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Abstract-- This paper deals with a multi-terminal voltage
source converter (VSC) based high voltage dc transmission
system (M-HVDC) connecting offshore wind farms to onshore
ac grids. Three M-HVDC configurations studied, each with
different  control strategies. The  voltage-current
characteristics of VSCs are presented and VSC converter
operation with different output powers from offshore wind
farms is assessed. A generalized droop control strategy is
mainly used to realize autonomous coordination among
converters without the need of communication. Operation of
the three configurations with respect to their control system is
analyzed through PSCAD/EMTDC simulations and
experimentation. Results show control performance during
wind power change, eventual permanent VSC disconnection,
and change in power demand from the ac grid side converter.

Index Terms—Configuration, VSC based multi terminal
HVDC,offshore wind farms, improved proportional droop
control, generalized droop control strategy.

I. INTRODUCTION

OFFSHORE wind farms are situated tens or hundreds

of kilometers off shore and integrated into the
mainland grid through submarine cables. Studies have
established that multi terminal high voltage direct current
(M-HVDC) is an appropriate energy transmission system
in these situations [1], [2]. Research on multi terminal
voltage source converter (VSC) based HVDC transmission
systems consist of simulations, modeling [3]-[7],
protection [8], [9], control systems [2],[6],[10]-[12] and
short circuit dc faults [13], which have received increased
attention in recent years. This evolution is because of two
reasons: (i) capacity to interconnect several ac grids
operating at different voltages even at asymmetric
frequencies and (ii) appropriateness of a multi terminal
VSC HVDC system (M-VSC-HVDC) to integrate large
offshore wind power plants. Reactive power support, black
start capability, small filter sizes, and the ability to change
the power direction without altering the polarity of the dc
link voltage make VSC based HVDC a viable candidate
for multi terminal HVDC rather than line commutated
converter (LCC) technology.
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DC voltage control and active power control are
important performance tests for a HVDC system. In dc
grids, power sharing among the terminals is governed by
the dc network voltage. Thus, one objective of this paper is
to maintain the dc link voltage within a defined limit of
+5% [14], [15] for system stability, rather than selecting a
+10% tolerance limit as dc link voltage control design [16]
[17]. This is not as safe limitas +5%.

DC voltage droop is frequently employed for dc voltage
control in M-VSC-HVDC [7], [18], [19]. It originates from
frequency-power droop control of ac system. In this
technique, voltage regulating VSCs share real power based
on their respective voltage droop coefficients. It shows
higher reliability than master slave control [20] and does
not generate voltage oscillations like the voltage margin
approach. However, droop control has some drawbacks
like: (i) full power flow control cannot be performed as
real power cannot be fixed at a constant level and (ii) it
cannot fix the dc voltage of converters, if needed [6]. In
order to overcome these shortcomings, a generalized droop
control structure is proposed in [6] to inter-change between
dc voltage control modes based on the M-HVDC grid
parameters, and is achieved through a dual hierarchical
architecture.

The coordinated dc droop characteristic technique
proposed and simulated in [7], [10], [12] described
modeling, control and simulation of a M-HVDC system.
Droop control is designed considering linearized ac and dc
system dynamics in [15]. Currently there is no systematic
control design procedure or stability analysis for M-VSC-
HVDC for connecting large offshore wind power plants.
This paper scrutinizes the stability and dynamic behavior
of multi terminal VSC HVDC transmission systems for
offshore wind farm applications. Three M-VSC-HVDC
transmission system configurations, with four control
schemes are outlined in section Il. Section 111 describes the
design procedure for the experimental test bed. The
configurations are analyzed and assessed by means of
dynamic simulations and experimentally, in section IV, in
terms of wind power change, eventual grid side converter
loss, and abrupt change in load demand. Finally,
conclusions are presented in section V.

I1. CONTROL AND CONNECTIONS OF MULTI TERMINAL
VSC HVDC
Three M-HVDC transmission system configurations are
considered that connect offshore wind farms (WF) to
mainland ac grids (GS).

I1.1: DC voltage droop control on grid side converters

The system consists of two offshore wind farm VSC
converters (WF-VSC,; and WF-VSC,) and two onshore ac
grid side VSC converters (GS-VSC; and GS-VSC,) as
shown in Fig. 1. WF-VSC; and WF-VSC, collect wind
power from WF; and WF,, respectively, and deliver it to
the dc network. Then, power is transmitted to onshore ac
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Fig. 1: Integration of two offshore wind farms with two onshore ac grids
through submarine HVDC cables.

grids through GS-VSC,; and GS-VSC,. Each converter dc
side is connected together through submarine dc cables.

The controller in Fig. 2 is used to maintain the ac
voltage of the wind farms at a specific level. A 60 Hz
constant voltage is produced by controlling its magnitude
through proportional integral (PI) control which minimizes
the error (e =Vwr*-Vwe) and is used as a performance
index for this controller. The PI controller parameters are
in Table I.

Fig. 3 shows the controller used with the grid side
converters to regulate the dc voltage and reactive power to
the onshore ac grids. The proportional droop controller
shown in Fig. 4 is used to coordinate the dc voltage
between GS-VSC, and GS-VSC,, where, V¢* pu and P* pu
are the reference dc voltage and active power. K is the
slope of droop characteristics and Vg pu is the grid side
converter dc voltage with zero power. It is advantageous
over common droop control as it transfer minimum error to
the PI controller through limiters.
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Fig. 2: Controller to establish the constant ac voltage at WF.

Table I: Proportional Integral controller parameters.

P1 Controllers Ky T;
Wind farm ac voltage controller  1.00  1.000
Active power controller 0.01 0.040
Reactive power controller 0.00 0.303
d-axis current controller 0.45  0.070
g-axis current controller 0.48 0.670
Fix dc voltage controller 0.20  20.00
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Fig. 4: Improved proportional droop control.

11.1.1: V-1 characteristics of configuration 1

A V-I characteristics of the converters for configuration-
1 are shown in Fig. 5. The solid curves represent the
characteristics of WF-VSC,; and WF-VSC, with wind
powers Pywr; and Py, respectively. The straight lines LN
and LM depict the droop characteristics of GS-VSC,; and
GS-VSC,. Assume that all the converters have the same dc
VOItage level Vwri=Vwr2=Ves1=Vasy, illustrated in Flg 5
with the solid horizontal line. The intersections of the
horizontal line with LN, LM and the solid curves give g,
g2 w; and w,, which are the operating points of these
converters when the wind powers are Pwr; and Py,
respectively. Their dc currents fulfill the condition
Iwritlwrz = lesitlass.

The dashed curve shows the V-I characteristics of WF-
VSC,; when Py, is decreased to P’wr; due to a reduced
wind speed. The dc current decreases since the power is
reduced. WF-VSC, operates in a fixed power control mode
to extract maximum power. The M-HVDC system reaches
a new equilibrium state with a new dc voltage level
V'wei=V'we2= V'gs1=V'gs2, represented by the dashed line
in Fig. 5. Points wy’, wy’, g,’ and @, are intersections of
dashed horizontal line, droop lines LN and LM, and the
dashed curve that represent the system new operating
points. The dc current complies with the equilibrium
condition 'wei+'wez = 'gs1+! g

The V-I characteristics for the two steady state voltages
have been exaggerated for clarity.

Assume the actual dc voltages at each VSC station
accurately track their references when using the dc voltage
controller. Then the reference dc voltages of GS-VSCs are:
Ves1 = Veso + Kes1 lgs1 + Vesa = Viso + Kesa Igs2 (1)
In (1), the converter dc voltages differ because of different
dc cables impedances. So:

Vieso+ 2Rgs1lgs1 = Viso + 2Rgs216s2- (2)
where Rgs; and Rgsy are the resistances of the dc cables
connected to the GS-VSCs. Thus the shared power
between the two grid side converters is given by:
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Fig. 5: Operating points and V-1 characteristics of configuration-1.

I1.2: DC voltage droop control on wind farm side
converters

For the system in Fig. 1, a simultaneous symmetrical ac
fault on the onshore ac grids forces the GS-VSCs to move
to a current limiting mode. Then the WF-VSCs become
responsible for regulating the dc grid voltage by using the
decentralized droop control in Fig. 4 with the d-q controller
of Fig. 3 in each WF-VSC.

The GS-VSCs deliver the received power to onshore ac
grids. Figs. 6 and 7 illustrate, respectively, the control
schemes for GS-VSC; and GS-VSC,. The controller in Fig.
6 regulates the real and imaginary power transfer through
GS-VSC, with references Pg* and Qg* while GS-VSC,,



being connected to a weak ac grid, controls the active
power and the ac voltage. The actual dc voltage is used as
the reference. Active power transfer is achieved through
the real power error (P; — Py)via a Pl controller.
Compensation term Lwigq isadded to decouple d-axis and
g-axis control. The d-axis grid voltage Vg, is also added
as feed forward control. This gives the d-axis voltage
component V4. The active power control mode is the same
in both control schemes, as depicted in Figs. 6 and 7 [21].
Reactive power control, via the g-axis current controller, is
same as in Fig. 3.

In Fig. 7, the g-axis current is controlled to regulate the
ac voltage of the connected ac grid. The error
(Vicg — Vacg) is for the ac voltage controller, then ij.
The iq and ig current error is fed to the g-axis current
controller. The compensation term —Lwi, decouples the
d-axis and g-axis control, giving the g-axis component V.

Converter voltage components V4 and V, are then
converted to three phase voltages for PWM control as
shown in Figs. 6 and 7. Low pass filters are used for
voltage V% and currents i%% measurements to calculate the
voltage and power feedback, in order to damp the fast
transients during power change. These low pass filters are
tuned ten times faster than the current loop [15].Control
parameters are given in Table I.
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Fig. 6: Active and reactive power control of GS-VSC,;.
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Fig. 7: Active power and ac voltage control of GS-VSCo.

11.2.1: V-1 characteristics of configuration 2

The V-I characteristics for the proposed system is shown
in Fig. 8. Straight lines LN and LM demonstrate the droop
characteristics of WF-VSC,; and WF-VSC, based on (1).
The solid curves display the characteristics of GS-VSC,
and GS-VSC.,. It is assumed the VSCs have same voltages,
that is, Vwri=Vwr2=Vss1=Vas, and are represented by the
solid horizontal line in Fig. 8. Then the intersections of the
horizontal line with LN, LM and the solid curves give w;,
W,, g; and g, which are the system operating points,
provided wind powers are Pywr; and Pwg,. Converter dc
currents fulfill the condition IWF1+IWF2: IGSl+IGSZ-

The dashed curves in Fig. 8 represent the V-I
characteristics of GS-VSC; and GS-VSC, when the utility
power demand is reduced. A power demand decrease
causes a grid side overvoltage, requiring a dc current

decrease. So each WF-VSC moves into a power reduction
mode through droop control, to maintain a steady state
system. The system reaches a new equilibrium state with
voltages V’'wri =V'we=V'cs1=V'es2 and dc currents
Fweitl'weo=l'gs1t I'cs. Points wy', wy’, g and g, at
which the dashed horizontal line intersects the straight
lines LN, LM and dashed curves, are each converter new
operating points. Similarly, system operating points can be
found when the wind power increases to P"’\yr; and P ye,.
As generated wind energy is injected into the dc grid
based on a power transmission ratio:
—PWFl ~ le =m. 4
PWFZ IWF2
Then by using (1), (4) becomes:
Pwr1 ~ wr1 _ Kwr2+ 2Rwr
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Fig. 8: Operating points and V-1 characteristics of configuration -2.
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11.3: Generalized droop control strategy

Despite the popularity of voltage droop control, it has
drawbacks. It cannot perform fixed power control for a
specific VSC station or fixed dc voltage control, if
necessary. In order to overcome this, a generalized droop
control strategy performs voltage and power control of M-
HVDC grids [6]. This strategy is flexible in terms of dc
voltage control and power sharing based on droop
characteristics.

A control scheme is implemented through the dual
hierarchical structure shown in Fig. 9 and its two operating
modes are used as shown in Fig. 10 [6]. This allows the
controller to transit schemes softly and abruptly depending
on M-HVDC system parameters, as expressed
mathematically by:

aVdc+ BP+y =0. (6)

The control diagram for this mathematical expression is
shown in Fig. 11. The coefficients o, f and y in (6)
mainly depend on the M-HVDC system conditions
(voltage, power ,etc.) and used to select the operating mode
for system.
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Fig. 9: Dual hierarchical control structure for M-HVDC grid.
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The configuration shown in Fig. 12 comprises one
offshore wind farm (WF-VSC,) connected to three onshore
grid converters (GS-VSC,, GS-VSC, and GS-VSCs;). The
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system transfers power between three mainland ac grids
through submarine cables and the wind farm is tapped with
a tee connection. It is potentially the first application of a
meshed M-HVDC network, and is off the U.K. coast [27].
Two control scenarios are considered.
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Fig. 11: Implementation of generalized droop control with smooth
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Fig. 12: M-HVDC system with T-connection of offshore wind farm to
three onshore ac grids through submarine HVDC cables.

11.3.1: V-1 characteristics of configuration 3

i. Scenario 1

With the V-1 characteristics for scenario 1, that is, the
fixed dc voltage control approach in Fig. 13, GS-VSC; has
fixed dc voltage control, represented by the horizontal line,
while WF-VSC;, GS-VSC, and GS-VSC,; operate with
fixed power control Pyg;, Pgsy and Pgsy, represented by the
solid curves. If all the converters and cables are lossless,
the constant dc voltage across the terminals is
VWFI:VGSl:VGSZ:VGS?n represented by the solid horizontal
line in Fig. 13. wy, g; and g, are the operating points of
WF-VSC,, GS-VSC,; and GS-VSC,, respectively, being the
intersections of the horizontal line and the solid curves.

The dc current of GS'VSC3 is Ingz IGSl+IGSZ+IWFl and
the operating point of GSVSC; is g3 (Iss3, Vesz)- Again the
effect on the system dc voltage and operating point can be
explained in terms of the dashed curves when the power
from WF, or grid-1 is changed as in Fig. 13.

The V-1 characteristics of the fixed dc voltage control
mode are changed to Fig. 5 in the event of a permanent
failure of the fixed dc voltage control terminal GS-VSCs.
At this instant, the generalized droop control scheme is
used to change the control mode of the remaining two GS-

VSCs to dc voltage droop control [6] that follow the V-I
characteristics in Fig. 5

ii. Scenario 2

Scenario 2 is based on conventional droop control and
it’s V-1 characteristics shown in Fig. 14. The solid curves
depict the characteristics of WF-VSC; when Py, is fed to
the dc grid and Pgg; is the power drawn by GS-VSC;. LN
and LM show the droop characteristics of GS-VSC, and
GS-VSC;, determined by (1) and the droop constants are
different for each GS-VSC. If the system is lossless, all the
dc V0|tages are the same (VW|:1:V(351:VG52:VG53),
represented by the solid horizontal line. g;, g,, g3 and w;
are the operating points obtained from intersections with
the horizontal line, LN, LM and the solid curves. The dc
current satisfies lwr = lgsitlastlsss. The effect on the
system dc voltage and operating points, again is the dashed
curves and horizontal line intersections when power from
WEF; or grid-1 changes, as in Fig. 14.

The system V-I characteristics discussed in the second
scenario is transformed to Fig. 13 with failure of GS-VSC;;
loss of one coordinated dc voltage droop control terminal.
Although the remaining unaccompanied droop controlled
converter can control the dc voltage, it may produce
massive swings in dc grid voltage during the power
change. A control scheme is proposed where the
unaccompanied droop control terminal is smoothly transits
to fix dc voltage control through the generalized droop
control technique, as shown in Fig. 11. Now, GS-VSC, and
GS-VSC, are responsible for fixed dc voltage control and
fixed active power control, respectively, and follow the V-I
characteristics in Fig. 13.
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Fig. 13: Operating points and V-I characteristics for fixed dc voltage
control configuration-3, sceneraio-1.
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Fig. 14: Operating points and V-1 characteristics for dc voltage droop
control of configuration-3, scenario-2.

I1l. ESTABLISHED EXPERIMENTAL WORKBENCH

An experimental workbench is used to assess the
operation and control strategies described in section I,
during steady state and dynamic conditions. The platform
comprises four VSCs interconnected on their dc sides.
Photographs and emulated system configurations are
shown in Figs. 15 and 16, respectively. All components are
scaled down.



111.1: Power Converter

Each VSC power converter is a two level insulated gate
bipolar transistor (IGBT) based converter, consisting of
three boards: power, driver and control boards. The power
board is a module of three IGBT legs, with an additional
branch for braking capability, and shown in Fig. 17. TI
DSP TMS320F28335 is the core of the control board. The
driver board enables the control board to access the power
board IGBTS, which provides the necessary gate excitation
signals and introduces arm dead time in each leg. The
driver board also supports the analog based protection like:
over current, over temperature, over voltage, and driver
error. Each power converter is connected to an ac grid
through a coupling filter. Two ac currents and voltages, dc
voltage, and dc current are measured. An ac circuit breaker
(CB) connects a power converter to the ac network once it
is synchronized. DC circuit breakers allow the VSC
connection to the dc grid. The variable nature of the wind
is emulated using C coding in a DSP, to obtain the wind
power for the control board. Power converter parameters
are given in Table 1l

A DL850 Yokogawa scope is used to monitor and
measure the system input and output parameters. The dc
power is calculated by multiplication of the dc voltage and
dc current, measured from dc side of each VSC station,
using X-viewers software.

VSC Stations Control board
Fig. 15: VSC converters of experimental platform and main driver board
of the power converters (right).
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Fig. 16 (a): Experimental platform for configurations 1 and 2.
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Fig. 16 (b): Experimental platform for configuration-3.

111.2: DC grid

DC cables are emulated by a m equivalent, where the
equivalent cable capacitance is integrated into the
converter capacitance. Inductance and resistance are added
to dc cables as shown in Table Il1l. DC link inductance is

added to confine dc faults levels, to enable the dc circuit
breakers (CB) to operate [22]. DC faults and system ride
through will be investigated in future research with DCCB
operating times of 5ms [23], [24].

I11.3: M-HVDC earthing configuration.

Various earthing schemes are advocated. Traditionally,
earthing of M-HVDC systems takes place at: the dc link
capacitor midpoint, ac side transformer and/or each cable
end [25]. Currently no formal standard for earthing of M-
HVDC has been defined [26]. The M-HVDC systems in
this paper are grounded at the grid side of the transformer
while dc cable ends and dc link remains unearthed is
outlined in Fig. 16, since focus is on M-HVDC control
techniques rather than earthing configurations. All earthing
used within a M-HVDC grid is solid, that is, low
impedance [27]. This aspect will be addressed in future
research, when assessing dc grid faults.
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Fig. 17: Power converter configuration of a VVSC station.

Table II: Characteristics of power converter.

Parameters Values
Switching frequency 10.0kHz
DC grid voltage 100V
Max. power of each VSC 800W
Coupling inductance 1.58mH
Converter capacitance 1400uF

DSP TMS320F28335
Sampling time of DSP 100 ps

Table 111: Parameters of dc grid.

DC cable  Resistance Inductance
Cable 1 0.10 ohm 0.5mH
Cable 2 0.12 ohm 1.0mH
Cable 3 0.44 ohm 1.5mH

IV. EXPERIMENTAL RESULTS

To assess the operation and control strategies, three tests
are simulated and experimentally configured, viz., wind
power change, permanent disconnection of a VSC, and
sudden power change demand from an onshore ac side
converter. The base power and dc voltage for
normalization are 600W and 100V, respectively.

IV.1: DC voltage droop control on grid side converters

The M-HVDC of Fig. 1 is assessed with the
experimental platform arranged as in Fig. 16 (a), using the
control parameters in Table |. The proportional droop
control of Fig. 4 is applied to the GS-VSCs while the WF-
VSCs operate with a fix active power and ac voltage
control to extract maximum power.

i The wind power from WF; is ramped to 0.6 pu
from 0.4 pu. Power is transmitted to the mainland ac
networks through GS-VSC; and GS-VSC,. The dc voltage
profile and power behavior for test-1 are shown in Fig. 18.



Power through WF, remains constant at 0.8 pu. The
network dc voltage level rises to 1.02 pu through
coordinated droop control of the grid side converters as the
power transfer increases.
ii. In second case, the load demand of GS-VSC; is
increased to -0.6 pu from -0.5 pu and in response the
power transferred through GS-VSC, is reduced to -0.8 pu.
A power short-fall appears in dc grid because of the extra
power demand of GS-VSC,, which causes a reduced dc
voltage level of 1.01 pu, as shown in second half of Fig.
18, while the wind powers remained unchanged.
iii. The third test involves the disconnection of GS-
VSC;. Fig. 19 depicts the dc voltage and active power of
the experimental M-HVDC grid. The power in GS-VSC,
falls to zero from -0.4 pu because of its sudden
disconnection due to a symmetric fault on its ac grid side.
Power transferred through GS-VSC, increases to -1.2 pu
provided by the WF-VSCs, when keeping V. within the
permissible range of =+ 5%. Wind power extraction
remains constant.
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Fig. 18: DC voltage and real power during change in power reference
from WF,and GS;, respectively (Experimental, configuration-1).
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Fig. 19: DC voltage and active power during ultimate disconnection of
GS-VSC; (Experimental, configuration-1).

The operation and control of M-HVDC configuration-1
under all three tests show that the designed control is
effective. Such control and system architecture can be used
when maximum wind power extraction is needed from
offshore WFs and the onshore converters are distant from
the load centers.

IV.2: DC voltage droop control on wind farm side
converters

The multi-terminal VSC based HVDC system of Fig. 1
is considered when simultaneous voltage sag appears on
the mainland ac grids, whence dc voltage control is shifted
to the WF-VSCs by adopting droop control as described in

section Il. The experimental platform is shown in Fig. 16
(@), using the control parameters in Table I.
i Initially wind power variation is observed. The
M-HVDC shifts to a new transmission ratio according to
the proposed control methodology to keep the system
stable and to transmit the demanded power to the ac grid.
Fig. 20 shows the dc grid voltage and power of the
experimental M-HVDC network. When Py, starts to
increase, the dc voltage rises to attain a new equilibrium,
giving a new transmission ratio, by deploying WF, in a
coordination mode.

The power from WF; rises to 0.5 pu while WF, moves to
a power reduction mode to achieve equilibrium according
to the improved droop control, and the dc voltage rises.
The new dc voltage and Py, levels are 1.02 pu and 0.7 pu,
as shown in Fig. 20. Power transfer through the grid side
converters remains constant at Pgs;= -0.4 pu and Pgs,= -0.8
pu, respectively.
ii. The second case is for a power demand change
from the onshore ac grids, as seen in the second half period
of Fig. 20. The load demand from GS-VSC; is increased to
-0.6 pu, and the dc voltage level falls to 0.99 pu when
providing the necessary energy. In this scenario, the WF-
VSCs moved to a power surge mode through proportional
droop control to stabilize the system voltage.

11 0.99 pu
|

[ TR O Al Ly M
Ve 10 WMW.—W. L ™
PU g9 L % 1.02 pu
10f 06
r ¥ 0.5 pu opu MY J
Pwr1 r e e o
PU 04 Rihhasu VN y W
00 , A , , ]
15¢ 08pu
Pwrz 08¢ 4 o S A i i b
PU ook X 07pu
g — , , , ; , , , —]
pesy 04 MMMMWWWW
pu [ -0.6 pu ]
10 : ; , , , , i 1
071 -0.8 pu 1
Pas2 " TR bbb L b e ]
oot 0.5 IARANNAMIM A A A A
-7.64035 5] -6.99081

Fig. 20: DC voltage and active power during change in power reference
from WF-VSC; and GS-VSC; (Experimental, configuration-2).

11
PU g9 g ; 1.035 pu 1
70 : : ; ' ' ; : : ; ]
0.4 pu 3
Pwr1 ¥ 0.2 pu
PU 0.4 Nattemmitapinpiodiiyomainter
0.0 } } } ¥ }
15
B - 0.6 pu
pwr2 0 . K el St A\‘ "
U o 08pu &
03 ; ; ; ; ;
Past ‘ & 1
pu 0.4 00pu
-0.8 ; ; ; ; ; ;
0.0 -0.8 pu
P‘();az 08 i ot A uwwwrmguu.l Mgl gl
-15 L n L . . L L L . ]
-2.95584 [s] -2.45584

Fig. 21: DC voltage and active power during ultimate disconnection of
GS-VSC; (Experimental, configuration-2).

iii. The third test is sudden disconnection of one
onshore converter from the M-HVDC network, enabling
the observation of the wind farm power reduction scheme
using the power transfer ratio, which is inversely
proportional to dc voltage.

A symmetrical fault persists on ac grid-1 which leads to
permanent disconnection of GS-VSC,, causing excess
system power. The dc voltage rises to 1.035 pu and to keep



the system voltage within limits, the wind powers Py and
Pwe> are reduced to 0.2 pu and 0.6 pu, respectively, after
admissible fluctuation. Experimental converter station
voltage and power profiles are shown in Fig. 21. Power
extraction at the moment of disconnection through the
disconnected terminal is zero.

The M-HVDC configuration voltage and power sharing
remain within predefined limits during the three tests on
the second configuration. Such control and system
configuration may find application in M-HVDC systems
connected to weak onshore ac grids or main land ac grids
which are likely to suffer severe ac faults.

1V.3: Generalized droop control strategy
1V3.1: Scenario 1

The system in Fig. 9 is investigated in configuration-
3, during control scenario 1. That is fixed power control,
when power from the T-connected offshore wind farm and
onshore ac grids are controlled through WF-VSC;, GS-
VSC; and GS-VSC,, respectively; while GS-VSC; is
responsible for fixed level dc voltage control. The
experimental setup is connected as in Fig. 16 (b). Initially,
0.3 pu wind power is transmitted from WF; to the dc grid
and power from the onshore ac grid-1 is regulated at 0.4 pu.
Thus, the total power transported through GS-VSC; and GS-
VSC, to ac grids 2 and 3 is -0.7 pu, as shown in Fig. 22.
i The wind power is ramped from 0.3 pu to 0.6 pu and
the power transferred to ac grids 2 and 3 accumulate to -1.0
pu from -0.7 pu. The dc voltage is controlled to 1.0 pu, as
shown in Fig. 22, and during the power transition, the dc
voltage level remains within the prescribed limits of £5%.
ii. The second test assesses power variation from ac
grid-1. The load demand from GS-VSC; reduces to -0.2 pu.
The power through all VSCs except GS-VSC; remains near
constant but the dc voltage drops, as shown in second half
period of Fig. 22, by adjusting the power transfer though
GS-VSCs.
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Fig. 22: DC voltage and active power during change in power reference
from WF;and GS;, respectively (Experimental, configuration-3, Scenario-
1).
iii. Third case analyzed corresponds to disconnection
of the dc voltage controlled terminal at GS-VSCs. At the
moment of disconnection, dc voltage control responsibility
is transferred through generalized droop control to GS-VSC,
and GS-VSC;. Then power transfer balance and dc voltage
stability in the M-HVDC network is achieved as shown in
Fig. 23. The dc voltage reduces to 0.98 pu during control
transfer.

System oscillations are controlled with the proposed
control scheme along with properly tuned PI control
parameters since the M-HVDC system safely shifts its

equilibrium state after disconnection of the fixed dc voltage
control terminal, that is, the master terminal. The
generalized droop control scheme overcomes the error in a
master slave approach and is a candidate for meshed grids.

IV3.2: Scenario 2

The second scenario of configuration-3 considers the M-
HVDC configuration shown in Fig. 9. The wind power from
WF;, is transferred to the ac grids through GS-VSC,, GS-
VSC, and GS-VSC;. GS-VSC, and GS-VSC; converters

share power through droop control to regulate the dc
11
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Fig. 23: DC voltage and active power during ultimate disconnection of GS-
VSC; (Experimental, configuration-3, scenario-1).

voltage. GS-VSC; moves to a fix power control mode for
the connected ac grid-1. Experimental workbench is
connected as in Fig. 16 (b).
i. The wind power increases from 0.6 pu to 0.8 pu,
while GS-VSC, demands a fixed power of 0.4 pu. As the
power transferred increases, the HVDC grid dc voltage
increases to 1.02 pu and the power transmitted to ac grids 2
and 3 increases to -0.5 pu and -0.7 pu, respectively, as per
the droop control, to a new stable operating point. The
power transfer and dc voltage behavior are shown in Fig.
24,
ii. Change in power demand from GS-VSC, is observed
in the second test as shown in Fig. 24. Load demand
through GS-VSC, is increased to -0.6 pu due to the extra
power demand from ac grid-2; a short-fall of power appears
in the dc grid. Droop control plays its role to achieve an
equilibrium condition by reducing the dc grid voltage to
0.99 pu and Pgs3 to -0.6 pu, as seen in the second half period
of Fig. 24. Power through WF-VSC;and GS-VSC; remains
near unchanged.
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Fig. 24: DC voltage and active power during change in power reference
from WF;and GS, respectively (Experimental, configuration-3, scenario-
2).




iili.  The last test applied to the final configuration is GS-
VSC, disconnection due to a severe fault on ac grid-2, as
shown in Fig. 25. The droop control of GS-VSC; moves to
fix dc voltage control through the soft and abrupt
generalized droop control structure. In Fig. 25 the dc voltage
and power flow are not stable without an accompanied
droop terminal, so control shifts to fixed dc voltage control,
through the generalized droop control structure. GS-VSCs;
and GS-VSC, are then responsible for fix dc voltage control
and power balance, respectively.

Such a control scheme, configuration-3, scenario 2, finds
application when the M-HVDC system is operated with an
unaccompanied dc voltage droop control converter. This
scheme gives stable dc grid voltage and power flow without
any telecommunication, swiftly and smoothly as the results
illustrate.
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Fig. 25: DC voltage and active power during ultimate disconnection of
GS-VSC, (Experimental, configuration-3, scenario-2).

V. CONCLUSION

Control strategies have been designed for multi terminal
VSC HVDC converters. DC grid voltage control, ac wind
farm voltage regulation, and active power control to
onshore ac grids were the main objectives. Smooth
transition between the developed control modes and
improved proportional droop control has been achieved.

Three multi-terminal VSC HVDC configurations were
considered along with four different control modes. The V-
I characteristics for all four scenarios were studied and M-
HVDC system operating points under stable and dynamic
conditions were discussed. Configurations 1 and 2
characterized wind energy transmission from multiple
offshore points to multiple onshore points of inland ac
grids. Configuration 3 characterizes the T connection of
offshore wind farms to a HVDC grid.

A four terminal VSC based HVDC scaled down
experimental platform was used to assess the stable
operation and control flexibility of M-HVDC
configurations. PSCAD/EMTDC was used to analyze the
operation and control of configurations. Several
experimental case studies were conducted, including wind
power variation, loss of a grid-side VSC, and abrupt
change in load side demand. The results showed good
system performance, all in accordance with the control
scheme specifications. Active power and dc grid voltage
do not show uncontrolled oscillations during control mode
switching through the dual hierarchical control structure,
by suitable adjustment of control coefficients.
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