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Abstract—Frequency control of AC systems using Voltage 

Source Converter (VSC) HVDC links is of growing importance 

as interconnectors and links to offshore generation replace 

conventional synchronous generators in many countries. This 

paper investigates the use of local system feedback and 

advanced droop control to achieve frequency stabilization for a 

two-area test system. 

Index Terms— HVDC transmission, Inverters, Power control, 

Power systems stability, Wind energy integration . 

I. INTRODUCTION  

A major disturbance, such as the loss of a major tie-line or 

a sudden change in the load demand, will cause a 

generation/demand imbalance in AC power systems. Over 

short time frames (a few or tens of seconds), imbalances 

between generation and demand have traditionally been 

managed using frequency response services such as turbine 

governing systems. As VSC-HVDC interconnectors and 

renewable energy interfaced through VSC-HVDC replace 

local synchronous generation, there is a growing need to 

utilize VSC HVDC control to help support the frequency of 

the local system following power imbalances. VSC-HVDC 

can respond more quickly to power unbalance than 

conventional synchronous generators because of the fast-

acting control possible with power electronics. Using VSC-

HVDC controllers to support AC transmission system 

following frequency disturbances has been the subject of 

much recent research [1-4]. In spite of this there is no 

standard frequency support methodology at present. This 

paper explores a droop-based control of VSC-HVDC to 

provide frequency support to AC transmission system.  

II. PROBLEM DESCRIPTION 

A. General Case 

A generic example of a VSC HVDC supplied area 

subjected to major system disturbance can be used to explain 

the fundamentals of frequency disturbance problem. The 

local system is originally supplied by a generator and a VSC 

HVDC link through a main transmission line. The turbine 

governor system of the local generator can adjust its 

mechanical power input to match the new electric power 

output after the fault. Additional power control of the VSC 

HVDC link can be used to mitigate the power mismatch more 

quickly. Since many VSC HVDC links are normally operated 

at their maximum available power
1
, the available power 

reserve for frequency regulation is limited, hence the VSC-

HVDC control may be most useful in situations where a 

power reversal is needed to reach a new power equilibrium 

point.  
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Figure 1 (a) Diagram for specific case study and (b) Representation of power 

imbalance in the system. 
 

As shown in Figure 1 (a), the original system power 

balance is as given in (1). 

( ) droop
P f ,v, phi kD = D ⋅  (1) 

Figure 1 (b) depicts the case of power imbalance when the 

middle line is disconnected following  a short circuit, i.e., PEx 

=0. The amount of energy mismatch in the local system ∆E 

depends on the speed of re-establishing the power balance in 

the system. The faster the power compensation is provided, 

the smaller the energy mismatch and the system is more 

likely to be stable after the fault. 

                                                           
1  VSC-HVDC converters have limited overload capability. For windfarm 

connected systems, the HVDC link would carry the maximum power 

available for the windfarm. For interconnectors, the situation depends on 

contracted supply arrangements. 



B. Simulation Case 

Possible system control strategies are tested on a modified 

two-area test system with a VSC HVDC link, as shown in 

Figure 2 (there is only one tie-line between bus 7 and 8). The 

purpose of this example is to investigate the dynamic 

responses of the power system immediately following a 

major system fault. Consider the worst case scenario where 

the load in this local area is a static constant MVA load and 

there is neither turbine governor nor VSC HVDC power 

support. The VSC HVDC link is operated with VSC1 

regulating the DC side voltage and VSC2 in constant power 

control. The external grid is assumed to be a strong AC 

system represented by an infinite bus that has enough 

capacity to take full power reversal in the DC link. Both 

generators are equipped with AVR and PSS.  
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Figure 2. Test system with VSC HVDC link. 
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Figure 3 Test system responses for tie-line disconnection event. 

A tie-line (line 7-8) is disconnected at 2 s. The initial 

power exported from Area 1 to Area 2 (400 MW and 

100 MVAr) drops to zero due to the line break. The system 

responses are presented in Figure 3. It can be seen that the 

system voltage and frequency start to increase until instability 

occurs after 5 s and the phase angle at the generator bus 2 

with reference to the slack bus is also affected. The generator 

turbine power does not change as there is no governor at 

generator 2. The generator terminal voltage increases due to 

the fact that the voltage drop on the generator reactance 

decreases while the generated emf is the same. The voltage 

continues to rise as there is more reactive power injected into 

the local system than exported, until its brought down to set 

value by the AVR. 

Meanwhile, the VSC HVDC link is also affected by the 

fault. The PCC bus 7 voltage increases beyond the maximum 

VSC2 AC side voltage that can be synthesised from the DC 

link after the fault. (The voltage difference between bus 

VSC_AC2 and bus PCC2 is shown in Figure 3 as Vdiff). It can 

be seen that the VSC_AC2 bus voltage actually becomes 

lower than the PCC2 bus voltage after 4.5s. Under such 

circumstances the power from the DC side does not follow 

the normal rules for linear output AC voltage modulation and 

transfer into the local AC system, causing the DC link power 

to be reduced and reversed (Figure 3 lower right). DC system 

instability is observed after 5 s. 
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Figure 4. System responses with steam and hydro type governors. 

 

To address these problems, the turbine governors can be 

used to a certain extent to maintain system stability. However 

hydraulic turbine governors are normally designed to have 

relatively large transient droops and longer resetting times 

than steam turbine governors, and therefore they have slower 

responses [5], Figure 4, which may hamper their 

effectiveness. Steam type turbine governing systems provide 

a quicker turbine power adjustment to restore power balance 

in the system, and thus the system is stabilized following the 

event. The system with slower hydraulic governors cannot 

quickly reach a new equilibrium point, which results in 

instability in the VSC HVDC link. The simulation results 

obtained from the test system suggest that instability could 

occur on both AC and DC sides of the system when power 

imbalance occurs under situations of: (1) no control actions 



taken or (2) the control actions taken are not fast enough. In 

the following sections, the capability of the VSC HVDC link 

to provide power support to the grid is examined. Different 

types of control schemes in the grid connected VSC are 

proposed to meet the system stability requirements. 

III. VSC-HVDC CONTROL TO RESTORE POWER BALANCE 

Droop control settings can be used in the grid connected 

converters to enable the VSC HVDC link to contribute in 

maintaining system power balance. Some forms of droop 

control structure have been proposed in [6, 7] for main grid 

frequency support. In this case, any of the three signals 

(voltage, frequency or local angle) can be used and their 

block diagram representation is shown in Figure 5. With this 

configuration, the active power reference set point is 

modified by the input signal through a droop gain setting (1) 

but voltage and phase angle are now provided by phasor 

measurement units (PMU) devices. 
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Figure 5. Droop type control to enable VSC HVDC for system power support. 

 

An auxiliary signal is sent to the grid connected converter 

VSC2 modifying its power reference set point when 

subjected to the tie-line disconnection event. Different droop 

gain values are applied to show their effect on the system 

stability performance after the fault. 

A. Droop Control with Frequency and Voltage as Inputs 
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Figure 6. System responses with frequency droop control. 

 

The system responses are presented in Figure 6 and 

Figure 7 when the measured frequency and voltage are used 

as the input signals. The case without the droop control is 

also presented in Figure 6 which goes unstable after 5s. With 

the frequency droop control applied, the VSC HVDC starts to 

reduce its active power injection to reach a new equilibrium 

point. For a small droop gain settings (fdroop=10), the power 

reduction in the VSC HVDC is not fast enough and results in 

system instability after 6.5s. When the droop gain is increased 

(fdroop=30), the system is stabilized after the fault event. 

Therefore, in this case, the speed of power reduction in the 

DC link varies with the droop gain value — the larger the 

droop gain value, the faster the power reduction / reversal. 
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Figure 7. System responses with PCC voltage droop control. 

 
 

When the measured voltage is used as the input signal, 

both voltage droop gains (vdroop = 1 and 10) stabilize the 

system after the fault event (Figure 7). Again, a higher droop 

gain results in faster power change in the VSC HVDC and 

reduced voltage and frequency deviations in the system. 

B. Droop Control with Measured Phase Angle as Input 

With rapid advancements in wide-area measurement 

system (WAMS) technology, remote signals in the power 

systems are made to be available in local controls by utilizing 

synchronized PMUs at a rate up to 60 Hz [8, 9], and using the 

measured phase angle as an auxiliary signal for modifying 

VSC power reference settings. However, typical time delays 

can be up to 1s [9] depending on the distance, transmission 

channel and other technical factors. This is close to the time 

constants for the controls employed in the VSC HVDC link, 

and possibly deteriorates the controllers’ dynamic 

performance. To incorporate the delays in the model, a delay 

function was added expressed as in (2). 

( ) delaysT

delay
G s e

−=  
(2) 

 
 

In this case, a PMU is placed at generator bus 2 and 

measures its phase angle with respect to the slack bus angle. 

This value is used as an input signal to the droop control 

employed in VSC2. The simulation of the tie-line 

disconnection shows that the phase-angle droop-control is 

also able to modify the VSC output power and stabilize the 

system after the fault without considering the time delay in 

signal transmission. Variations in the droop gain value have 

similar effects as the cases with frequency and voltage type 

droop controls. However, when time delay in the signal 

transmission is considered (with the model shown in Figure 

8), the performance of the controller appeared to be poor and 

was even worse with increasing amount of delay, becoming 

unstable with a time delay larger than 700ms. 
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Figure 8. System responses with PMU phase angle droop control considering 

time delay. 

C. General Discussion on Droop Controls 
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Figure 9. Effect of low pass filter for the measured frequency signal. 

 

It can be seen from the previous investigations that with a 

larger droop gain setting, the speed of power response 

increases. Meanwhile, the magnitude of the oscillations in the 

DC voltage also increases significantly. However, this is 

mainly due to the initial overshoots in the measured signals 

when the fault occurs. Therefore, a low pass filter (LPF) may 

be required for the measured signal to remove the initial 

overshoots as well as any higher frequency oscillations, 

Figure 9. 

For a relatively large droop gain value, the reference 

power set point of the VSC HVDC varies with the measured 

signals, even in normal operating conditions where very small 

fluctuations exist. This can result in undesirable power 

oscillations in the VSC HVDC system under normal 

conditions. The droop gain also needs to be properly tuned 

for different system conditions depending on the plant model. 

For instance, the magnitude of frequency deviation can vary 

with system inertia and type and severity of fault, which will 

then affect the amount of power support provided by VSC 

HVDC. Although large droop gain values increase the 

response speed of the VSC HVDC, they can also deteriorate 

the DC system dynamic performance and lead to instability. 

IV. MODIFIED CONTROL SCHEME 

In practice, voltage based droop controls are normally 

used as an auxiliary signal to modify reactive power 

references instead of active power references. Also, the phase 

angles in the system are always varying and it is difficult to 

keep track of the phase angle difference between a particular 

bus where PMUs are installed and the slack bus. Therefore, a 

modified control scheme proposed in this section is based on 

the type of droop control using frequency measurements as 

the input to address the problems raised before. 

The UK Transmission System Operator, National Grid 

has real time system frequency historic data which suggests a 

normal frequency fluctuation between ±0.1Hz. With a large 

frequency droop gain value, very small fluctuations in the 

measured frequency signal may cause undesirable power 

variations in VSC HVDC. Therefore, the power reference set 

point should not be disturbed by small frequency variations. 

The modified droop characteristic for a VSC HVDC link is 

proposed, as illustrated in Figure 10.  
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Figure 10 Modified frequency droop characteristic. 

 

A small dead-band characteristic of ±0.1Hz is included 

for the droop type control to avoid active power oscillations 

due to small frequency fluctuations (similar as one applied in 

conventional governors). A single-time constant Low Pass 

Filter (LPF) is added for the measured signals to remove 

overshoots and higher frequency oscillations, see Figure 11. 

High pass filters may also be added to remove steady-state 

frequency offset in practical cases. 
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Figure 11 Block diagram of the modified frequency droop control. 

An initial selection of the frequency droop gain can be 

made based on the initial rate of change of frequency 

(RoCoF) [10]
2
. The rate of change of power in the VSC 

HVDC is then jointly determined by the RoCoF and the 

droop gain value. In this two-area system case a ‘typical’ 

power imbalance is around 400 MW and synchronous 

generators are used with inertia constants H1=H2=6.5 s. The 

bandwidth of the VSC HVDC power loop can be in a range 

between a few Hz to tens of Hz. Therefore, a reaction time 

for the VSC HVDC of 0.5 s to reverse its full power is 

reasonable. This gives an estimated frequency droop design 

as shown in Figure 10, as described by (3) and (4). 

( )
2

RoCoF

eq

P t
f k reaction time t

H

D ⋅
D = × =

′
 

(3) 

                                                           
2   Eventually other controls come into play, but the initial frequency 

deviation is set by inertia and possibly fast power electronic units such as 

VSC HVDC 
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Figure 12. System responses with modified frequency droop control. 
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Figure 13. Comparison of VSC2 power responses with the effect of rate 

limiter. 
 

The VSC HVDC link is operated at its maximum power 

rating of 400MVA. Figure 12 presents the system responses 

with the proposed control in VSC2 for the tie-line 

disconnection. It can be seen that the system is stabilized after 

the fault. The magnitude of oscillations in the DC side 

voltage is reduced in comparison with the responses shown 

previously in Figure 6. The VSC HVDC link provides full 

power reversal with the designed droop setting. A rate limiter 

[11] can be added to the dq current reference value if this 

needs to be limited. In this case, an emergency rate limiter of 

1GW/s and a reduced rate limiter of 500MW/s are assumed to 

be applied in the VSC HVDC link. The power response of 

VSC2 with a frequency droop gain of 30 is affected by the 

rate limiter as presented in Figure 13. 

It is seen that the output power from the DC link is not 

affected when the emergency rate limit of 1GW/s is used. 

When a slow rate limiter (500MW/s) is applied, the rate of 

change of power exceeds these limitations. As a result, the 

power can only change at the limited rate. Therefore, in the 

case that a rate limiter is required (from the AC system point 

of view) in the VSC HVDC link, its effect needs to be taken 

into consideration when designing a droop based adaptive 

power controller. The detailed parameterization of such 

systems would in any case require local system studies to 

include factors such as inertia and frequency protection 

settings of loads and generators [12]. 

V. CONCLUSIONS 

The effects of droop gain modification based on local 

voltage, angle or frequency feedback applied to VSC-HVDC 

converters have been illustrated in the paper. It has been 

found that, as with typical feedback systems, a higher droop 

gain results in faster power change in the VSC HVDC and 

less voltage and frequency deviations in the system. The 

droop gains, however, must be properly selected for the 

system under consideration as they, if too large, could 

deteriorate the DC system dynamic performance and 

ultimately lead to instability. Excessive time delays (e.g., 

greater than 700ms) in the feedback loop could also lead to 

system instability. Lastly a modified control scheme for 

frequency based droop control involving small dead-bands 

and filters is proposed to ameliorate the effect of power 

oscillations under normal operation. It was shown that the 

output power change rate limiters can significantly affect the 

results. 
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