scheme implemented on the grid side voltage source
converter is developed based on the vector control method. The active and reactive power exchanged at the common bus can

be calculated as:

P =v,i, + vpip + v 0, &)
I . . ©)
Q = \/_g(vablc + Vpelg + vcalb)

v,,Vp,V.are three phase voltage at the common bus and i, ,i,,I. are three phase currents flowing at the ac side of the

converter. Transforming (5) and (6) to the dg0components and writing the results in pu of the converter rated capacity leads

to:
P =v,i4 + v,iq + 2040 @)
Q = qud - Udiq (8)

2.2.1. Connection to the stable grid

For a balanced three phase system, the 0 components are equal to zero. Moreover, by considering vyaligned in phase
with v4,v4is zero. Therefore, (7) and (8) can be rewritten as:
P =v,iy )
Q = —valq (10)
It can be seen that the active power and the reactive power are now decoupled. In other words, the active and reactive
powers can be controlled independent of each other by regulatingi, and i, respectively.
This control strategy is based on a current control method and SRF transformation. The grid frequency should be sampled
by the PLL block. Three-phase grid currents should be transformed from abc to dq in this frequency according to the equation

(11). Then, these currents are compared with their references (which can be calculated from power references from (9) and



(10)). The error values are regulated through PI controllers and then, transformed to the abc frame in order to produce voltage

references for PWM block. Schematic diagram of this control is depicted in Fig.3.
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Figure 3.Schematic Diagram of grid side control in Connection to the stable grid.
2.2.2. Connection to AC grid and an unbalanced nonlinear load

Nowadays, nonlinear loads are widely spread in a power network from a wide range of high power industrial devices to
very low power household appliances. These loads may pollute the network with high amounts of harmonics and draws
reactive power from network. Figure4 shows a MTDC system connected to the AC grid in which an unbalanced nonlinear

load is connected to the to the point of common coupling (PCC).

This unbalanced nonlinear load may cause instability in the grid side current by producing an unbalance nonlinear current.
After connection of MTDC to PCC, it can supply the grid and load powers as well as improving the power quality. It means
that, in addition to perform as an independent DG, it also acts as an active power filter (APF) to improve the power factor and
THD. In this particular case, the control method should work as the following way to comply the required performance of
MTDC system. According to Fig .4, harmonic injection and active power injection blocks are used to prepare required current

references for power converter. A hysteresis band current control (HBCC) is used to obtain switching pulses of the converter.
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Figure 4. Schematic Diagram of grid side control in Connection to the PCC between the AC grid and unbalanced nonlinear load.

According to (9) and (10), It can be concluded that current reference of grid side converter has to be considered as g-

component of load current in order to compensate load reactive power. Therefore, we have:

(13)

tq =lg
Active power transfer should also be done by HVDC system based on following equation for the d-component of reference

current.

Pref (14)
Va

lg-p1 =
This equation generates reference current at fundamental frequency. Prr is the active reference power for HVDC system
and v,is the d-component of the PCC voltage. According to Fig.4, the reference current for HBCC block is a combination of

harmonic currents and fundamental currents as:

(15)

itor = Ina +ip
In order to have harmonic compensation capability, i;, have to be determined by harmonic injection block. The current

which is sampled from the load side should be transformed from abc to af reference frame according to the equation (16).
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As shown in Fig.5.a, this current would be entered into the self-tune filter(STF) which has the capability to extract the desired
harmonic frequency and is defined in its predetermined set point frequency[22, 23]. K is the gain coefficient of the STF and is

defined based on variation of different values in order to achieve better performance. Fig.5.b shows the bode diagram of STF



block for different values of K. the lower the K, the more precise the extraction of desired component but decreasing K may

leads to low response speed of this block.
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Figure 5. (a) Diagram of the Self-Tune Filter (STF) (b) bode diagram of the STF block for different values of K

o, is the set point frequency of the desired harmonics and K is the gain coefficient of the STF which have to be smaller to

increase the accuracy of harmonic extraction. By setting the w,in the fundamental frequency (50 Hz) and subtracting the

output of STF from its input (i(;ﬁ), remaining harmonics can be achieved. These harmonics have to be injected into the grid by

inverter to act as an APF. By inverting these from af to abc by equation (17), the reference values of inverter current would be

generated in three phase.
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By entering these amounts to the hysteresis pulse modulation block and compare them with the actual values, the ideal
switching pattern would be generated for correct operation of converter. In an inverter, different switches are turned on and
off based on a PWM pattern to generate an AC voltage at the output. Figure 6 shows the main principle of HBCC in which the
actual current is compared with reference current. Upper and lower bands are considered around the current. When current

passes upper and lower bands, inverter leg switches changes in such a way to bring the current back between band by



changing the leg voltage polarity[24]. Other modified versions of this switching strategy has been analysed in many

researches[25, 26].
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3.Case Studies and Results

Table 1 shows simulation parameters for a three terminal MTDC of Fig.1 in which two wind farms are connected to a DC
line and the power is transferred to AC grid and an unbalanced nonlinear industrial load. A © model of the line is considered in
the simulation. Determination of an HVDC line model (R, C, L) is the same as AC line model with considering a very low
frequency (near zero). Line resistance is 0.01 to 0.02 Q/km, which is the inherent characteristic of the material (in this case
0.015 Q/km is considered). Conductor inductance is around 1mH/km and its capacitance is 10 nF/km [27- 29]. All simulations

are carried out with MATLAB SIMULINK R2013a and the processor for the calculations is Intel(R) Core(TM) i7-4700HQ

CPU @ 2.40GHz.

Table 1. Simulation Parameters

Parameters

value

Input voltage source(wind turbine)
Wind farm side transformer
Grid side transformer
Transformer Power Rating (VA)
Interfacing resistance (R.)
Interfacing inductance (L)

DC Capacitors (C)

Line model
AC Grid
Switching/Sampling frequency (fsy,)
DC-link voltage set point (V¢ yef)
Grid resistance (Ry)

Grid inductance (Ly)
Voltage source converters(VSC)
three phase diode converter load (Nonlinear Loadl)

single phase diode converter load(Nonlinear Load2)

3 phase, 600 V, 60 Hz
Yg/D, 600/240 V
D/D, 380/380 V
50000
0.1mQ/phase
2mH/phase
375uF Each side
75 km model ,n
380 V50 Hz
3000 Hz
700 V
0.1mQ Per phase
5 mH Per phase
2 Level ,3 arm , IGBT/Diode
R=30Q and 1= 20mH
R=20Q and 1= 20mH




Voltage rating of proposed converters and the transformer are mentioned in Tables 2 and 3, respectively. The parameters are

used for the proof of concept.

Table 2. Parameters for wind farm and grid side converters

VSCs parameters WFSVSC GSVSC
Sy (VA) 15000 15000
Vohpn (V) 240 380
Vie (V) 700 700
1(A) 50 25
C (uF) 375 375

Table 3. Ratings of the transformer

Transformers parameters Wind farm side Grid side
P.(VA) 50000 50000
f,(Hz) 60 50
Winding 1 parameters Vi e (Vims)=600 Vi e (Vims)=380
R, (pu)=0.04 Ry(pu)=0.04
Ly(pu)=0.04 Li(pu)=0.04
Winding 2 parameters Va et (Vims) =240 V2 o (Vims)=380
Ry(pu)=0.04 Ry(pu)=0.04
L(pu)=0.0 La(pu)=0.0
Magnetization resistance R (pu)=500 R (pu)=500
Magnetization inductance L (pu)=500 L (pu)=500
The DC capacitor value can be calculated as [27]:
2tS 18
c = 255 (18)

- .2
Udc,h

Where C is the total capacitance of DC side (uF), T is DC capacitors time constant (ms), S, is the nominal Apparent power
of the converter (VA), ug,pis the nominal DC voltage (V). T can be selected between 5-10 ms in order to reduce ripples of DC
link and also have a proper system response during power changes. A 375 puF is used in this paper by considering time

constant of 6ms.
Two following scenarios are considered for the simulation analysis in this study.
3.1. Control of WESVSC

At first, variations of the wind farm for both voltage magnitude and frequency are examined. Figure 7 shows reaction of
this converter control to the variations of wind farm under four worst case scenarios for frequency and magnitude changes.
These scenarios may seem to be unrealistic but performance of the WFSVSC and its control strategy to regulate the voltage

under different circumstances can be verified in sever conditions. This means, if the control system can work in this situation,



it will have suitable performance in real conditions of wind turbines operation that are simpler than simulation assumption. As

depicted in figures, Vy,¢; and V,pc, are the output voltage of wind turbines 1 and 2 respectively. v4.is the dc voltage in the

output of rectifier and vg._pc is the dc voltage in the input of inverter after passing from dc line. The objective is to maintain

the dc voltage in the 700 V set point voltage level.

The first type of changes is the ramp type (see Fig .7.a), which is the common type of changes in wind farm turbines. In the

real circumstances, changes in the variable elements depends on wind speed and power. Changes are applied between t,and t,

that are shown with dash lines in figures. Results show that for ramp changes of WT; and WT; voltages in Fig.7.a, the DC link

voltage tracks its reference values. Step changes of the voltage (see Fig .7. b) is also simulated which leads to a good

performance as well. Another type of variation is the frequency step change by 10 Hz increment (decrement) of WT; (WT>).

Figure 7.c shows that the DC link voltage is changed after frequency variations but transients are damped after a short time. A

50 Hz/s ramp frequency variation is also tested, as shown in Figure 7.d. WT,'s frequency is increased by this rate while WT's

one is decreased by this rate. The control scheme is able to fix the DC link voltage in its predetermined amount.
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3.2. Control of GSVSC

Control scheme of GSVSC should be able to transmit the maximum input power to the grid in different situations. Grid
connection on the consumption side is modelled in two forms: HVDC system connected to (1) the stable grid and (2) the grid
and an unbalanced nonlinear load at PCC. Figure 8 shows DC link voltages of rectifier output voltage, DC link voltage of
inverter input and network current and voltage. The control scheme eases synchronous connection of the HVDC system to the

grid with injection of least the amount of the current harmonics (PF=1 and current THD less than 3%).

DC links voltage/ grid side voltage and current
T T T T

1 1
0 0.02 0.04 0.06 . 0.08 0.1 0.12 0.14 0.16
Time(s)

Figure 8.Connection to the stable grid.

As mentioned before, high power nonlinear loads are used in some industrial applications, which draw harmonic contents
from grid and distort grid power quality. In this paper, a three phase unbalanced nonlinear load is connected to PCC of grid
and HVDC. As shown in Fig.4, a three phase diode rectifier with RL load connected to a single phase rectifier is used to
model a load with non-sinusoidal unbalanced currents. In this case, the control scheme of GSVSC should connect the HVDC
line to the grid with a power factor correction capability and THD reduction. Figure9 shows HVDC, grid and load current of
mentioned system while before HVDC connection (by the breaker shown in Fig.4.), nonlinear load distorts the grid
(THD=34%, PF=0.8). When the HVDC system is connected to the network, GSVSC control scheme is able to transmit the
maximum power to the grid. The grid voltage and current are in phase with current with a minimum grid current THD (PF=1

and THD=1.9%).
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Figure 10 shows the current trajectories of AC grid for more clarifications. Figure 10.a shows the load current from the grid
before HVDC connection to the grid in Bo frame. After connection of HVDC link, grid current waveform converts to a circle

waveform which shows a sinusoidal current (Fig.10.b).
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Figure 10.Current trajectories of grid current (a) before HVDC connection (b) after HVDC connection to the PCC.

3.3. A Four-Terminal System

A four-terminal system is considered in order to illustrate the performance of proposed method. This system consists of
three wind turbines with different conditions (Ramp changes of generated voltage are tested for the wind turbines connected at
terminals 1 and 2 while third turbine is considered with constant output voltage). According to the simulation results of

Fig.11, the controller can regulate the DC voltage for a larger network with more generators.
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Figure 11. DC voltage regulation for a 4-terminal network with three wind turbines

To scale up the voltage and power, a four terminal system is implemented with realistic data. These data are extracted
from Gotland HVDC Light project [31-33], which was among the first implementation of HVDC Light technology. The
converter topology and the type of application are pretty close to the analysis of the paper. Table. 4 shows the basic
parameters of the mentioned system. Simulations are carried out for the variations of generated voltage at the terminals
of WT;, and WT, with a constant voltage of WTs. The electrical power from the generator is at 60 Hz, AC power with
600V output for large wind turbines. A transformer may be required to increase or decrease the voltage so it is
compatible with the end use, distribution or transmission voltage, depending on the type of interconnection. Rectifiers
receive 80 kV AC voltage with mentioned variations. Note that the variations are arbitrary and do not reflect a real case,
but a very sever condition is considered in the increment or decrement rate of the voltage in order to verify the
effectiveness of the proposed control system. DC link voltage at rectifier side and after passing through HVDC line is
shown in Fig.12. According to the mentioned results, proposed control strategy can track the reference voltage and
control the system in every voltage and power levels.

Table4. Parameters of a 50 MW HVDC Light system

Power rating 50 MW
AC voltage 80 kV(both ends)
DC voltage 80 kV

Length of DC cable 70 km (sub marine cable)
Converters topology  2-level (IGBT series connected)
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Figure 12. DC voltage regulation for a 4-terminal network 50 MW system
4. Conclusion

This paper presented a novel control strategy for wind farms integrated with the AC grid through a VSC-HVDC link. Due
to inherent variations of output voltage in wind turbine generators in terms of amplitude and frequency, the proposed control
strategy has the ability to control the converters to provide a DC line with constant voltage. Different types of variation were
simulated, thoroughly demonstrating the ability of the control strategy to regulate the voltage. The control strategy was also
investigated for the grids connected to high power unbalanced nonlinear loads and the proposed strategy successfully
compensated current harmonics and delivered required active and reactive powers to the network. To scale up the voltage and
power, a four terminal proposed system was also implemented with realistic data. Again, the proposed control strategy was

able to track the reference voltage and control the system in every voltage and power levels.
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