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Abstract: This paper presents an improved droop-based control strategy for the active and reactive
power-sharing on the large-scale Multi-Terminal High Voltage Direct Current (MT-HVDC) systems.
As droop parameters enforce the stability of the DC grid, and allow the MT-HVDC systems to
participate in the AC voltage and frequency regulation of the different AC systems interconnected
by the DC grids, a communication-free control method to optimally select the droop parameters,
consisting of AC voltage-droop, DC voltage-droop, and frequency-droop parameters, is investigated
to balance the power in MT-HVDC systems and minimize AC voltage, DC voltage, and frequency
deviations. A five-terminal Voltage-Sourced Converter (VSC)-HVDC system is modeled and analyzed
in EMTDC/PSCAD and MATLAB software. Different scenarios are investigated to check the
performance of the proposed droop-based control strategy. The simulation results show that the
proposed droop-based control strategy is capable of sharing the active and reactive power, as well as
regulating the AC voltage, DC voltage, and frequency of AC/DC grids in case of sudden changes,
without the need for communication infrastructure. The simulation results confirm the robustness
and effectiveness of the proposed droop-based control strategy.

Keywords: Improved Droop-Based Control Strategy; AC Voltage Control; DC Voltage
Control; Frequency Control; Multi-Terminal High Voltage Direct Current (MT-HVDC) Systems;
Voltage-Sourced Converter (VSC)-High Voltage Direct Current (HVDC) Station

1. Introduction

For long-distance transmission, Multi-Terminal High Voltage Direct Current (MT-HVDC) grids
are utilized to transfer the generated power from offshore AC sources, e.g., wind farms, to onshore AC
grids. The delivered power can be shared by the onshore AC grids with the aim of maintaining the DC
voltage within a certain range at all the system buses. The power-sharing strategy depends on several
objectives, such as power losses minimization, sharing ratio, and priority order [1]. Power-sharing
and voltage control in MT-HVDC systems are the major challenges especially for the control and
operation of the power system while it faces an outage [2,3]. Significant research studies are conducted
on MT-HVDC system modeling [4–15] and control [16–24].

In AC/DC grids, two parameters should be considered: (1) The DC voltage at different buses
for the DC grids to share the power. (2) The frequency for the AC grids to minimize the deviations
in power, and among the other interconnected AC grids. There are several methods to perform the
operation of power-sharing control and frequency and voltage regulation [17,18,20–23]. These control
strategies can be classified into two main categories: (1) master-slave technique and (2) distributed DC
voltage control strategy. In terms of sub-categories, both of them can be classified into centralized and
decentralized control methods.

Electronics 2020, 9, 87; doi:10.3390/electronics9010087 www.mdpi.com/journal/electronics

http://www.mdpi.com/journal/electronics
http://www.mdpi.com
http://dx.doi.org/10.3390/electronics9010087
http://www.mdpi.com/journal/electronics
https://www.mdpi.com/2079-9292/9/1/87?type=check_update&version=2


Electronics 2020, 9, 87 2 of 29

1.1. Master-Slave Technique

In order to control the DC voltage in MT-HVDC systems, the active power should be controlled
considering one converter as the slack converter, while the other converters are controlling the active
power at a constant level. The slack converter can control the DC voltage using the outer loop in the
DC voltage controller. By performing Optimal Power Flow (OPF) at different buses, the Pre f setting
for all the other converters can be calculated in the master converter. To ensure the operation within
the acceptable limits of the converter, the master converter must be oversized and it needs a larger
power rating. Moreover, a fast communication infrastructure between different nodes is required to
improve the reliability of AC/DC grids [2,25,26]. In order to prevent the voltage of the entire system
from violating the limits, the reference value for the DC voltage in the master converter should be
defined. The master-slave technique has some drawbacks, which are mentioned as follows [25–31]:

• A high-speed communication infrastructure is required.
• Regulating voltage through the entire AC/DC grids is complicated through one converter.
• The outage of mater converter leads to DC over-voltage or under-voltage, and consequently

collapse of the entire DC grids.

Figure 1 shows the active power-DC voltage (P − VDC) characteristics of a typical
master-slave controller.

Electronics 2020, 9, 87 2 of 29 

 

1.1. Master-Slave Technique 

In order to control the DC voltage in MT-HVDC systems, the active power should be controlled 
considering one converter as the slack converter, while the other converters are controlling the active 
power at a constant level. The slack converter can control the DC voltage using the outer loop in the 
DC voltage controller. By performing Optimal Power Flow (OPF) at different buses, the 𝑃  setting 
for all the other converters can be calculated in the master converter. To ensure the operation within 
the acceptable limits of the converter, the master converter must be oversized and it needs a larger 
power rating. Moreover, a fast communication infrastructure between different nodes is required to 
improve the reliability of AC/DC grids [2,25,26]. In order to prevent the voltage of the entire system 
from violating the limits, the reference value for the DC voltage in the master converter should be 
defined. The master-slave technique has some drawbacks, which are mentioned as follows [25–31]: 

 A high-speed communication infrastructure is required. 
 Regulating voltage through the entire AC/DC grids is complicated through one converter. 
 The outage of mater converter leads to DC over-voltage or under-voltage, and consequently 

collapse of the entire DC grids. 
Figure 1 shows the active power-DC voltage (𝑃 − 𝑉 ) characteristics of a typical master-slave 

controller. 

 
Figure 1. 𝑃 − 𝑉  characteristics of (black) the master converter and (red) the slaves 

In [32], a communication-free DC voltage control strategy for MT-HVDC systems is proposed. 
The configuration of the system is based on a grid-side master converter and a wind farm to 
incorporate and maintain the DC-link voltage in its acceptable range, as well as providing frequency 
support and improving the power dispatch. The control strategy uses the DC-link voltage at the 
master converter and maintains the wind power reserve. As a result, the wind farm can participate 
in the DC-link voltage control without the need for the communication infrastructure. The main 
drawback of this control strategy is that the outage/contingency at the master converter can cause 
instability of the entire AC/DC grids. In addition, since the other converters are injecting power to 
the MT-HVDC systems, AC/DC grids face with surplus/deficit injected power, and consequently, the 
DC voltage increases/decreases drastically. N-1 converter security analysis can improve the reliability 
of AC/DC grids. 

To overcome the dependency of high-speed communication infrastructure and improve the 
reliability of AC/DC grids, the voltage margin method and voltage droop-based control method are 
proposed. The voltage margin method is a modified version of the master-slave technique to tackle 
the N-1 security problem and control the voltage through the voltage and active power of different 
converters in MT-HVDC systems [33–38]. The main drawbacks of this method are the complexity in 
terms of controlling several parameters and the large oscillations of power flow due to the sudden 
changes in the DC voltage [18]. In MT-HVDC systems, two or more converters are equipped with the 
DC voltage-droop controller to improve the reliability of AC/DC grids. The rest of the local terminals 
can operate in a constant power control mode. If any changes in the DC voltage are detected by a 
converter equipped with DC voltage droop-based controller, this controller can generate adequate 
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In [32], a communication-free DC voltage control strategy for MT-HVDC systems is proposed. The
configuration of the system is based on a grid-side master converter and a wind farm to incorporate
and maintain the DC-link voltage in its acceptable range, as well as providing frequency support and
improving the power dispatch. The control strategy uses the DC-link voltage at the master converter
and maintains the wind power reserve. As a result, the wind farm can participate in the DC-link voltage
control without the need for the communication infrastructure. The main drawback of this control
strategy is that the outage/contingency at the master converter can cause instability of the entire AC/DC
grids. In addition, since the other converters are injecting power to the MT-HVDC systems, AC/DC
grids face with surplus/deficit injected power, and consequently, the DC voltage increases/decreases
drastically. N-1 converter security analysis can improve the reliability of AC/DC grids.

To overcome the dependency of high-speed communication infrastructure and improve the
reliability of AC/DC grids, the voltage margin method and voltage droop-based control method are
proposed. The voltage margin method is a modified version of the master-slave technique to tackle
the N-1 security problem and control the voltage through the voltage and active power of different
converters in MT-HVDC systems [33–38]. The main drawbacks of this method are the complexity in
terms of controlling several parameters and the large oscillations of power flow due to the sudden
changes in the DC voltage [18]. In MT-HVDC systems, two or more converters are equipped with the
DC voltage-droop controller to improve the reliability of AC/DC grids. The rest of the local terminals
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can operate in a constant power control mode. If any changes in the DC voltage are detected by a
converter equipped with DC voltage droop-based controller, this controller can generate adequate
deviation of Pre f of the converter and support the power balance on the DC grids and reduce the large
DC voltage oscillations [7,16,39,40]. In practice, a high-accuracy of power balance in AC off-shore and
on-shore AC system is mandatory. Hence, the droop parameters should be optimized according to
the DC voltage changes [41]. In addition, the frequency changes generate adequate power deviation
response of the converter and modify Pre f [17,39,41–44]. However, a global frequency-droop control
strategy of the MT-HVDC system is required. In [45], a control strategy is proposed to emulate
the pattern of the conventional AC generators when participating in the frequency regulation. The
proposed frequency-droop control strategy can enable/disable different control loops, but it negates
the action of any possible voltage-droop controller.

1.2. Distributed DC Voltage Control Strategies

To improve the stability of AC/DC grids, as well as increasing the accuracy of balancing the
power, the distributed DC voltage control strategies, such as distributed direct DC voltage control
and adaptive droop-based control are investigated. In these two techniques, a PI controller on the
slack bus combines with the other PI controllers on the different local buses and regulates the DC
voltage. By utilizing the communication infrastructure, the control parameters and reference values
can be computed frequently and sent to a centralized supervisory controller, and then, sent to the other
local converters.

1.2.1. Distributed Direct DC Voltage Control Strategy

Several research studies related to the distributed direct DC voltage control method are carried
out [18,23,34,46–50]. Therefore, different OPF algorithms are proposed to minimize the losses and
determine the reference value for the DC voltage of local direct DC voltage-controlled converters
without the need for communication infrastructure. In addition, to analyze the operation of the power
system, the proposed OPF techniques are used to study the contingency in one of the direct DC
voltage-controlled converters and tackle the N-1 security problem. Considering the uncertainty in the
generated power by the off-shore AC systems interconnected with the MT-HVDC systems to the power
grids and the line resistance can reduce the accuracy of the OPF. Moreover, due to the direct relationship
between the line resistance and the power balance and DC voltage, by losing the communication
connections for a long time, the DC voltage deviations increase and it can cause instability of the entire
AC/DC grids. As a result, protective equipment, such as dump resistors are required to prevent the
excessive increase in the DC voltage level. As a matter of fact, the distributed direct DC voltage control
is suitable for the AC grids, where no single power station is left alone to guarantee the stability of the
system [46].

1.2.2. Adaptive Droop-Based Control Strategy

The droop control strategy for MT-HVDC systems can operate as in traditional AC grids, where
the load-dependent frequency deviations can be used as an input signal for the control system and
adjust the generated power to meet the demand [51,52]. An adaptive droop-based control strategy is a
promising solution due to the disadvantage of distributed direct DC voltage control method to lose
communication connections for a long time and lose the stability of AC/DC grids.

• Adaptive Power and DC Voltage Droop-Based Control Strategy

In MT-HVDC grids, the control system employs the droop setting to regulate the DC voltage within
the system by adjusting the converter current in such a way that power balance is guaranteed [53–56].
The defined gain of the adaptive power and DC voltage droop-based controller can reduce the
sensitivity of power balance to the line resistance, improve the accuracy of the OPF, and simultaneously,
regulate the DC voltage. In addition, the corresponding parameters of the adaptive droop-based
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controller can be optimized for different operation objectives. In [56], a methodology to calculate the
droop parameters of the droop-based converter to minimize the power losses in transmission lines in
off-shore AC systems interconnected with the MT-HVDC systems is proposed. The main drawback
of this method is its complexity to be applied to the ring or meshed grids [56]. In [27], the droop
parameters of the droop-based converter are calculated in such a way that a certain power-sharing ratio
between converters at contestant no-load voltage is achieved. However, the proposed method cannot
be applied to the ring or meshed grids. In [7,16], a droop-based control method for the MT-HVDC
systems in a decentralized operation is proposed. Nevertheless, the main drawback of the proposed
droop-based control method is the fact that the sensitivity of power balance depends on the line
resistance and it can cause inaccuracy of the OPF calculations. Increasing the voltage level in AC/DC
grids with the aim of minimizing the transmission lines losses can lead to an increase in the converter
losses. In order to minimize the transmission lines and converter losses, an OPF method to select the
optimal reference values considering the fixed droop parameter for the DC voltage of the droop-based
converter is proposed in [48]. Supporting energy adequacy, increasing off-shore AC system penetration,
and maximizing converter loadability, as well as minimizing total losses, are the major priorities in the
MT-HVDC system analysis. Another priority is the impact of droop parameters on the accuracy of the
power balance and DC voltage dynamics [53,54]. Optimal DC voltage dynamics without violating the
defined constraints is an important factor in the power balance which is considered in [31,50,53] in
such a way that the droop parameters are selected by multiplying the local droop parameters by a
multiplier. The accuracy of the power balance is the main drawback of the previous methodologies.
Each converter has a particular available headroom to participate more in the DC voltage control.
In [55], the available headroom of each converter is used to analyze the droop parameters and it is
replaced with the new operating points after each contingency to improve the stability of AC/DC
grids. The droop-based controllers’ parameters are selected optimally due to the sudden change in the
reference values in [57]. The main drawback of this research study is neglecting power-sharing control.

• Adaptive Frequency and DC Voltage Droop-Based Control Strategy

In modern power systems, the significant contribution of Distributed Generations (DG) resources
in the electricity generation and Plug-in Hybrid Electric Vehicles (PHEVs) in the load consumption are
increasing gradually. Previously, the DG resources could not participate in the frequency regulation of
AC grids the same as the conventional AC generators. Therefore, in order to participate in frequency
regulation, a primary reserve sharing between AC grids and the candidate AC/DC converters is an
important concern [39,43]. Using the frequency-droop based controller, the AC/DC converters can
participate in the primary frequency regulation of the AC grids [17,42–44]. The deviation in power
caused by the frequency-droop controller of the converter should adopt the standards of the power grids
and it should be matched with the accurate values of the frequency deviation of the AC grids. The DC
voltage-droop based controllers can be a solution to enforce the stability of the DC grid by optimizing
voltage-droop controllers’ parameters, as well as regulating the DC voltage and balance the power.
On the large-scale MT-HVDC system, optimizing frequency-droop based controllers’ parameters
can adjust the frequency deviations and allow the MT-HVDC system to participate in the frequency
regulation of the different AC systems interconnected by the DC grids. A control methodology to
support the frequency of the system through the MT-HVDC systems by calculating the eigenvalues
of AC/DC grids is proposed in [42]. In [58], the dead-band control is utilized for both frequency and
DC voltage droop-based controllers. However, in both [42,58], the interactions among the frequency
and DC voltage droop-based controllers are not considered. In [17], the primary frequency control of
remote grids connected by MT-HVDC systems is studied to control the frequency-droop parameters
and comply with the desired value for the predefined frequency deviation. An analytical methodology
of the interactions among AC and DC grids is performed in [43] to utilize the frequency and DC voltage
droop-based controllers and modify either the DC voltage dynamics or the frequency deviations.
The same study as [43] is conducted in [39] with the aim of determining the interactions among DC
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voltage droop-based controller, to comply with the maximum DC voltage deviation constraints, and
frequency-droop controller to allow the HVDC system to participate in the frequency regulation of
AC grid. In [44], the interactions between frequency and DC voltage droop-based controllers through
the evolution pattern of the frequency of each AC grids is studied. However, the correction of droop
parameters to minimize the deviations in DC voltage and frequency is disregarded.

To address all the above-mentioned challenges, in this paper various control strategies of
MT-HVDC systems are investigated and an improved droop-based power-sharing control strategy
of MT-HVDC systems is proposed to improve the accuracy of the power flow control. The main
contributions of this paper are as follows:

• To contribute the MT-HVDC system to the grid regulation, a generalized model of MT-HVDC
systems topology and the steady-state interaction among MT-HVDC system and AC grids
are investigated.

• An improved communication-free droop-based controller is proposed to enforce the stability of
the DC grid, and allow the MT-HVDC system to participate in the grid regulation. A new strategy
to control active and reactive power flow using the AC voltage-droop, DC voltage-droop, and
frequency-droop controllers is proposed to manage the operational constraints of AC/DC grids.
Moreover, an optimal tuning strategy is investigated to either optimize the controllers’ response
time with the aim of enhancing the cut-off frequency or improve the system stability with the aim
of less damping oscillation and overshoot percentage.

• Because of the nonlinear behavior of the MT-HVDC system, the corresponding parameters of the
controllers of the Voltage-Sourced Converter (VSC)-High Voltage Direct Current (HVDC) stations
in a decentralized structure are tuned to mitigate any changes in the frequency, AC voltage, and
DC voltage and consequently, balance the instantaneous power share in the MT-HVDC system.

2. VSC-HVDC Station in MT-HVDC Systems

2.1. Control of the VSC-HVDC Station

The MT-HVDC system consists of several VSC-HVDC stations, which are connected to each
other via the DC grids. The DC voltage level at each bus should be fixed or in a small window
of maximum and minimum limits. Each terminal should be capable of adopting various control
strategies depending on the system requirements [59]. Therefore, a proper VSC-HVDC system should
be capable of monitoring and controlling both the AC-side and DC-side parameters. On the AC side
and considering the type of the power grid connection, the VSC-HVDC station can operate in constant
VAC-mode or constant Q-mode. It is also possible to add f -droop controller in the AC-bus control. On
the DC side, the VSC-HVDC station can operate in constant VDC-mode, constant P-mode, or constant
IDC-mode. Considering the connected VSC-HVDC station to the AC generator(s) as the single power
source in the AC grid, none of the DC parameters can be controlled.

There are different control modes of operation for VSC-HVDC stations, which are as follows.

2.1.1. Constant AC Voltage Control

The main objective of the constant VAC control strategy is to maintain the level of the AC voltage
at the Point of Common Coupling (PCC) constant. This strategy is utilized, when the connected
VSC-HVDC station to the AC generator(s) is the single power source in the entire power grids.
Therefore, the power flow is dependent on the grid structure and consequently, the active and reactive
power flows are not decoupled. It should be noted that in this control strategy, there is no need for
frequency control.

2.1.2. Constant Active Power-AC Voltage Control

In the long transmission lines, when the resistance (R) and inductance (L) are too high, the voltage
drop across the line increases. As VAC in the long transmission lines is not constant, the VSC-HVDC
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station should be capable of regulating the level of the AC voltage. Therefore, the P −VAC control
strategy is utilized, when both constant active power flow and AC voltage is required. The constant
active power flow is achieved using the active power flow controller. Pre f comes from a central power
dispatching VSC-HVDC station or sets by operators manually.

2.1.3. AC Voltage-DC Voltage Control

The VAC −VDC control strategy is applied, when the transmission lines have a significant voltage
drop and the aim is to regulate the level AC voltage, as well as the DC voltage, by the VSC-HVDC
station. To control VAC and VDC, the reactive power flow controller and active power flow controller
are required, respectively.

2.1.4. Active Power-Reactive Power Control

When the level of the AC voltage is constant by itself, the constant P −Q control strategy is
required. In this control strategy, Pre f and Qre f are needed to be assigned for each VSC-HVDC station.

2.1.5. Reactive Power-DC Voltage Control

In the Q−VDC control strategy, the level of the AC voltage is constant by itself and there is the
need for regulating the DC voltage. In addition, the generated reactive power can be consumed at the
other buses in the AC grid.

2.1.6. Frequency Control

When the f control strategy is applied, the VSC-HVDC station contributes to the aggregated
frequency regulation (based on the specific droop characteristics) of the AC grid.

2.2. VSC-HVDC Station Configuration

Figure 2 illustrates the complete structure of a two-level VSC-HVDC station in the dq reference
frame. A two-level VSC-HVDC station consists of a six-pulse bridge with Insulated-Gate Bipolar
Transistors (IGBTs) and parallel diodes. Using parallel diodes in the opposite direction enables power
flow in either direction. The transformer in the AC side transforms the level of the AC voltage into a
level, which is suitable for the converter. A passive filter should be used to minimize the AC voltage
ripples and isolate the harmonics in the current due to the IGBT switching away from the AC grid. It
should be noted that the shunt capacitance and resistance, and the series inductance of the DC grids
are neglected. The DC capacitor can minimize the DC voltage ripples. For the long transmission lines,
only the series resistance should be considered for the DC links. The VSC-HVDC station consists of a
three-phase switch-mode converter and uses the Pulse Width Modulation (PWM) technique to control
its phase voltage [60].
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2.3. VSC-HVDC Station Operation

The inner current controller, shown in Figure 2, is equipped with a Phase Lock Loop (PLL) to
instantaneously determine the phase angle and frequency. Furthermore, the inner current controller
depends on the synchronously rotating reference frame for observing all the AC voltage and current
quantities involved in the VSC-HVDC stations. As shown in Figure 2, the inner controller should be
fed by the outer controllers. Considering the control mode, the outer controllers provide the reference
current to the VSC-HVDC station. Moreover, the inner current controller prevents overloading during
faults and evaluate the voltage drop on the AC side.

In order to analyze the operation of the VSC-HVDC station and considering that the converter is
connected to an AC grid, the voltage on the AC side of the VSC-HVDC station can be calculated by
applying the Kirchhoff’s Voltage Law (KVL) as follows:

Vx,abc = RIabc + L
dIabc

dt
+ Vr,abc (1)

where Vx,abc is the voltage on the AC side, Vr,abc is the input voltage of the converter, Iabc is the injected
current to the converter, and R and L are the resistance and inductance between the converter and the
AC grid, respectively.

Neglecting the power losses, on the steady-state, the DC-side active power is equal to the AC-side
active power. Therefore,

Pabc = PDC (2)
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To achieve a decoupled control of active and reactive power, Equation (1) should be transferred to
the dq reference frame using the Park’s transformation, as follows:
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The input voltage of the converter in the dq reference frame is as follows:
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The voltage across the inductor in Equation (1) should be applied to each current separately.
Moreover, the time derivative of the voltage of the inductor in the dq reference frame requires to consider
dθ
dt = ω, where ω is the angular frequency of the fundamental component in the AC grid. Therefore,
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θ− 2π

3

)
cos

(
θ+ 2π

3

)
sin(θ) sin

(
θ− 2π

3

)
sin

(
θ+ 2π

3

) 


dIa
dt
dIb
dt
dIc
dt


−

2
3ω

 sin(θ) sin
(
θ− 2π

3

)
sin

(
θ+ 2π

3

)
cos(θ) cos

(
θ− 2π

3

)
cos

(
θ+ 2π

3

) 


Ia

Ib
Ic


= 2

3

 cos(θ) cos
(
θ− 2π

3

)
cos

(
θ+ 2π

3

)
sin(θ) sin

(
θ− 2π

3

)
sin

(
θ+ 2π

3

) 


dIa
dt
dIb
dt
dIc
dt

− 2
3ω

[
Iq

Id

]
(6)

The two parts in Equation (6) are the two expressions that can describe the current of the AC side
of the converter, as follows:

dId
dt

=
Vx,d −Vr,d

L
−

R
L

Id −ωIq (7)

and,
dIq

dt
=

Vx,q −Vr,q

L
−

R
L

Iq −ωId (8)

The apparent power of the VSC-HVDC station can be written as follows:

Sdq =
3
2

(
(VdId) − j

(
VqIq

))
(9)

The active power injected to (and/or absorbed from) the AC grid is as follows:

PDC =
3
2

(
Vx,dId + Vx,qIq

)
(10)

The inner controller of the VSC-HVDC station can be implemented using Equation (1), which
includes minimizing the inductance effect by a feedforward crossing term in the controller term. Using
the PI controller, the dominant poles of VSC-HVDC station can be canceled by zeros of the PI controller.
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The nonlinear term in Equation (1) causes the static error at the steady-state. Therefore, using the
PI controller with the feedback of the instantaneous value of Id and Iq, both current vectors can be
regulated. Correspondingly, the nonlinear term can be traced by I∗d and I∗q in the inner control loop
with Id and Iq. It should be noted that I∗d and I∗q are the reference current of the d-axis and q-axis current
controllers, respectively.

L
dId
dt

= (KP +
Ki
s
)
(
I∗d − Id

)
(11)

and,

L
dIq

dt
= (KP +

Ki
s
)
(
I∗q − Iq

)
(12)

Substituting Equations (11) and (12) in Equation (1), the inner current controller loops of the
VSC-HVDC station can be expressed as follows:(

KP +
Ki
s

)[ I∗d − Id
I∗q − Iq

]
=

[
Vx,d
Vx,q

]
−

[
Vr,d
Vr,q

]
−R

[
Id
Iq

]
−ωL

[
Iq

Id

]
(13)

This method is called the decoupled current control strategy.
At the same time, two of the following types of the outer controller can be applied to control the

VSC-HVDC station.

• Active Power Flow Controller

The dq reference frame is selected in a direction such that the d-axis is in the same phase as the
voltage of the AC source. Therefore,

Vx,q = 0 (14)

Hence, Equation (10) can be rewritten as follows:

PDC =
3
2

Vx,dId (15)

Equation (15) suggests that the active power flow can be controlled using Id, and correspondingly,
the output of the active power flow controller is I∗d.

• DC Voltage Controller

Neglecting the converter losses and considering Pi as the power transferred from the AC side
to the DC side, and PDC and PCapacitor as the power flowing into the DC grid and the DC capacitor,
respectively, the active power balance of VSC-HVDC station can be written as follows:

Pi = PDC + PCapacitor (16)

where,
PDC = VDCIDC (17)

and,
PCapacitor = VDCICapacitor (18)

Accordingly,

ICapacitor = C
dVDC

dt
(19)

Therefore, the differential equation of the DC voltage can be rewritten as:

C
dVDC

dt
=

3Vx,dId

2VDC
− IDC (20)
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where C is the capacitance of the DC-link capacitor.
Equation (20) shows that the DC voltage can be controlled using Id. Although IDC can be

represented as a feedforward control in the DC voltage controller, the DC voltage can be controlled
without using a feedforward control loop. The reason is that the PI controller is capable of maintaining
the DC voltage constant.

According to the above-mentioned explanations, Figure 3 shows the complete block diagram of
the active power flow and DC voltage controllers of the VSC-HVDC station.
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• Reactive Power Flow Controller

Reactive power flow equation can be written as follows:

Qdq = −
3
2

Vx,dIq (21)

Equation (21) suggests that the reactive active power flow can be controlled using Iq. As a result,
the output of the reactive active power controller is I∗q.

• AC Voltage Controller

The same as the DC voltage control, the AC voltage can be controlled using the reference and
measured AC voltage signals. The output of this controller is I∗q. In addition, the AC voltage can be
controlled with a feedforward control loop. Figure 4 demonstrates the complete block diagram of the
reactive power flow and AC voltage controllers of the VSC-HVDC station.
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It should be noted that equipping the outer controllers with the droop-based controllers balances
the power and enforces the stability of MT-HVDC systems.

• DC Voltage-Droop Controller
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The VDC-droop control strategy is applied, when two or more VSC-HVDC stations in MT-HVDC
systems have to regulate the DC voltage according to their predetermined VDC-droop characteristics.
In other words, the VDC-droop control strategy enables instantaneous balancing power in the DC grids.

∆P∗VDC
=

1
KVDC

(
V∗DC −VDC

)
(22)

where ∆P∗V is the reference power deviation generated by the VDC-droop controller, V∗DC is the reference
voltage, and KV represents the VDC-droop parameter (KV < 0).

∆P∗V > 0 shows the power injection from the DC grid to the AC grid.

• Frequency-Droop Control

A converter equipped with the f -droop controller participates in the frequency regulation of the AC
grid that it is connected to and modifies the Pre f according to its predetermined f -droop characteristics.

∆P∗f =
1

K f
( f ∗ − f ) (23)

where ∆P∗f is the reference power deviation generated by the f -droop controller, f ∗ is the reference
frequency, and K f is the f -droop parameter (K f > 0).

∆P∗f > 0 shows the power injection from the DC grid to the AC grid.
The Power Factor (PF) of the VSC-HVDC station should always be close to one to synchronize the

power transfer into the AC grid. Synchronizing the AC voltage of the converter with the AC voltage of
the grid and comparing it with zero (as the steady-state error in reference voltage in the q-axis) leads
to Equation (14). Using the PLL, the displacement angle between the Clark and Park vectors can be
obtained and consequently, the frequency of the AC voltage of the converter becomes equal to the
frequency of the AC grid. It should be noted that to transform from the three-phase voltage into the
dq reference frame, the displacement angle is needed for matrix multiplication. Figure 5 shows the
extraction of the displacement angle from the three-phase voltage. Technically, a complete PLL has
three back-to-back components, which are the voltage-controlled oscillator, the phase detector, and the
loop filter.
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3. Proposed Droop-Based Control Strategy for MT-HVDC Systems

3.1. Proposed Droop-Based Control System

Figures 6 and 7 show the proposed droop-based control strategy for MT-HVDC systems, in
which I∗d and I∗q can be obtained from the two outer controllers. The combination of the droop-based
controllers provides a strong DC grid, balances the power, regulates the frequency, and improves the
overall stability of the MT-HVDC systems.
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3.2. Optimal Tuning of the PI Controllers

Optimal performance of the control loops is achieved by optimal tuning the PI controllers. This
leads to a faster response of the system and minimizing the damping oscillations. To increase the
cut-off frequency, ωc.o., of the control loops (with low-order transfer functions), the Modulus Optimum
Technique (MOT) is used. Considering a dominant and minor pole in the transfer function, the MOT
selects the integral time constant of the PI controller to cancel out the dominant pole.

The Open Loop Transfer Function (OLTF) of the inner current loop is given as follows:

OLTFinner = KPI

(1 + TPIs
TPIs

)( 1
1 + Tws

) 1
R

( 1
1 + τs

)
(24)

where KPI and TPI are the proportional gain and time constant of the PI controller, respectively. s
denotes the Laplace operator, τ = L

R is the time constant, and Tw = 1
2 fs

is the time delay of the converter
(due to the sinusoidal PWM technique), where fs is the switching frequency of the converter.

τ � Tw is required to cancel the dominant poles in the external control system. Moreover,
considering TPI = τ, and ωc.o. �

1
Tw

, any noise and interference from the switching frequency
components can be avoided.
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As the unity gain at ωc.o. is required, Equation (25) can lead to determining the proportional gain
of the PI controller given in Equation (26).

|OLTF| =
∣∣∣∣∣KPI

( 1
TPIs

)( 1
1 + Tws

) 1
R

∣∣∣∣∣
s= jωc.o.

(25)

KPI = ωc.o.TPIR
∣∣∣1 + jωc.o.Tw

∣∣∣ (26)

The OLTFs of the DC voltage control loop, active and reactive control loop, and AC voltage control
loop are given in Equations (27)–(29), respectively.

OLTFVDC = KPI

(1 + TPIs
TPIs

)( 1
1 + Teqs

)
3Vx,d

2VDC

1
Cs

(27)

OLTFP/Q = KPI

(1 + TPIs
TPIs

)( 1
1 + Teqs

)
3Vx,d

2
(28)

OLTFVAC = KPI

(1 + TPIs
TPIs

)( 1
1 + Teqs

)
Vx,d

ωL
(29)

where Teq is the total time delay (Teq = TPI + τ+ Tw).
Assuming a pole of the OLTF close to the origin or at the origin by itself, the MOT cannot

be applied to the control system, and instead, the Symmetrical Optimum (SO) method is used for
specifying the PI controllers. The SO method can maximize the phase margin.

Considering the OLTF of the DC voltage control loop, the phase angle of the DC voltage control
loop is given as follows:

∠OLTFVDC = Φm − 180◦ (30)

where Φm is the phase margin.
Differentiating the phase margin with respect to the cut-off frequency leads to the

following equation.
dΦm

dωc.o.
=

TPI

1 + (TPIωc.o.)
2 −

Teq

1 +
(
Teqωc.o.

)2 (31)

Considering ωc.o. =
1√

TPITeq
, tan−1 (

√
TPI
Teq

) = α (0 < α < 16), the phase angle of Φm can be written

as follows:
∠Φm = α− (90◦ − α) (32)

and accordingly,
sin(Φm) = sin(2α− 90◦) = − cos(2α) (33)

Therefore, √
TPI

Teq
= tan(α) =

√
1− cos(2α)
1 + cos(2α)

=

√
1 + sin(Φm)

1− sin(Φm)
(34)

Equation (34) results in the integral time constant as follows:

TPI = Teq

(
1 + sin(Φm)

1− sin(Φm)

)
= σ2Teq (35)

where σ is constant number.
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As the unity gain at ωc.o. is required, therefore,∣∣∣OLTFVDC

∣∣∣ =

∣∣∣∣∣KPI
( 1+ jωc.o.TPI

jωc.o.TPI

)(
1

1+ jωc.o.Teq

)
3Vx,d
2VDC

1
jωc.o.C

∣∣∣∣∣
s= jωc.o.

=

∣∣∣∣∣KPI
∣∣∣1 + jωc.o.TPI

∣∣∣∣∣∣∣∣( 1
jωc.o.TPI−ωc.o.2TeqTPI

)∣∣∣∣∣ 3Vx,d
2VDC

1
jωc.o.C

∣∣∣∣∣
= KPI

3Vx,d
2VDC

1
jωc.o.C = 1

(36)

Hence,

KPI =
2VDC
3Vx,d

ωc.o.C (37)

3.3. Operation of the Proposed Droop-Based Control System

3.3.1. Principle and Operation of the Droop-Based Controllers

Assume the level of the DC voltage in the DC grid decreases. Therefore, the DC voltage-droop
controller modifies the amount of power by the VSC-HVDC station. This modification decreases the
frequency of the AC grid connected to the VSC-HVDC station and the frequency-droop controller
opposed the action of the DC voltage-droop controller and regulates the frequency of the AC grid.

Considering n converters in an MT-HVDC system, then,

∆VDCi = ∆VDC, ∀i ∈ {1, . . . , n} (38)

Assuming an outage of a power generation unit or a significant change in the load level, the active
power deviation of all converters equipped with the proposed droop-based control strategy based on
their reference values is as follows:

n∑
i=1

∆Pi =
n∑

i=1

1
KVDCi

(
V∗DCi

−VDCi

)
+

n∑
i=1

1
K fi

(
f ∗i − fi

)
(39)

As the variation of the power losses is disregarded and due to the fact that the converter equipped

with the DC voltage-droop controller balances the power of the DC grid, therefore,
n∑

i=1
∆Pi = 0, and

the following equation is obtained.

n∑
i=1

1
KVDCi

(
V∗DCi

−VDCi

)
= −

n∑
i=1

1
K fi

(
f ∗i − fi

)
(40)

In other words, (
V∗DCi

−VDCi

)
=

−1∑n
i=1

1
KVDCi

n∑
i=1

1
K fi

(
f ∗i − fi

)
(41)

Therefore, the effective active power deviation for the jth converter of the MT-HVDC system is as
follows:

∆P j =
−1

KVDC j

∑n
i=1

1
KVDCi

 n∑
i=1

1
K fi

( f ∗ − f )

+ 1
K f j

(
f ∗j − f j

)
(42)

Equation (42) shows the effective active power deviation generated by the frequency-droop
controller of the jth converter of the MT-HVDC system. In addition, the contribution of the jth converter
of the MT-HVDC system participating in the DC voltage regulation of the DC grid depends on

−1
KVDC j

∑n
i=1

1
KVDCi

.
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Considering a fault on the AC grid and k converters are connected to the faulty AC grid, as the
frequency should be regulated throughout the entire system, the effective active power deviation can
be written as follows:

k∑
j=1

∆P j =
k∑

j=1

(
−

∑k
i=1

1
KVDCi

KVDC j

∑n
i=1

1
KVDCi

+
1

K f j

)( f ∗j − f j) (43)

Assume there is only one VSC-HVDC station connected to the faulty AC grid. Therefore, Equation
(43) can be rewritten as follows:

∆P j =
1

K f j

(1−
1

KVDC j

∑n
i=1

1
KVDCi

)( f ∗j − f j) (44)

Equation (44) shows that the effective frequency-droop parameter, K′f j
, which is the ratio of the

frequency-droop parameter and the active power deviation for the jth converter of the MT-HVDC
system, is not equal to the initial frequency-droop value. Therefore,

K′f j
=

( f ∗j − f j)

∆P j
=

K f j

(1− 1
KVDC j

∑n
i=1

1
KVDCi

)
(45)

In addition, the AC voltage-droop controller modifies the level of the AC voltage in the AC
grid. The reactive power deviation of all converters equipped with the proposed droop-based control
strategy based on their reference values is as follows:

n∑
i=1

∆Qi =
n∑

i=1

1
KVACi

(
V∗ACi

−VACi

)
(46)

3.3.2. Impact of the Droop-Based Controllers’ Limits

There are limits for the proposed droop-based controller. In other words, the droop controller’s
limits prevent the active power deviation generated by the DC voltage-droop controller, the active
power deviation generated by the frequency-droop controller and the reactive power deviation
generated by the AC voltage controller of the ith converter of the MT-HVDC system from becoming
higher than ±∆PVDCimax , ±∆P fimax , and ±∆QVACimax , respectively. Therefore,

∆PVDCi = −Γ
(
∆VDCi

)
min

{∣∣∣∣ 1
KVDCi

∆VDCi

∣∣∣∣, ∆PVDCimax

}
∆P fi = Γ(∆ fi)min

{∣∣∣∣∣ 1
K fi

∆ fi

∣∣∣∣∣, ∆P fimax

}
∆QVACi = −Γ

(
∆VACi

)
min

{∣∣∣∣ 1
KVACi

∆VACi

∣∣∣∣, ∆QVACimax

} (47)

where for x ∈ R, Γ(.) is defined as follows:

Γ(x) =


1, x > 0
0, x = 0
−1, x < 0

(48)

In normal operation condition of the MT-HVDC system,
∆Pi = −Γ

(
∆VDCi

)
min

{∣∣∣∣ 1
KVDCi

∆VDCi

∣∣∣∣, ∆PVDCimax

}
+ Γ(∆ fi)min

{∣∣∣∣∣ 1
K fi

∆ fi

∣∣∣∣∣, ∆P fimax

}
∆QVACi = −Γ

(
∆VACi

)
min

{∣∣∣∣ 1
KVACi

∆VACi

∣∣∣∣, ∆QVACimax

} (49)



Electronics 2020, 9, 87 16 of 29

Therefore, neglecting the possible variation of the active and reactive power losses for n converters,
Equation (49) can be written as follows:

Γ
(
∆VDCi

) n∑
i=1

min
{∣∣∣∣ 1

KVDCi
∆VDCi

∣∣∣∣, ∆PVDCimax

}
=

n∑
i=1

Γ(∆ fi)min
{∣∣∣∣∣ 1

K fi
∆ fi

∣∣∣∣∣, ∆P fimax

}
Γ
(
∆VACi

) n∑
i=1

min
{∣∣∣∣ 1

KVACi
∆VACi

∣∣∣∣, ∆QVACimax

}
= 0

(50)

Assume m converters are reached ∆PVDCimax . Then, Equation (50) can be written as follows:
∆VDCi =

1∑n
i=m+1

1
KVDCi

[−Γ
(
∆VDCi

) m∑
i=1

∆PVDCimax +
n∑

i=1
Γ(∆ fi)min

{∣∣∣∣∣ 1
K fi

∆ fi

∣∣∣∣∣, ∆P fimax

}
]

Γ
(
∆VACi

) n∑
i=1

min
{∣∣∣∣ 1

KVACi
∆VACi

∣∣∣∣, ∆QVACimax

}
= 0

(51)

Considering the jth converter of the MT-HVDC system ( j > m), and KVDCi < 0 and K fi > 0,
substituting Equation (51) in Equation (49) leads to the following equation.

∆P j = ρ[−Γ
(
∆VDCi

) m∑
i=1

∆PVDCimax +
n∑

i=1
Γ(∆ fi)min

{∣∣∣∣∣ 1
K fi

∆ fi

∣∣∣∣∣, ∆P fimax

}
+ Γ

(
∆ f j

)
min

{∣∣∣∣∣ 1
K f j

∆ f j

∣∣∣∣∣, ∆P f jmax

}
]

Γ
(
∆VACi

) n∑
i=1

min
{∣∣∣∣ 1

KVACi
∆VACi

∣∣∣∣, ∆QVACimax

}
= 0

(52)

where,

ρ =
−1

KVDC j

∑n
i=m+1

1
KVDCi

(53)

If the maximum power deviation of the jth converter of the MT-HVDC system with regards to the
frequency is not reached, the following equation can be derived.

∆P j =
1

K f j
(1− 1

KVDC j
∑n

i=m+1
1

KVDCi

∆ f j +
Γ(∆VDCi)

KVDC j
∑n

i=m+1
1

KVDCi

m∑
i=1

∆PVDCimax

Γ
(
∆VACi

) n∑
i=1

min
{∣∣∣∣ 1

KVACi
∆VACi

∣∣∣∣, ∆QVACimax

}
= 0

(54)

Based on the above-mentioned explanations, the coupling between the DC voltage-droop and
frequency-droop controllers leads to dynamically modifying their droop parameters. This also induces
a modification of the dynamics of the MT-HVDC system.

It should be noted that the AC voltage-droop controller is independent and the active power
deviation generated by the other droop controllers has no impact on it. The same strategy as the DC
voltage-droop control without the frequency terms is valid for the AC voltage-droop controller.

4. Results and Discussions

To validate the performance of the proposed droop-based control system, a five-terminal MT-HVDC
system consisting of five VSC-HVDC stations connected to different types of AC systems is modeled in
PSCAD/EMTDC and MATLAB software. Figure 8 shows the configuration of the studied five-terminal
MT-HVDC system.



Electronics 2020, 9, 87 17 of 29Electronics 2020, 9, 87 17 of 29 

 

 

Figure 8. The configuration of the studied five-terminal MT-HVDC system. 

For all VSC-HVDC stations, 𝑅 = 0.06 Ω, 𝐿 = 4.8 𝑚𝐻, and 𝐶 = 800 𝜇𝐹. The switching frequency 
in all VSC-HVDC stations is set to 5 kHz. The DC links between the VSC-HVDC stations are 
represented by series resistances of 0.01 Ω. To protect the DC grids against the DC faults, two hybrid 
DC circuit breakers are installed at both ends of each DC link [61]. 

It is considered that VSC-HVDC stations #1, #2, #3, #4, and #5 are operated in constant DC 
voltage, constant AC voltage, constant active power, constant active power-AC voltage, and constant 
DC voltage control modes. It should be noted that VSC-HVDC station #1 is in converter mode (𝑄 −𝑉  control (negative power)), VSC-HVDC station #2 is in inverter mode (constant 𝑉  control 
(positive power)), VSC-HVDC station #3 is in inverter mode (constant 𝑃 − 𝑄  control (positive 
power)), VSC-HVDC station #4 is in converter mode and (𝑃 − 𝑉  control (negative power)), and 
VSC-HVDC station #5 is in inverter mode (𝑉 − 𝑉  control (positive power)). 

For all the PI controllers of the inner current controllers, the proportional gain and integral time 
constant are set to 4 and 0.0133, respectively. For VSC-HVDC station #1, the proportional gain and 
integral time constant of the outer current controller (reactive power controller) are set to –0.43 and 
0.0267, respectively. For VSC-HVDC station #2, the proportional gain and integral time constant of 
the outer current controller (AC voltage regulator) are set to 3 and 0.05, respectively. For VSC-HVDC 
station #3, the proportional gain and integral time constant of the outer current controllers are set to 
0.43 and 0.0267 (for active power controller) and –0.43 and –0.0267 (for reactive power controller), 
respectively. For VSC-HVDC station #4, the proportional gain and integral time constant of the outer 
current controllers are set to 0.43 and 0.0267 (for active power controller), 50 and 0.005 (for AC voltage 
regulator) and –0.43 and –0.0267 (for reactive power controller), respectively. For VSC-HVDC station 
#5, the proportional gain and integral time constant of the outer current controllers are set to 50 and 
0.005 (for the AC voltage regulator) and –0.43 and –0.0267 (for the reactive power controller), 
respectively. 

The initial settings of the system are 𝑉 # = 50 𝑘𝑉 , 𝑉 # = 24.5 𝑘𝑉 , 𝑃 # = 0 𝑀𝑊, and 𝑃 # = 0 𝑀𝑊. It is assumed that at 𝑡 = 3 𝑠𝑒𝑐., a load of 20 MVA at1 
PF is switched on at Bus 6. Then, at 𝑡 = 7 𝑠𝑒𝑐., an additional load of 11.4 MW at 0.8 PF is switched on 

Figure 8. The configuration of the studied five-terminal MT-HVDC system.

For all VSC-HVDC stations, R = 0.06 Ω, L = 4.8 mH, and C = 800 µF. The switching frequency in
all VSC-HVDC stations is set to 5 kHz. The DC links between the VSC-HVDC stations are represented
by series resistances of 0.01 Ω. To protect the DC grids against the DC faults, two hybrid DC circuit
breakers are installed at both ends of each DC link [61].

It is considered that VSC-HVDC stations #1, #2, #3, #4, and #5 are operated in constant DC
voltage, constant AC voltage, constant active power, constant active power-AC voltage, and constant
DC voltage control modes. It should be noted that VSC-HVDC station #1 is in converter mode
(Q−VDC control (negative power)), VSC-HVDC station #2 is in inverter mode (constant VAC control
(positive power)), VSC-HVDC station #3 is in inverter mode (constant P−Q control (positive power)),
VSC-HVDC station #4 is in converter mode and (P−VDC control (negative power)), and VSC-HVDC
station #5 is in inverter mode (VAC −VDC control (positive power)).

For all the PI controllers of the inner current controllers, the proportional gain and integral time
constant are set to 4 and 0.0133, respectively. For VSC-HVDC station #1, the proportional gain and
integral time constant of the outer current controller (reactive power controller) are set to −0.43 and
0.0267, respectively. For VSC-HVDC station #2, the proportional gain and integral time constant of
the outer current controller (AC voltage regulator) are set to 3 and 0.05, respectively. For VSC-HVDC
station #3, the proportional gain and integral time constant of the outer current controllers are set to
0.43 and 0.0267 (for active power controller) and −0.43 and −0.0267 (for reactive power controller),
respectively. For VSC-HVDC station #4, the proportional gain and integral time constant of the outer
current controllers are set to 0.43 and 0.0267 (for active power controller), 50 and 0.005 (for AC voltage
regulator) and −0.43 and −0.0267 (for reactive power controller), respectively. For VSC-HVDC station
#5, the proportional gain and integral time constant of the outer current controllers are set to 50 and 0.005
(for the AC voltage regulator) and −0.43 and −0.0267 (for the reactive power controller), respectively.

The initial settings of the system are VVSC−HVDC#1
DCre f

= 50 kV, VVSC−HVDC#2
ACRMS

= 24.5 kV,

PVSC−HVDC#3
re f = 0 MW, and PVSC−HVDC#4

re f = 0 MW. It is assumed that at t = 3 s, a load of 20
MVA at1 PF is switched on at Bus 6. Then, at t = 7 s, an additional load of 11.4 MW at 0.8 PF is switched
on at Bus 6. After that, at t = 12 s, PVSC−HVDC#4

re f is set to −50 MW (rectifier mode). Then, At t = 16 s,
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PVSC−HVDC#3
re f is set to 40 MW (inverter mode). At t = 19 s, QVSC−HVDC#3

re f is set to 30 MVAR (reactive
power generation). To check the stability of the system, the VSC-HVDC station #1 is disconnected
from the system at t = 24 s, and lastly, at t = 29 s, the VSC-HVDC station #3 is disconnected from the
system. To check the performance of the studied system, different scenarios are investigated.

4.1. Scenario 1: The Case Study with Four VSC-HVDC Stations

In the first scenario, it is assumed that the VSC-HVDC station #5 is disconnected from the entire
system. This is done by keeping the DC breaker at Bus 5 open for the entire simulation time. Therefore,
the VSC-HVDC station #1 solely controls the DC voltage in the entire system. Figures 9–12 show
the DC voltage, AC voltage, active power flow, and reactive power flow of the system when the
VSC-HVDC station #5 is disconnected from the grid.
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As the simulation results demonstrate when the VSC-HVDC station #1 is disconnected from the
grid at t = 24 s, there is not enough power supply and therefore, the level of the DC voltage drops
from 50 kV to approximately 36 kV. In addition, the disconnection of the VSC-HVDC station #3 from
the grid at t = 29 s results in excess power inflow into the MT-HVDC system and in turn leads to
increasing the level of the DC voltage from 50 kV to 185 kV. The large and continuous deviations in
power flow result in deviations in the voltage and frequency and consequently, decreasing the overall
stability of the grid [62,63]. The large oscillations shown in Figures 9–12 show that without considering
a backup VSC-HVDC station to regulate the DC voltage, the entire system becomes unstable.

4.2. Scenario 2: VSC-HVDC #5 Contribution to the DC Voltage Regulation

In the second scenario, it is assumed that the VSC-HVDC station #5 is connected to the grid to
contribute to the DC voltage regulation. Therefore, the reference inputs of the DC voltage controller at
VSC-HVDC stations #1 and #5 are the same.
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The combination of the DC voltage-droop control and DC margin control enables the power-sharing
among VSC-HVDC station in the DC voltage control mode based on a predefined participation factor for
each station. The participation factor determines the active power rectified/inverted by a VSC-HVDC
station as a fraction of the total power demand/supply in the MT-HVDC system to maintain the level
of the DC voltage constant.

For n number of VSC-HVDC stations in the DC voltage-droop control mode, the participation
factor (χi) of the ith VSC-HVDC station can be calculated as follows:

χi =
Ki∑n

j=1 K j
(55)

where Ki and K j are the proportional gains of the ith and jth VSC-HVDC stations in the DC voltage
control mode, respectively.

As only VSC-HVDC stations #1 and #5 regulate the DC voltage, it is assumed that the participation
factors of the VSC-HVDC station #1 and #5 are 67% and 33%, respectively.

Accordingly,

χVSC−HVDC#5 =
KVSC−HVDC#5

KVSC−HVDC#1 + KVSC−HVDC#5
(56)

In other words, the following droop setting for the VSC-HVDC station #5 should be considered.

KVSC−HVDC#5 =
1
2

KVSC−HVDC#1 (57)

Figures 13–16 show the DC voltage, AC voltage, active power flow, and reactive power flow of the
system, respectively, when the DC voltage reference setting of VSC-HVDC stations #1, #3, #4, and #5 is
50 kV and the participation factors of the VSC-HVDC stations #1 and #5 are 67%, and 33%, respectively.
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4.3. Scenario 3: Equipping VSC-HVDC #4 with the Proposed Droop-Based Controller 

In the third scenario, it is assumed that VSC-HVDC station #5 is connected to the grid to 
contribute to the DC voltage regulation and VSC-HVDC station #4 is equipped with the proposed 
droop-based controller. Hence, the reference inputs of the DC voltage controller at VSC-HVDC 
stations #1, #4, and #5 are the same. For VSC-HVDC station #4, the proportional gain and integral 
time constant of the outer current controllers are set to 0.43 and 0.0267 (for the active power 
controller), 50 and 0.005 (for AC voltage regulator) and –0.43 and –0.0267 (for the reactive power 
controller), respectively. 

Figures 17–20 demonstrate the active power flow, reactive power flow, DC voltage, and AC 
voltage of the system, respectively, when the DC voltage reference setting of VSC-HVDC stations #1, 
#3, #4, and #5 is 50 kV and the DC voltage-droop settings of the VSC-HVDC stations #1, #4, and #5 
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As shown in Figure 13, although the DC voltage of the MT-HVDC system is affected by the
disconnection of VSC-HVDC station #1 at t = 24 s and the disconnection of VSC-HVDC station #3 at
t = 29 s, the steady-state DC voltage is kept within the acceptable range.

Compared to the previous scenario, as there are two VSC-HVDC stations to regulate the DC
voltage, the disconnection of the VSC-HVDC stations #1 at t = 24 s and the disconnection of the
VSC-HVDC stations #3 at t = 29 s do not prevent power-sharing in AC/DC grids. Therefore, the
system remains stable.

4.3. Scenario 3: Equipping VSC-HVDC #4 with the Proposed Droop-Based Controller

In the third scenario, it is assumed that VSC-HVDC station #5 is connected to the grid to contribute
to the DC voltage regulation and VSC-HVDC station #4 is equipped with the proposed droop-based
controller. Hence, the reference inputs of the DC voltage controller at VSC-HVDC stations #1, #4, and
#5 are the same. For VSC-HVDC station #4, the proportional gain and integral time constant of the
outer current controllers are set to 0.43 and 0.0267 (for the active power controller), 50 and 0.005 (for
AC voltage regulator) and −0.43 and −0.0267 (for the reactive power controller), respectively.

Figures 17–20 demonstrate the active power flow, reactive power flow, DC voltage, and AC
voltage of the system, respectively, when the DC voltage reference setting of VSC-HVDC stations #1,
#3, #4, and #5 is 50 kV and the DC voltage-droop settings of the VSC-HVDC stations #1, #4, and #5 are
–2, −0.0001, and –1, respectively. In addition, the frequency and AC voltage-droop settings are set to
0.001 and −0.0001, respectively.
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According to the obtained result, changing in the droop settings leads to changes in the power
flow and overall stability of the system. Based on Figure 15, the dominant VSC-HVDC station to
supply the active power is the VSC-HVDC station #1. However, employing the proposed droop-based
controller leads to supplying the majority of the active power by VSC-HVDC station #4.

It should be noted that any changes in the frequency of the AC grid and DC voltage in the DC grid
are regulated by injecting active power to the grid. In addition, the AC voltage regulation is performed
by injecting reactive power to the grid. As shown in Figure 17, the oscillations in the DC voltage profile
after disconnection of VSC-HVDC station #1 at t = 29 s and the disconnection of VSC-HVDC station #3
at t = 24 s are regulated by injecting active power by VSC-HVDC stations #2, #3, and #4. According to
the obtained result, the main aim, which is the simultaneous regulation of the frequency, AC voltage,
and DC voltage at Bus 4, is achieved.

In order to check the impact of modifying the droop settings of the proposed droop-based
controller on the active and reactive power flow, different cases are investigated, as shown in Table 1. In
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Table 1, case 1 is the reference case that is studied in Section 4.3. Figures 21 and 22 show the active and
reactive power flow of the VSC-HVDC station #4, which is equipped with the proposed droop-based
controller, after changing the droop settings based on Table 1.

Table 1. Different droop parameters of VSC-HVDC station #4.

KVDC -Droop KVAC -Droop f -Droop

Case 1: Reference Case −0.0001 −0.0001 0.001
Case 2: Increasing KVDC and KVAC -droop parameters −0.01 −0.01 0.001

Case 3: Increasing KVAC -droop parameter −0.0001 −0.01 0.001
Case 4: Increasing KVDC -droop parameter −0.01 −0.0001 0.001

Case 5: Increasing f -droop parameter −0.0001 −0.0001 0.1
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5. Conclusions

In this paper, an improved droop-based control strategy for the active and reactive power-sharing
on the large-scale Multi-Terminal High Voltage Direct Current (MT-HVDC) systems is proposed.
The equivalent circuit of the Voltage-Sourced Converter (VSC)-HVDC station in the dq reference
frame is established and employed for developing an improved droop-based control strategy for
the VSC-HVDC station. The proposed droop-based control strategy is a communication-free control
method in which its droop parameters, consisting of AC voltage-droop, DC voltage-droop, and
frequency-droop parameters, are selected optimally. The proposed droop-based control strategy is
applied to a five-terminal MT-HVDC system to control both the AC and DC grids for a stable-steady
state and dynamic performance. In addition, different control strategies of the VSC-HVDC station are
investigated in this paper. Modifications on the droop settings are also performed. The simulation
results illustrate that the proposed droop-based control strategy not only results in a stable steady
stated and dynamic operation of the MT-HVDC system but also is capable of restoring operation
during the loss of DC voltage regulating VSC-HVDC station without the need for communication
infrastructure. The simulation results validate the robustness and effectiveness of the proposed
droop-based control strategy.
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VDC DC voltage
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