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Abstract: One of the significant concerns in the MTDC systems is that voltage source 

converters (VSCs) do not hit their limits in the post-contingency conditions. Converters 

outage, DC line disconnection, and changeable output power of wind farms are the most 

common threats in these systems. Therefore, their destructive impact on neighboring AC 

systems should be minimized as much as possible. The fixed droop control is a better 

choice than others to deal with this, although it also has some limitations. Accordingly, a 

novel centralized droop-based control strategy considering N-1 contingency is proposed in 

this paper. It prevents converters from exceeding their limits while causes optimal power 

sharing and minimum DC link voltage deviation immediately, without secondary control 

layer. It also utilizes maximum wind power without curtailment. These properties improve 

the performance of the MTDC system in post-contingency conditions. The effectiveness of 

the proposed control method is validated by simulation of a 4-terminal VSC-MTDC system 

in MATLAB/Simulink R2016a. 
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1 Introduction1 

N recent years, advances in semiconductor 

technologies, voltage source converters (VSCs), 

current source converters (CSCs), and DC circuit 

breakers have led to the development of point-to-point 

HVDC systems toward multi-terminal HVDC (MTDC) 

systems [1]. Nowadays, VSC-MTDC systems are more 

desirable due to their advantages, such as independent 

control of active (P) and reactive power (Q) and 

reversing the direction of power transmission without 

changing the DC voltage polarity [2-4]. 

   Power sharing and DC voltage control in post-

contingency conditions are the main challenges of 

MTDC systems [5]. The control structure of MTDC 
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systems is divided into “low level” (including inner 

current and firing control of the VSCs) and “high 

level” (including primary and secondary control 

layer) [6]. The primary control layer is responsible for 

power sharing and DC voltage control immediately after 

disturbances occur [7]. The secondary control layer 

adjusts the optimal references of converters based on 

various purposes (e. g., minimizing losses) [8]. The 

three main control methods of the primary control layer 

are the master-slave, voltage margin, and droop 

method [9]. The master-slave method has disadvantages 

such as low reliability and the need for a high-rating 

master converter [10, 11]. The voltage margin method is 

an extension of the master-slave that, despite increasing 

reliability, suffers from complication and high stress on 

converters [12-14]. The droop method was introduced 

based on the concept of frequency regulation in AC 

systems. In this method, all converters participate in the 

control of DC link voltage, which increases reliability. 

Therefore, it is a more appropriate choice than the other 

two methods. More details and various development of 

droop control methods are presented in [15-19]. 

   Using fixed droop coefficients without considering the 
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actual loading conditions causes the converters to 

exceed their limits in the post-contingency conditions. 

Also, employing local voltage feedback prevents 

accurate power sharing due to the DC line resistance 

and its effect on the DC voltage deviation. To overcome 

these drawbacks, adaptive droop-based control has been 

introduced. In [20], the adaptive droop coefficients are 

proposed based on the available headroom of 

converters. However, the DC link voltage and optimal 

power sharing are not considered. In [21], droop 

coefficients are suggested as a variable resistor based on 

the line resistance to minimize losses in post-

contingency conditions. In [22], adaptive droop control 

is proposed using fuzzy logic and tradeoff between 

power sharing and DC voltage deviation. Reference [23] 

introduces adaptive droop coefficients based on voltage 

and power deviation indices to prevent the converters 

from exceeding their limit in post-contingency 

conditions. However, optimal power sharing does not 

occur. In [24], the adaptive droop control is 

implemented in both AC grid-side and wind farms 

converters to regulate the DC voltage within the desired 

level and prevent the converters from exceeding their 

limits in post-contingency conditions. Reference [25] 

proposes adaptive droop coefficients based on trajectory 

sensitivity analysis and stability constraints so that 

converters do not exceed their limits under the converter 

outage. In [26], an adaptive droop control strategy is 

proposed to achieve a faster dynamic response of 

MTDC systems. It prevents the output power and 

voltage from exceeding their limits without considering 

the optimal power sharing. In [27] a modified adaptive 

droop control is presented based on the converters’ 

available headroom (AH) and loading factor (LF) to 

minimize the power sharing burden on converters 

during power variations/consecutive disturbances while 

maintaining the constraints of the DC grid without 

optimal operation. 

   A detailed linearized model of the system dynamics 

(such as AC grid, DC grid, AC connection filters, and 

inner controllers) and OPF approach in the secondary 

control layer are proposed in [28] and [29] to design 

droop control and obtain optimal power sharing, 

respectively. These two methods are not suitable for 

large systems due to their complicated calculations. 

Reference [30] introduces a power sharing index among 

neighboring converters to improve the stability during 

the latencies in communication signals and achieve 

accurate power sharing regardless of MTDC structure 

and DC line resistance. Although, the DC link voltage is 

ignored. Reference [31] proposes a developed droop 

control to improve the stability of the MTDC grid. It 

only considers the converter outage while ignoring other 

contingencies and optimal power sharing. In [32], droop 

coefficients are proposed so that the DC voltage (both 

transient and steady-state) and active power of 

converters do not exceed their limit under disturbances. 

Reference [33] proposes a coordinated droop controller 

based on Model Predictive Control (MPC) to minimize 

the DC voltages deviations of the MTDC system and 

avoid control mode change of droop VSCs in severe 

conditions. In [34], describes a control strategy 

consisting of a linear quadratic controller and an 

adaptive droop method is introduced to maintain 

stability in post-contingency conditions. Reference [35] 

proposes a methodology based on the concept of over- 

and under-voltage containment reserves for determining 

droop coefficients to guarantee the voltage security in 

MTDC grid. 

   The time interval between disturbance detection and 

implementation of the secondary control layer can cause 

destructive effects on the neighboring AC grid (e.g., 

frequency deviation) and stability that has not been 

considered in the previous works. Maintain optimal 

operation of MTDC system in post-contingency 

condition immediately after disturbance detection, 

overcome these drawbacks. Accordingly, in this paper, a 

centralized droop-based control strategy in the presence 

of high bandwidth communication is proposed. In this 

method, the central controller determines the optimal 

droop coefficients based on the prediction of N-1 

contingency (change in output power of WFs, converter 

outage, and DC line disconnection) and stored them. 

Then, it applies the predetermined optimal droop 

coefficients to the converters immediately at the first 

control layer after disturbance detection in post 

contingency conditions. In addition to optimal power 

sharing, the proposed optimal droop coefficients 

maintain DC voltage and active power of VSC stations 

within their limit. They also minimize DC link voltage 

deviation and cause maximum utilization from the 

output power of WFs without any curtailment. 

Furthermore, the proposed approach includes stability 

constraints to consider the droop effect on the stable 

operation of the MTDC system. 

   The rest of this paper is organized as follows: 

Section 2 introduces the VSC-MTDC system model and 

its control structure. Section 3 describes the proposed 

droop-based control strategy. Simulations of a 4-

terminals VSC-MTDC system are carried out on 

MATLAB/Simulink to validate the proposed control 

strategy in Section 4. The conclusion is shown in 

Section 5. 

 

2 Modeling of VSC-MTDC 

   Fig. 1 shows the VSC-MTDC system schematic and 

the control structure of the VSCs used in it. The AC grid 

is modeled as a voltage source (Vs) and Thevenin 

impedance (RS + jXS). It is connected to the VSC by an 

AC transformer, high-pass filter, and a phase reactor. 

   The inner current control loop can be implemented by 

direct or vector control. The separate control capability 

of active and reactive power based on the park’s 

transformation makes the vector method a more 

appropriate choice. It uses the dynamic equations of the
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(a) 

 
(b) 

Fig. 1 a) VSC-MTDC configuration and b) Control structure of the VSC station. 
 

system, which are expressed by [5]: 
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(1) 

 

R and L refer to equivalent resistance and inductance of 

the AC transformer, AC filter, and phase reactor. The 

inner current control loop uses a PI controller, although 

some references such as [36] and [37] have used sliding 

mode control (SMC). The reference values Id
* and Iq

* 

used in the inner current control loop are determined by 

the outer control loop. Iq
* and Id

* are determined by 

reactive power and AC voltage, and active power and 

DC voltage based on the constant-voltage, constant-

power, and droop mode. 
 

3 The Proposed Droop-based Control Strategy 

   Power sharing and DC link voltage control are the 

principal duties of the droop control method in post-

contingency conditions. Droop control is implemented 

based on power (P-V curve) used in this paper or 

current (I-V curve [38]). Also, common voltage 

feedback and communication structure are used to 

eliminate the impact of DC line resistance and system 

configuration on accurate power sharing such as [39]. 

Fig. 2 shows the P-V characteristic curve and 

implementation of the proposed control strategy. 

   The central controller detects disturbances by online 

monitoring of power (Pi) and voltage (Vi) at the DC 

buses. Then it applies the optimal droop coefficients to 

the converters. In many communication-based MTDC 

controllers, time delays are considered in the order of 1-

10 ms that has no significant effect on system stability 

[40]. To decrease the latencies, the central controller use 

from real-time data transmission in the platform of a 

high bandwidth communication system. Droop 

coefficient (Rdroop) indicates the relation between power 

and voltage of each converter, which is related to the 

slope of the P-V characteristic curve by [9]: 
 

n
droop

n droop

P
R

V 
  (2) 
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(a) (b) 
Fig. 2 a) The proposed droop control schematic and b) (P-V) droop characteristic curve. 

 

where Pn and Vn are the rated power and voltage, 

respectively. Increasing droop coefficients to reduce DC 

link voltage deviation threatens the stability. Therefore, 

they are limited by droop constraints. The maximum 

Droop coefficients are obtained by modal analysis of 

differential-algebraic equations (DAEs) of the 

system [5, 41]. Optimal droop coefficients are predicted 

before the occurrence of disturbance and used 

immediately after contingency detection. Therefore, the 

secondary control layer is not required. These 

coefficients are updated based on new operating 

conditions to be used in the next contingency. They 

cause the power sharing ratio to have the least deviation 

from the initial optimal conditions for minimizing the 

disturbance impact on neighboring AC systems. It is 

assumed that converters ‘1:m’ and ‘m+1:n’ operate in 

droop and constant-power mode, respectively. 

Determining the optimal droop coefficients based on 

various contingencies is discussed as follows. 
 

3.1 Change in Output Power of WFs 

   The constrained nonlinear optimization problem to 

determine the optimal droop coefficients during the 

change in output power of j-th wind farm is expressed 

by 
 

*
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 (3) 

 

where Pi and Vi are the active power and DC voltage at 

VSC stations, respectively. Pi is determined based on 

power flow equations by 
 

( )P V YV   (4) 
 

where V and Y refer to the DC voltage vector and 

admittance matrix of the DC grid, respectively. The 

symbol is the Hadamard product operator. To find the 

droop coefficients based on the output power of WFs, 

optimization problem (4) is solved in several steps. 

First, the maximum wind power is obtained according 

to the initial droop coefficients (ki = 0). In the next step, 

the droop coefficient, which its associated power 

constraint is activated in the previous step, is allowed to 

change. If any of the voltage constraints are activated, 

the droop coefficient, which minimizes (5), is allowed 

to change (i = k1), too. Then optimization problem (4) 

with modified constraints is solved. 
 

max,0
,max ,0
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min ( )i i
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  (5) 

 

   This process continues to achieve the optimal droop 

coefficients according to the maximum output power of 

WFs at each step while the converters remain within 

their limits. To more accurately estimate the droop 

coefficients during the change of wind power in each 

step, the optimization problem is expressed as 
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(6) 

 

   Problem (6), according to the desired accuracy (N), 

determines the optimal droop coefficients related to 

several specific powers in each step (P*
spec,l). Finally, 

the function of droop coefficients according to wind 

power changes is obtained by interpolation. 

 

3.2 Converter Outage 

   The constrained nonlinear optimization problem with 

considering outage of the j-th converter is determined by 
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where Pi is determined by (4). The process of 

determining the optimal droop coefficients is as follows. 

First, the problem is solved by assuming that all droop 

coefficients are allowed to change. Then, if the power 

constraints are activated, their associated droop 

coefficients are still allowed to change. If any voltage 

constraint is activated, the droop coefficient with the 

lowest index expressed by (5) is also allowed to change. 

The other droop coefficients are considered equal to 

their initial value, and optimization problem (7) is 

modified with the revised constraints. If it does not have 

an optimal solution, the second droop coefficient with 

the lowest index expressed by (5) is also allowed to 

change. Then, problem (7) is modified again with the 

new constraints. This process continues until the 

optimal coefficients are determined. 

   The outage of the first converter causes inappropriate 

operation of the system because it depends on (ΔV1). 

Accordingly, optimization problem (7) must be defined 

based on another voltage feedback (e.g., ΔV2) to 

increase reliability. 

 

3.3 DC Line Disconnection 

   The constrained nonlinear optimization problem with 

considering disconnection of any DC line is expressed 

by 
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(8) 

 

where Pi is determined by modifying (4) while 

considering the impact of DC line disconnection on the 

admittance matrix. First, assuming that all droop 

coefficients are allowed to change (ki ≠ 0), optimization 

problem (8) is solved. Then, the proposed process in 

Subsection 3.2 is applied to achieve optimal droop 

coefficients. If any converter is isolated from the MTDC 

system by DC line disconnection, its power and voltage 

constraints are not considered. 

 

4 Simulation Results 

   Fig. 3 shows the configuration of a (±320 kV) bipolar 

4-terminal VSC-MTDC system simulated in 

MATLAB/Simulink R2016a. It consists of one wind 

farm (with AC voltage and frequency control mode) and 

three AC grids (with Droop control mode). The rectifier 

and the inverters are three-level Neutral Point 

Clamped (NPC) VSC converters using close 

IGBT/Diodes. They utilize the sinusoidal pulse width 

modulation (SPWM) technique. The VSC station 

includes on the AC side: The Yg-D transformer, the AC 

filters, the converter reactor, and on the DC side: the 

capacitors, the DC filter. 

   The line distance, rated power (Pn), and slope (βdroop) 

of VSCs are shown in Fig. 3. The central controller uses 

a high-bandwidth communication system for online 

monitoring of the MTDC system. It calculates the 

optimal droop coefficients and immediately applies 

them to the VSCs in the post-contingency conditions. 

The SQP algorithm is one of the most powerful 

algorithms in solving large-scale nonlinear optimization 

problems [42]. It is utilized to solve proposed 

optimization problems. The parameters of the VSC-

MTDC test system are given in Table 1. 

 

 
Fig. 3 Configuration of 4-terminal VSC-MTDC test system. 

 
Table 1 The VSC-MTDC test system parameters. 

Line voltage of AC grid (rms) 370 kV 

Equivalent resistance of AC system 0.08 Ω 

Equivalent inductance of AC system 0.025 H 

Fundamental frequency 50 Hz 

Carrier frequency as multiple of fundamental 27 Hz 

Limit of the DC voltage deviation 25 kV 

The phase reactor 0.15 pu 

Transformer 2000 MVA, 

370/320 kV, 
YgD,0.15 pu 

Unit resistance of the DC line 0.4 Ω/km 

Unit inductance of the DC line 0.45 mH/km 

Unit capacitance of the DC line 23 µF/km 

Rated DC voltage ±320 kV 

KI of outer/inner control loop 6 

KP of inner control loop 0.6 
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Table 2 Initial optimal steady-state operating point of VSC-MTDC system. 

Terminal No. VSC1 VSC2 VSC3 VSC4 

Power [MW] 100 600 291.1 1000 

DC voltage [kV] 640 639.23 640.34 645.39 
 

 
Fig. 4 The optimal droop coefficients under various contingencies in the initial operating conditions. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 5 Active power at VSC stations in: a) fixed droop control, b) adaptive P-based droop control [20], c) adaptive P-V-based droop 
 

control [23], and d) proposed droop control. 
 

   The initial optimal steady-state operating point of the 

VSC-MTDC system is shown in Table 2. 

   Fig. 4 demonstrates the predicted optimal droop 

coefficients under different contingencies. It is obtained 

based on the initial conditions mentioned in Table 2, 

which is updated by changing the operating conditions. 

   The proposed method is compared with the fixed 

droop control, adaptive droop control based on available 

headroom of VSCs [20], and adaptive droop control 

based on a tradeoff between power and voltage of 

VSCs [23] to validate its superiority. They are applying 

to the MTDC system during the following disturbances: 

1. In t = 2 sec, an increase of the wind power by 

200 MW. 

2. In t = 4 sec, disconnection of L34. 

3. In t = 6 sec, disconnection of VSC3. 

   The initial optimal power sharing ratio between VSC1, 

VSC2, and VSC3 is 1, 6, and 2.91, respectively, which 

should be retained as much as possible. Fig. 5 illustrates 

the power sharing between grid converters during 

various contingencies by the mentioned methods. 

Fig. 5(a) shows that sharing the wind power between 

VSC1, VSC2, and VSC3 is not proportional to their 

droop coefficients (1, 6, and 2.91) due to local voltage 

feedback (e.g., deviation from desired values in VSC1, 

VSC2, and VSC3 is “+0.41%, -0.42%, and +0.72%”, and 

“+15.87%, +2.11%, and –9.67%” during first and 

second disturbances, respectively). Furthermore, it
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(a) (b) 

  
(c) (d) 

Fig. 6 DC voltage at VSC stations: a) fixed droop control, b) adaptive P-based droop control [20], c) adaptive P-V-based droop 
 

control [23], and d) proposed droop control. 

 

shows that active power at the VSC2 station is 23% 

more than its rating under the third contingency. 

Fig. 5(b) shows that although the converters do not 

exceed their rating, optimal power sharing does not 

occur. Fig. 5(c) also shows similar results. However, it 

has more reasonable power sharing. For instance, the 

power sharing ratio between VSC1, VSC2, and VSC3 

change from “1, 0.76, and 3.38” to “1, 3.18, and 2.47” 

during the first disturbance. It means that active power 

deviation from desired values in VSC1, VSC2, and VSC3 

change from “+15.35%, -12.49%, and +20.56%” to 

“+8.1%, -3.46%, and +4.38%”. Fig. 5(d) indicates that 

the converters remain within their rating while optimal 

power sharing has also occurred (e.g., the power sharing 

ratio between VSC1, VSC2, and VSC3 is “1, 6, and 2.91” 

during first and second disturbances). During the third 

contingency, VSC2 operates at its rated 

power (800 MW) due to its limitation. 

   Fig. 6 illustrates the DC voltage variation at VSC 

stations in post-contingency conditions. Fig. 6(a) 

indicates that DC voltage at the VSC4 station exceeds 

the allowable limit by 0.72% (4.79 kV) during the 3rd 

disturbance. Fig. 6(b) shows that DC voltage at VSC1, 

VSC2, and VSC4 stations exceeds the permissible limit 

by 5.7%, 5.36%, and 8.21%, respectively, under the 3rd 

disturbance. It occurs due to ignoring the voltage impact 

on the determination of droop coefficients. Fig. 6(c) 

shows that DC voltage at the VSC4 station exceeds the 

allowable limit by 2.45% (16.31 kV) during the 3rd 

disturbance. The DC voltage of other converters due to 

considering voltage impact on droop coefficients 

remains within their limit in post-contingency 

conditions. Fig. 6(d) indicates that deviation from rated 

DC voltage is less than other methods, and all 

converters do not exceed their limits. 

   The DC voltage deviation at the VSC4 station during 

the third contingency has increased 19.16%, 178.5%, 

and 65.2% more than acceptable voltage deviation 

margin (25 kV) in fixed droop, adaptive P-based droop, 

and adaptive P-V-based droop methods, respectively. 

Furthermore, the maximum DC link voltage deviation at 

VSCs with droop mode control is 79.5% (fixed droop), 

549.6% (adaptive P-based droop), and 258.2% (adaptive 

P-V-based droop) more than the proposed 

method (6.61 kV). It has occurred in VSC1 during third 

contingency. 

 

5 Conclusion 

   In this paper, a centralized droop-based control 

strategy based on predicting N-1 contingency is 

proposed. Various contingencies such as changing the 

output power of WFs, disconnection of DC line, and 

converter outage are studied. The proposed control 

strategy guarantees optimal power sharing and 

minimum DC link voltage deviation in post-contingency 

conditions immediately. It improves stability and 

reduces the destructive effect of disturbances on the 
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neighboring AC system by eliminating the secondary 

control layer. Also, active power and DC voltage at 

VSC stations remain within their limits. The proposed 

method is compared with fixed, adaptive P-based, and 

adaptive P-V-based droop methods under various 

contingencies in MATLAB/Simulink environment. 

Simulation results demonstrate the effectiveness and 

superiority of the proposed control strategy in post-

contingency conditions. 
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