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Abstract – Droop control schemes have been widely employed in the control strategies for Multi-
Terminal Direct Current (MTDC) system for its high reliability. Under the conventional DC voltage-
active power droop control, the droop slope applies a proportional relationship between DC voltage 
error and active power error for power sharing. Due to the existence of DC network impedance and 
renewable resource fluctuation, there is inevitably a DC voltage deviation from the droop 
characteristic, which in turn results in inaccurate control of converter’s power. To tackle this issue, 
a piecewise droop control with DC voltage dead band or active power dead band is implemented into 
controller design. Besides, an advanced droop control scheme with versatile function is proposed, 
which enables the converter to regulate DC voltage and AC voltage, control active and reactive power, 
get participated into frequency control, and feed passive network. The effectiveness of the proposed 
control method has been verified by simulation results. 
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1. Introduction 
 
High Voltage Direct Current (HVDC) transmission 

system has been identified as one of an ideal technology 
for bulk power transmission over long distances compared 
to traditional AC transmission systems due to a number of 
advantages [1]. As a key element of HVDC transmissions, 
power electronic converters in early-stage are based on 
Current Source Converter (CSC). CSC-HVDC usually uses 
series- or parallel-connected thyristors as basic switches, 
which requires an external voltage source for commutation 
[2]. With the development of fully-controlled power 
electronics, like Insulate Gate Bipolar Transistors (IGBT), 
Voltage Source Converter based HVDC (VSC-HVDC) 
systems exhibit a number of advantages over classical 
CSC-HVDC systems. By the fast acting Pulse Width 
Modulation (PWM) techniques, VSC-HVDC is able to 
control active and reactive power independently, feed weak 
AC systems with less risk of commutation failures and 
provide black start capability. VSC-HVDC can also change 
and reverse the DC network power flow instantly without 
changing DC voltage polarity [3]. 

The DC network connected with more than two 
converter terminals is referred to as a Multi-Terminal 
Direct Current (MTDC) system. MTDC networks have 

been proposed to interconnect asynchronous AC systems. 
Terminals are usually connected in parallel with radial, 
ring, or meshed topology. VSC-MTDC, also known as a 
“DC super-grid” is deemed as a promising solution to the 
integration of large-scale renewable energies such as 
wind plants and photovoltaic (PV) power generations [2]. 
There has been a pan-Europe MTDC proposal which 
aims to collect wind power from the North Sea and 
interconnects with adjacent countries such as United 
Kingdom, Germany, Norway and Denmark for electricity 
trading [4]. China has commissioned two VSC based 
MTDC offshore applications: a three-terminal DC system 
with nominal DC voltage of ±160kV commissioned in 
Nan’ao island in 2013 [5], and a five-terminal DC system 
with nominal DC voltage of ±200kV commissioned in 
Zhoushan in 2014 [6].  

MTDC improves reliability and flexibility in system 
operation by involving more terminals into power 
allocation; the control complexity is conversely increased. 
Master-slave control is the extension of coordination 
control in point-to-point HVDC scheme. Two-terminal 
HVDC assigns one VSC at power control mode and the 
other one at DC voltage regulation mode. Similarly, for 
MTDC system, the terminal controlling DC voltage is 
known as the master terminal, while the other terminals 
operate under current or power control. Master terminal 
is a slack bus to balance total power inputs and outputs in 
the MTDC network. Master-slave control is subject to 
the danger of DC voltage instability under circumstances 
of losing terminals or abrupt power change [7]. A fast 
communication may help to relieve master terminal’s 
burden and improve operation reliability by rescheduling 
the power order or reassigning master terminal [8]. But 
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communication latency may have a negative effect on 
system’s fast response.  

Two basic communication-free methods were historically 
reported to meet stable operation of MTDC: voltage 
margin control [9] and voltage droop control (also known 
as slope control) [7]. The voltage margin control, built on 
the basic principle of master-slave control, enables the 
switchover of the master terminal from one to another 
when the prevailing master’s power capability is exceeded 
while allowing different levels of DC voltage margins. 
However, the quantity of terminal in MTDC system is 
restricted by limited voltage margin. Voltage droop control 
employs droop characteristics for terminals [7], which is 
designed according to the voltage limit of system and 
power rating of converter [10]. Under the voltage droop 
control scheme, the operational DC voltage for a 
terminal is controlled to vary along with its local droop 
characteristic to allow power change. It can make the lost 
power properly shared amongst the different droop 
controlled converters after the outage of a converter, which 
makes the voltage droop control more suitable for large DC 
grids[11]. This method involves more terminals in DC 
voltage control and power sharing without reliance on 
fast communication, which may show higher reliability 
than master-slave control [12]. However, compared to 
margin control, voltage droop control involves very complex 
droop control characteristics in accurate power flow 
control [10]. To ensure the coordinated operation of MTDC 
system, the droop ratio and dead band should be selected to 
alleviate the impact of transient events on the operating 
points of converter stations [13]. Under the circumstances 
of renewable power fluctuation as exported by the MTDC 
network, DC voltage fluctuation are naturally resulted to 
disturb the droop characteristic which is designed mainly 
for steady state. This causes the power errors for the 
terminals in MTDC system. Additionally, as large-scale 
integration of renewable energy negatively impacts the 
behavior of grid frequency, effective control scheme must 
be introduced to reduce the frequency deviation [14]. 

To enhance power flow control in MTDC and exert 
flexible characteristic of the converter, this paper proposes 
an advanced droop control scheme with the detailed design 
for the controllers. For accurate power flow control, droop 
control with voltage dead band and droop control with 
power dead band are applied to the master station and slave 
stations respectively. Frequency measurement is introduced 
into the controller to damp oscillation in the system. The 
AC voltage control is also embedded into controller design.  

The remaining of this paper is organized as follows: in 
Section 2, voltage droop control is introduced and power 
error caused by system losses and renewable energy 
fluctuation is discussed. In section 3, droop control is 
modified with voltage dead band and power dead band to 
reduce power fluctuation of the converter. The advanced 
droop control is proposed by integrating basic droop 
control, frequency regulation control and AC voltage 

control. The dead band can be added to achieve piecewise 
droop control. In Section 4, the performance of the 
advanced droop control is tested by an MTDC model 
simulated in MATLAB/Simulink. The conclusion is drawn 
in Section 5.  

 
 

2. Voltage Droop Control of VSC 
 
The complete configuration of inner and outer con-

trollers for a VSC is depicted in Fig. 1. To facilitate VSC 
power regulation, the VSC three-phase voltage and current 
at Point of Common Coupling (PCC) are transformed 
into d-q framework. When the VSC is operated in grid 
connection mode, the angular position θ for d-q 
transformation is derived in real time from Phase Locked 
Loop (PLL). When VSC is operated in islanded mode, θ is 
defined by integrating 2πf (f is the desired frequency of the 
system, e.g. 50Hz) without PLL. For independent active 
and reactive power control as well as AC and DC voltage 
regulation, the dedicated outer controllers generate current 
references by the PI controller as inputs to the inner current 
loop. By taking account of the electrical characteristics of 
the VSC, AC reactor and transformer, the inner current 
controller computes the desired converter-side voltage 
reference for the VSC’s PWM [15]. For the protection of 
converter, current and voltage limits are embedded into 
local controller design, to ensure converter operation in a 

 
Fig. 1. Control block diagram for VSC 

 

*
dI

 
Fig. 2. Droop controller design and its characteristic 
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safe zone. 
In the following contents, the outer controller to generate 

d-axis reference current is taken as the example for 
analysis. DC voltage-active power droop control is the 
most commonly used outer controller. The droop controller 
design and its characteristic are shown in Fig. 2. Positive 
power is defined as flowing into DC grid (i.e. converter in 
rectifying mode).  

The input of outer controller is given by  
 

 * *
P U DC DC( ) ( )= - + -e k P P k U U  (1) 

 
where P*, P, UDC* and UDC are the reference and measured 
active power and DC voltage of converter, kP and kU are the 
gains of power error and voltage error.  

The input error is regulated to zero by dynamically 
adjusting of PI controller, so VSC’s active power in steady 
state satisfies: 

 

 * *U
DC DC

P

( )= + -
kP P U U
k  (2) 

 
VSC’s active power is related to its locally measured DC 

voltage. Under circumstances where the power surplus in 
the MTDC network results in an overall DC grid voltage 
rise, the DC voltage for all the VSCs with droop control 
will slide overall following the droop characteristics to 
reduce input power or increase output power to suppress 
voltage rise. More than one VSC can take part in this 
process, while there is no conflict in regulating DC grid 
voltage.  

Voltage droop control shows high reliability for 
coordination control among VSCs. However, VSC’s active 
power is vulnerable to disturbance of DC voltage, because 
of the influence of transmission impedance and power 
fluctuation from renewable resources.  

DC voltages at different VSC terminals, as indicators 
for DC power balance, differ according to the directions 
of power flows via the MTDC network. The converters 
inputting power into DC grid tend to have higher DC 
voltage than the power outputting ones. While the 
operating point of the converter has deviated, the VSCs 
under individual droop characteristics are self-adjusting 
according to locally measured DC voltage in a relatively 
uncoordinated manner. Due to the proportional nature of 
droop control, as explained in function (1), there is a power 
error as long as a voltage deviation exists.  

The influence of transmission impedance can be 
eliminated by setting different reference operating points 
for different VSCs according to power flow analysis results. 
However, the intermittent renewable resources bring in 
DC grid voltage fluctuation, which cannot be eliminated 
with the aid of power flow analysis. The impacts from 
renewable resource fluctuation need to be taken into 
consideration in designing droop controller.  

3. Advanced Droop Control 
 

3.1 Droop control with voltage dead band 
 
Compared to the parallel voltage-power droop control, 

the proposed droop control embeds a constant power 
section onto the droop control to achieve accurate power 
flow control. In the dead band, VSC operates in constant 
power control mode. Out of the dead band, VSC operates 
in droop control mode.  

The controller design and characteristic of droop control 
with voltage dead band are shown in Fig. 3. A section of 
constant power control is incorporated into conventional 
droop characteristic. The droop characteristic is divided 
into two sections. The slopes are defined as 
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where UDC_max, UDC_min, Pmax and Pmin are the upper and 
lower limit of system DC voltage and VSC’s capacity, 
respectively, dUp and dUn are the upper and lower limit of 
voltage dead band.  

 
3.2 Droop control with power dead band 

 
Similarly, droop control with power dead band embeds a 

constant voltage section onto the droop control. In the dead 
band, VSC operates in constant voltage control. Out of the 
dead band, VSC operates in droop control. 

The controller design and characteristic of droop control 
with power dead band are shown in Fig. 4. A section of 

*
dI

 
Fig. 3. Droop control with voltage dead band 

*
dI

 
Fig. 4. Droop control with power dead band 
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constant voltage control is incorporated into conventional 
droop characteristic. The slopes of two droop section are 
defined as 
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where dPp and dPn are the upper and lower limit of power 
dead band respectively.  

 
3.3 Droop control with frequency dead band  

 
When the capacity of VSC is large enough, it’s possible 

for VSC to participate in frequency regulation in AC 
system. The frequency at PCC is measured and feedback to 
the controller, as shown in Fig. 5. A dead band is added to 
the frequency error, which means VSC is not involved in 
frequency regulation in normal states. It only takes effect 
when a large disturbance occurred with large frequency 
deviation detected.  

The slopes of two droop section are defined as 
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where f_max and f_min are the upper and lower limit of 
system frequency, dfp and dfn are the upper and lower limit 
of frequency dead band, and kf is the gain of system 
frequency.  

 
3.4 Advanced droop control 

 
In order to combine the functionalities of different 

control modes, an advanced droop controller is proposed to 
enhance the control flexibility and versatility, as illustrated 
in Fig. 6. The explanations of different variables used in 
this paper are listed in Table 1. All the measurements are 
in per unit.  

As shown in Fig. 6, in grid connection mode, a 

generalized droop control is constructed by combining 
active measurements (DC voltage, active power and 
frequency) and reactive measurements (reactive power and 
AC voltage amplitude). Contrary to traditional droop 
control, the DC voltage, active power, reactive power and 
frequency can be controlled by setting different parameters 
of a single regulator. The complexity of the controller 
structure is reduced and it’s more flexible to select control 
variables according to coordinated operation requirements. 
The dead band can be enabled to achieve piecewise droop 
control of converter. The reference operating point of VSC 
and upper and lower limit of the dead band need to be 
determined with the aid of power flow analysis while 
taking renewable resources fluctuation into consideration. 
In islanded mode, AC voltage at PCC is regulated to 
maintain stable to feed passive network.  

For coordination control in parallel MTDC, DC voltage 
can only be controlled by one master terminal. So droop 
control with a section of constant DC voltage control can 
only be applied to one master station, while the other 
terminals’ (slave terminals) control modes are not restricted. 

 
 

4. Simulation Verifications and Discussions 
 

4.1 System parameters 
 
A five-terminal bipolar HVDC as shown in Fig. 7 is 

modeled in MATLAB/Simulink to test the proposed control 
methods. VSC1~3 are connected to three independent AC 
systems. The PV plant is connected to VSC4 to transmit 
solar power into DC grid. A passive load is connected to 
VSC5. The parameters of the system model are listed in 

*
dI

 
Fig. 5. Droop control with frequency dead band  

Fig. 6. Implementation of advanced droop control 
 

Table 1. Meanings of the symbols 

Variables (in per unit) 
Items measured  

values 
reference  

values errors gains of 
errors 

active power P P* eP kP1, kP2 
DC voltage UDC UDC* eUDC kU1, kU2 
frequency f f * ef kf1, kf2 

reactive power Q Q* eQ kQ1, kQ2 
AC voltage magnitude V V eV kV1, kV2 
AC voltage in d-axis Ud Ud* eUd kw 
AC voltage in q-axis Uq Uq* eUq kw 

All gains of errors are greater than or equal to 0. 
 



Advanced Droop Control Scheme in Multi-terminal DC Transmission Systems 

 1064 │ J Electr Eng Technol.2018; 13(3): 1060-1068 

Table 2.  
Versatile droop controller as mentioned above is 

implemented in VSC1~5. VSC1~3 are in grid connection 
mode, and VSC5 is in islanded mode. VSC1 is selected to 
be master terminal employing droop control with power 
dead band. VSC2~VSC3 are salve terminals employing 
droop control with voltage dead band and frequency dead 
band. VSC2 inputs 0.4pu constant power into the DC grid 
and VSC3 inputs 0.5pu constant power into AC grid. PV 
plant inputs maximum solar power to DC grid by VSC4. 
VSC5 supplies a passive network.  

In order to verify the performance of advanced droop 
control strategy, 5 typical operation modes are selected 
from three aspects: a) whether the operation reference 
point is determined by power flow analysis, b) whether 
there is a fluctuation of renewable energy, c) whether there 
is a dead band. The 5 modes are listed in Table 3. 

The fluctuation range of the output power of renewable 
energy is 0~0.1pu, and the average value is 0.05pu. 
According to the fluctuation range of renewable energy, an 
open source program for AC/DC power flow analysis, 

MATACDC [16], is employed in this paper to calculate 
power flow, and the results are shown in Table 4. The 
corresponding droop characteristics and dead band value 
are determined according to the results. The dead band 
values in scheme 4 and scheme 5 are shown in Table 5. 
Dead band 2 is larger than dead band 1. 

 
4.2 Simulation results 

 
4.2.1. Power Flow Control 

 
(1) The Influence of System Transmission Loss 
Two droop control schemes are implemented, including 

conventional droop control without and with power flow 
analysis. Assuming that the output power of PV system is 
0.05pu. In scheme 1, the system loss is neglected, and 
the reference voltages of all VSCs are regarded as 1pu. In 
scheme 2, considering of the transmission line loss of the 
system, the reference operating points of VSCs are 
determined by power flow analysis as listed in Table 
4(P4=0.05).  

The DC voltages of VSC1~5 in scheme 1 & 2 have been 
depicted in Fig. 8. In scheme 1, all of the DC voltages at 
five VSCs are deviated from the reference value (1pu). In 
scheme 2, the DC voltages are almost the same with the 
results in Table 4(P4=0.05). 

The power outputs of VSC1~5 in schemes 1 & 2 are 
depicted in Fig. 9. It’s clear that there is a power error of 
VSC1~3 in steady state when the system losses are not 
considered in scheme 1. This error can be eliminated with 
the aid of power flow analysis. The power deviation is 

 
Fig. 7. Five-Terminal VSC-HVDC 

 
Table 2. Parameters of the modeled system 

Parameters Values 
Nominal Power 200 MVA 

AC Nominal Voltage 110 kV/100 kV 
DC Nominal Voltage ±100 kV 

Phase Reactor LT 47.7 mH 
Line Resistance 0.015 Ω/km 

Line length [L12, L23, L34, L41, L54] [180, 150, 230, 500, 200] km 
VSC1 [-100, 100] MVA 
VSC2 [  0, 120] MVA 
VSC3 [-120,  0] MVA 
VSC4 [  0,  20] MVA 

Converter Capacity  

VSC5 [  -40,  0] MVA 
 

Table 3. 5 modes in simulation 

Mode Power flow analysis Renewable energy Dead band 
Scheme1 no  constant  no 
Scheme2 with constant no 
Scheme3 with fluctuate  no 
Scheme4 with fluctuate dead band 1 
Scheme5 with fluctuate dead band 2 

 

Table 4. The results of power flow analysis  

Initial parameters (pu) Power flow analysis results 
(pu) 

PV minimum output 
power 0pu 

dc1

2

3

4

5

1.00000

0.4
0.5
0
0.2

U
P
P
P
P

=

é ù é ù
ê ú ê ú-ê ú ê ú=ê ú ê ú
ê ú ê ú

-ê ú ë ûë û  

1

dc2

dc3

dc4

0.9868
0.9851
0.97

0

87

.322P
U
U
U

=

é ù é ù
ê ú ê ú=ê ú ê ú
ê ú ê úë ûë û  

PV average output 
power 0.05pu 

dc1

2

3

4

5

1.00000

0.4
0.5

0.05
0.2

U
P
P
P
P

=

é ù é ù
ê ú ê ú-ê ú ê ú=ê ú ê ú
ê ú ê ú

-ê ú ë ûë û  

1

dc2

dc3

dc4

0.271
0.9974
0.9863
0.9807

P
U
U
U

=

é ù é ù
ê ú ê ú=ê ú ê ú
ê ú ê úë ûë û  

PV maximum output 
power 0.1pu 

dc1

2

3

4

5

1.00000

0.4
0.5
0.1
0.2

U
P
P
P
P

=

é ù é ù
ê ú ê ú-ê ú ê ú=ê ú ê ú
ê ú ê ú

-ê ú ë ûë û  

1

dc2

dc3

dc4

0.220
0.9981
0.9875
0.9828

P
U
U
U

=

é ù é ù
ê ú ê ú=ê ú ê ú
ê ú ê úë ûë û  

 
Table 5. The values of different dead band.  

Dead band VSC1 VSC2 VSC3 
1 ∆P11=0.051pu ∆U21=0.0006pu ∆U31=0.0012pu 
2 ∆P12=0.100pu ∆U22=0.0012pu ∆U32=0.0024pu 
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greatly reduced, and steady state performance of the 
system is improved in scheme 2.  

 
(2) The Influence of Renewable Energy Fluctuation 
In order to test the effectiveness of the dead band on 

output power of VSCs, conventional droop control without 
the dead band (scheme 3) and the advanced droop control 
with different dead band (scheme 4 & 5) are simulated. 
The reference operating points are determined with power 
flow analysis. The average output power of PV system is 
0.05pu. The reference operating points of VSC1~5 are 
listed in Table 4. The solar irradiance of PV plants in the 
simulation model is changed to simulate the fluctuation of 
atmosphere condition. The AC active power of each VSC 
in different schemes are compared in Fig. 10. The power 
output fluctuation of PV plant (Fig. 10(d)) leads to DC 
voltage fluctuation. As it can be observed, in scheme 3, 
the power outputs of VSCs with droop control are all 
affected by this fluctuation and the power fluctuation are 
shared by all VSCs. With the introduction of dead band, 
the power fluctuation is mainly balanced by the master 
terminal VSC1. The effectiveness of the slave converter 
station maintaining constant power output is better, when 
the dead band is larger. The powers of VSC2, VSC3 and 
VSC5 are almost kept constant in scheme 5, regardless 
of the DC voltage fluctuation. This indicates that the 
introduction of the dead band can effectively reduce the 
negative influence of renewable resource fluctuation. 

 

(3) Converter Outage 
This section aims at evaluating the transient performance 

of the proposed advanced droop-control strategy. The 
output power of PV system is 0.05pu. With the same initial 
condition, the master terminal VSC1 is cut off from DC 
grid at 6s adopting different control strategies. The DC 
voltages and power outputs of VSCs are shown in Fig11. 
The system can reach to a new steady state rapidly, and the 
power shortage is shared among VSCs using droop control. 
VSC2 increases input power and VSC3 reduces output 
power to stop DC voltage from falling. There are only 
slave terminals adopting voltage dead band in the MTDC 
system. Therefore, the voltage deviation is larger when the 
voltage dead band is larger (Fig. 11(d)). 

Under the same initial conditions as described in the 
last case, the slave terminal VSC3 is cut off from DC 
grid at 6s. The results are shown in Fig. 12. VSC1 turns 
to be in inverter mode to maintain the DC voltage and 
balance the active power. The input power of VSC2 is also 
reduced. The introduction of dead band makes the droop 
characteristic more complex. The master station, VSC1, 
has high power flexibility due to the existence of the power 

 
Fig. 8. DC voltages of VSCs in scheme 1 & 2 

 

 
Fig. 9. Power outputs of VSCs in scheme 1 & 2 

 
Fig. 10. Power outputs of VSCs in scheme 3 & 4 

 

 
Fig. 11. Results of VSCs when VSC1 outage 
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dead band. The voltage deviation is less when the dead 
band is larger (Fig. 12(d)). The power sharing of master 
station, VSC1, is larger with larger power dead band (Fig. 
12(a)). The power sharing of slave station is less with 
larger voltage dead band (VSC2 in Fig. 12(b)).  

 
4.2.2. Frequency Control 

 
The results presented in 4.2.1 illustrate the effectiveness 

of the voltage dead band and the power dead band. The 
disturbance also significantly affects frequency behavior. 
The frequency control parameters of the advanced control 
strategy are listed in Table 5. A Single phase ground fault 

occurred in 3~3.1s in AC system 2. The AC voltage and 
current at PCC of VSC2 is shown in Fig. 13. The rotor 
speed of generator in AC system with and without 
frequency control is shown in Fig. 14. The frequency is 
more stable with VSC participate into frequency control.  

 
4.2.3. AC Voltage Control 

 
VSC5 is connected with a passive network, so AC 

voltage control is implemented in VSC5. The AC voltage 
and current at PCC of VSC5 is shown in Fig. 15, VSC5 
inputs about 0.2pu power to the load.  

 
 

5. Conclusion 
 
This paper presents an advanced droop control scheme, 

which unifies different control mode of VSC. The droop 
characteristic is implemented among DC voltage, active 
power, frequency and d-axis voltage to generate the d-axis 
reference current. Droop control among reactive power, AC 
voltage magnitude and q-axis voltage are used to generate 
the q-axis reference current. According to power flow 
analysis, different reference operating points for different 
VSCs can be set to eliminate the influence of transmission 
impedance on MTDC power flow control. The dead band 
can be added to achieve piecewise droop control. It is 
shown by simulations that the introduction of the dead 
band can effectively improve the steady-state performance. 
In normal operation conditions, the power loss and the 
renewable fluctuation are mainly consumed by the master 
station. Furthermore, it is shown by simulations that the 
system can reach to a new steady state even one of the 
station in MTDC system is lost, which shows high 
reliability. VSC is able to exert its versatile function of DC 
voltage and active power control, frequency control, and 
AC voltage control with the proposed control scheme. 
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Fig. 12. Results of VSCs when VSC3 outage 

 

 
Fig. 13. AC voltage and current of VSC2 

 

 
Fig. 14. Rotor speed of generator I n AC system 

 
Table 5 Dead band of frequency control 

 VSC1 VSC2 VSC3 
Frequency dead  

band [-0.001, 0.001] [-0.001, 0.001] [-0.001, 0.001] 

 

 
Fig. 15. AC voltage and current at PCC of VSC5 
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