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Abstract 

To reduce CO2 emissions produced by electricity generation, 

conventional fossil fuel power plants are being 

decommissioned. Renewable energy sources (RES) and 

interconnectors are replacing these old power plants but have 

different operating characteristics. A key concern as the 

conventional fossil fuel power plants are displaced is the 

reduction in system inertia. A reduction in system inertia will 

require faster control schemes to be implemented to prevent 

frequency and rate of change of frequency (ROCOF) limits 

from being exceeded. Frequency response schemes that can 

emulate inertia, often called synthetic inertia, are required and 

this will necessitate the need for fast controlled devices. VSC-

HVDC is a desirable interface option for the power levels and 

controllability required to provide synthetic inertia. This 

paper reviews supplementary frequency control schemes 

applied to VSC-HVDC and co-ordinated control strategies 

applicable to HVDC connected systems and islanded systems. 

1 Introduction 

In order to reduce greenhouse gas emissions, especially CO2, 

electricity generation will require significant decarbonisation. 

Approximately 32% of CO2 emissions in Great Britain are 

due to electricity generation [1]. To reduce the impact of CO2 

emissions from electricity generation; renewable sources of 

generation are replacing fossil fuel power plants. Integration 

of RES brings new challenges as they do not possess identical 

characteristics to fossil fuel power plants. RES are 

intermittent and increasingly connected using power 

electronic converters which limits the inherent support 

offered to the network.  
 

An increasing concern for the transmission system operators 

is the reduction of system inertia that is occurring by 

displacing fossil fuel power plants [2]. Consequences of 

reduced system inertia if left unmitigated will be high 

consumer costs and a system that is less stable with the 

potential for blackouts. The events described in [3] highlight 

the unfortunate sequence of events that lead to a blackout 

occurring. With reduced system inertia, occurrences such as 

lines tripping could increase the load on certain generators 

suddenly and cause a fast ROCOF. This could then lead to the 

disconnection of generation which could be catastrophic.   
 

Fast frequency support that can emulate the characteristics of 

traditional inertia (inherent in synchronous generation) is 

therefore required to reduce the rate of change of frequency. 

The provision of this fast frequency support is often called 

synthetic inertia. VSC-HVDC has the potential to facilitate 

frequency support due to its characteristics. VSC-HVDC is 

already used with wind power plants (WPPs), interconnectors 

and electrical storage. Evolving from these applications in the 

future are multi terminal DC (MTDC) networks and islanded 

networks containing power electronic interfaced generation. 

Through local and coordinated control strategies, VSC-

HVDC can be used for frequency support. A future low 

inertia power system will inevitably require enhanced control 

strategies that provide fast sophisticated frequency support.  
 

This paper provides a review of supplementary local control 

strategies for VSC-HVDC and coordinated control 

strategies/techniques applicable for the control of resources 

within MTDC grids or islanded systems. This is not intended 

as an exhaustive list of control strategies but of key VSC-

HVDC frequency control concepts.  

2 Supplementary VSC Frequency Control 

In order to utilise VSC-HVDC for frequency response, 

control alterations are required that generally involve the 

addition of a supplementary control loop. The supplementary 

control loops provide additional references (or modifications 

of setpoints) for use in the upper level control of the cascaded 

control structure shown in Fig.1 [4]. This section provides an 

overview of frequency response control schemes applicable to 

VSC-HVDC. Note that all diagrams presented are not an 

exact replication from their referenced source due to signal 

and convention harmonisation applied for the purpose of 

consistency in this document. 

 

Fig. 1: Control hierarchy for VSC-HVDC, adopted from [4]. 

2.1 Proportional control 

A proportional control output is proportional to the input 

signal which produces a linear response and is often 

commonly termed droop control as displayed in Fig. 2 (a). 

Standard values for the slope of the proportional droop 

control are typically between 3-5%. 
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Droop control schemes are often implemented with a 

deadband or saturation limits to provide the required 

operating characteristics. A saturation block prevents the 

output from exceeding set limits as displayed in Fig. 2(b) and 

a deadband prevents the operation of the output during a 

given range of the input as described in [5] and displayed in 

Fig.2(c). Precise values for these nonlinearities are dependent 

on system conditions and operating regimes as well as the 

device capabilities. All of the following controllers can be 

implemented using saturation, deadband or combination of 

both. For simplicity, these have been neglected from the 

following diagrams of control structures. 
 

 

Fig. 2: (a) proportional (b) saturation (c) deadband. 
 

Throughout, values for gain (K) and time constant (𝜏) would 

be different for each figure, but for simplicity generic 

symbols are used along with 𝑠 to denote a derivative action 

and 1 𝑠⁄  to denote an integral action. 

Droop control can be implemented into a VSC by adding a 

supplementary control loop into the active power (active 

power-frequency droop) as given by (1) or the DC voltage 

(VDC-frequency droop) control loop [6] [7]. A standard active 

power-frequency droop control block diagram is displayed in 

Fig. 3. Droop control may be used individually or may be 

combined with an additional integral term to remove steady 

state errors. Droop control is implemented or used for 

comparison in [5]-[15].  

𝛥𝑓 =  −𝑅 · 𝛥𝑃 (1) 

 
Fig. 3: Typical active power-frequency droop control  

 

Proportional only droop control is presented in [5] and is 

described as an easy control strategy to implement. A 

deadband is used to prevent the controller operating during 

normal frequency deviations. The use of proportional integral 

(PI) control is introduced with a VSC connecting an industrial 

load in [7] as displayed in Fig. 4. Case studies and simulation 

in [6] and [8] evaluate droop control and highlight the 

benefits of PI control over proportional only. Comparison 

between Vdc-frequency and active power-frequency droop 

provided in [6] displays that both methods improve frequency 

response. However, the power-frequency method which is a 

PI control displayed superior performance. In [8] the 

proportional controller is designed to produce a new 

frequency reference for the VSC output voltage based on the 

state of the DC voltage.  

The use of two control modes is proposed in [9] which allow 

the VSC to operate in a normal generalised power-Vdc droop 

mode until a disturbance occurs, it then operates in an inertia 

mimicry mode. The inertia mimicry mode generates the 

references for the upper level control and will be discussed 

later. The control mode operation is determined by the 

specific needs of the network. Use of a supplementary 

frequency droop control in order for an interconnector to 

provide frequency response is shown to be effective in [10]. 

However, frequency disturbances may occur on the attached 

network if it is not a strong network. In [10], a power-

frequency droop is implemented on the interconnector to 

modulate the power based on the control presented in [7]. 

Similarly in [11], use of PI frequency control applied to the 

grid side VSC of a WPP is proposed to allow participation in 

frequency response.  

 

Fig. 4: Proportional integral control, adopted from [7]. 

An additional feedback loop is introduced in [12] to improve 

the response speed of the control system. The use of a PI 

droop control with a first order feedback loop is implemented 

as displayed in Fig. 5. 

 
Fig. 5: PI with first order feedback, adopted from [12]. 

Two droop control strategies are proposed in [13] with the 

operating mode dependent on the status of the system 

frequency. If the system frequency is stable and only has 

small frequency variations, the controller uses a standard 

active power-Vdc droop control. If a significant frequency 

disturbance is detected, the controller switches to a 

frequency-Vdc droop control.  

Frequency droop gain is determined by an estimation of the 

frequency deviation in [14] that enables the VSC to provide 

maximum support to the network. A low pass filter removes 

any high frequency oscillations and a deadband is included in 

the droop component as displayed in Fig. 6. The value of gain 

used by the droop control is obtained from a look table based 

on the frequency deviation. 

 

Fig. 6: Estimated droop gain control, adopted from [14] 

2.2 Derivative control 

A derivative controller uses the ROCOF (𝑑𝑓/𝑑𝑡) of the grid 

as the measured variable to respond to disturbances [15]. This 

type of control scheme is commonly called synthetic inertia 

control and a generic block diagram is displayed in Fig. 7 and 
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detailed in [16]. An inertia constant term H is included in this 

algorithm. Two possible synthetic control loop approaches are 

continuous and one shot as described in [16]. The continuous 

method is highly adaptive to the changing network frequency 

but requires more complex filtering, whereas, one shot control 

is based on initial ROCOF and is simpler to implement but 

does not continually adapt.  

P Pref

f P* s 2H

× 

 
Fig. 7: Synthetic inertia controller, adopted from [16] 

 

The derivative function may be provided by the use of a filter 

instead of a derivative block as described in [5] and [15]. A 

droop control combined with a lead-lag filter is presented in 

[15] and is designed to respond to the frequency error and 

also to the rate of change of the error signal. A block diagram 

of the proportional lead-lag controller is provided in Fig. 8. 

The use of a washout filter instead of a derivative term in the 

synthetic inertia frequency control loop is presented in [5]. A 

block diagram is displayed in Fig. 9 but note this would 

usually have an additional deadband to prevent unwanted 

operation.  

 
Fig. 8: Proportional lead-lag controller, adopted from [15] 

 

 
Fig. 9: Proportional controller with washout, adopted from [5] 
  

The effect of different synthetic inertia controller activation 

schemes for a full converter wind turbine are presented in 

[17]. This work compares under frequency, continuously 

operating and maximum frequency gradient triggers to 

activate a synthetic inertia controller. Under frequency 

triggering of the synthetic inertia controller was demonstrated 

to be the most effective in the studied cases [17]. 
 

Modular multilevel converters (MMC) combined with energy 

storage are expected to be extremely relevant in future grids 

with high penetration of RES [18]. Investigations into the use 

of MMC attached to power intensive energy storage systems 

are presented in [18]. STATCOMs are widely used in the 

network and are commonly connected to the network using a 

step up transformer. The addition of storage connected to the 

STATCOM would allow transient stability support for the 

network [19]. Design of an active power controller is 

displayed in Fig. 10 and has two operating modes. The lower 

half responds to a frequency deviation based on a 

synchronous generator’s governor droop controller with the 

addition of a lead-lag filter to provide faster frequency 

support. The upper half acts when the ROCOF exceeds a set 

triggering value. 

 

 
Fig. 10: Dual mode frequency control, adopted from [19]  
 

2.3 Inertia emulation control 

The term inertia emulation control has been used to describe 

the extraction of stored intrinsic energy in the VSC device or 

in the DC link in [5], [20] and [21]. Unlike other control 

strategies proposed, instead of using ∆𝑓 or 𝑑𝑓/𝑑𝑡 as inputs, a 

measurement of the grid frequency can be used. The output of 

this control loop produces a DC voltage reference that is used 

as the setpoint in the voltage control loop [5]. The proposed 

method in [20] uses the energy stored in the HVDC capacitors 

and link to provide the inertial energy response.  A simplified 

block diagram of the proposed inertia control loop is 

displayed in Fig.11.  The constant K2 is given by (2) [5]. 

𝐾2 =
4𝐻𝑣𝑠𝑐𝑆𝑣𝑠𝑐

𝑁𝐶
 − 𝑉𝑑𝑐0

2  (2) 

The method proposed in [21] combines this inertia emulation 

control with a synthetic inertia controller. The aim of the 

method is to allow the inertia emulation controller to respond 

to sudden changes and to subsequently be supported by a 

WPP using a synthetic inertia controller. The proposal is that 

the communication delay that is present when extracting 

synthetic inertia from a WPP is overcome by utilising the 

intrinsic energy of the HVDC link [21]. However, the amount 

of stored energy available may be very limited and therefore 

restrict the application of this control strategy. 

 
Fig. 11: Inertia emulation control loop [20] 

2.4 Virtual synchronous generation 

Operation of a VSC in a similar manner to a synchronous 

generator (SG) is often called a virtual synchronous generator 

(VSG) or a synchronverter. VSGs were proposed over a 

decade ago in order to provide some of the functionality and 

control of a synchronous generator as more power electronics 

are connected to the network [22]. VSGs are presented in [23] 

and this provides a background for their usage and 

application. VSGs use short term energy storage to provide 

fast response and then other energy sources to provide a 

further slower response. A block diagram of a typical VSG 

setup is displayed in Fig. 12 and an overview of control 

techniques is detailed in [22]. The definition of a 

synchronverter is introduced in [24] and highlights the 

differences from a VSG with the prominent difference being 

the lack of short term energy storage.  
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Fig. 12: Concept of a VSG [25]. 

 

Use of a VSG to enhance grid stability is discussed in [25] 

and [26] in which the swing equation is modelled to 

determine a virtual rotor angular velocity. Grid phase angle 

measurements and the determination of a virtual rotor phase 

angle allow a VSG to control the difference between the two. 

A governor control loop is applied to provide similar 

dynamics to a SG in [25] in which the governor is expressed 

as a first order lag element. Delays in determining the angular 

grid frequency are highlighted by [27] and a comparison with 

an ideal VSG is undertaken. The need for fast frequency 

detection is emphasised in order to operate on the desired 

ROCOF and not cause nuisance operation. For example, the 

use of a high ROCOF signal is used to trigger the VSG to 

output maximum power in [27] as shown by the Fig. 14.  

 

Fig. 14: VSG maximum output power algorithm [27]. 

A synchronous generator emulation control strategy (SGEC) 

is presented by the authors in [28] in which they implement a 

droop control component to allow the VSG to participate in 

primary frequency control. The implementation of the droop 

control in a VSG would allow it to coordinate with other 

VSGs when connected in an islanded or microgrid system 

making it suitable for low inertia systems. 

2.5 WPPs encompassing VSC  

The use of WPPs to provide frequency support has been 

extensively investigated in [29]-[31]. Supplementary control 

loops are used to release inertia from a wind turbine as 

proposed in [30] and [31]. Control of wind turbines for the 

purpose of frequency support is often achieved by releasing 

the kinetic energy by increasing the power output, which 

relies on operating in a de-loaded state, rather than maximum 

power point tracking to allow a power increase [29]. Co-

ordinated control is required between the VSC and WPP to 

optimally provide frequency support. The strategy proposed 

in [30] increases WPP output proportional to 𝛥𝑓 by adding a 

droop control loop in parallel to the existing synthetic inertia 

controller. Optimal droop value tuning is required based on 

the composition of the power system that the WPP is 

connected to [30]. Commercial applications to enable a WPP 

to contribute to frequency response already exist such as GE 

Energy’s WindInertiaTM controller [32]. 

3  Coordinated and Supervisory Control 

Low inertia networks of the future will have an increased 

number of energy sources connected using power converters. 

These offer greater flexibility and operability than existing 

SGs [33] and may be configured as a MTDC network 

allowing power transfer between asynchronous networks, or 

may connect RES into an island network. This section 

provides a review of strategies applicable for controlling 

numerous power converters to support the system frequency. 

3.1 Multi terminal DC grids 

A co-ordinated strategy is applied in [34] that allows all 

asynchronous generation connected to the network to respond 

to a frequency disturbance in a single area without the use of 

a centralised controller. Each HVDC controller in the MTDC 

configuration monitors the frequency of its own area and the 

other areas to provide a frequency error signal. An 

assumption of a delay free communication is applied in the 

study. However, frequency control provided using a MTDC 

network is shown to be degraded as the communication time 

delay increases within [35]. Stability issues may arise when 

the time delay exceeds a certain threshold leading to 

undamped frequency oscillations that are more profound as 

values of controller gain increase. Autonomous local control 

is an alternative to overcome the impact of the delays that 

may cause instability described in  [35].  

The use of two droop operating modes is presented in [13] 

that allows each terminal to operate optimally based on the 

characteristics of the asynchronous networks. Control of 

power exchange is discussed in [36] and [37]. In [37], three 

power systems are connected using VSC-HVDC terminals in 

a trilateral configuration in order to improve frequency 

responses without adversely affecting the frequency in each 

asynchronous network. To prevent perturbing the frequency 

of a network when responding to a frequency disturbance in 

another network, a cooperative control concept is applied. 

Frequency containment is combined between two areas to 

enable fast response without threatening the frequency in the 

area providing the response. Similarly, a power exchange 

algorithm between two microgrids is introduced in [38] that 

uses the frequency measurement from both microgrids to 

determine the power reference for each VSC and direction of 

power flow between the microgrids. This strategy could 

produce a continually changing amount of frequency response 

available from the VSCs, making it difficult to determine the 

value of frequency response accessible to the system and 

reducing guarantees of system performance. 

Two methods for determining the frequency setpoint for a 

VSC in a MTDC network are investigated in [39]. A 

weighted average frequency (WA-𝑓) and local frequency 

measurement are compared. The WA-𝑓 determines which 

asynchronous system’s frequency is below/above the 

weighted average in order to determine each VSC power 

setpoint. The WA-𝑓 measurement scheme was determined to 

be more beneficial over the local frequency measurement 

scheme for both AC and DC network stability. 
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3.2 Islanded operation 

Islanded systems may be viewed as microgrids and a 

classification of power converters embedded in microgrids is 

provided in [33]. Hierarchical control similar to existing 

layers of primary, secondary and tertiary is discussed in [33], 

[40] and [41]. Primary control in these cases is a local or 

decentralised control applied to the power converter that does 

not rely on communications with inherent delays. The ability 

of inverters connected in parallel to share load and crucially 

to respond simultaneously to network disturbances is 

important [42], [43]. Communication-free droop control 

schemes are implemented in these studies to share the load 

between inverters. Islanded microgrid inverter control is 

surveyed by [44] with detection of an islanded system noted 

as important to schedule the operation of inverters. Two 

strategies are proposed in [44] to manage all inverters 

connected to the network; single-master and multi-master. A 

multi-master requires a central controller to determine 

parameters for each master controller whereas a single-master 

controller sets the parameters for the slave devices. Lower 

control complexities and shorter communication delays have 

been shown to make local control the preferred method for 

providing frequency response by numerous authors. 
 

System control using multiple agents may enable each 

component or energy source to communicate with each other 

and securely manage the network [45], [46]. In [46], a multi-

agent microgrid control system that adjusts the droop 

characteristics of each controller depending on the availability 

and state of charge of the other connected sources is 

presented. Multiple agents may not communicate with VSCs 

in the time frames required to enable frequency response, but 

could be used to provide more optimal coordinated control 

between VSCs over longer timescales, perhaps through 

appropriate gain scheduling. More complex centralised 

control strategies in the form of model predictive control 

(MPC) and particle swarm optimisation (PSO) are presented 

in [47] and [48]. These methods aim to determine the power 

injections required by each converter and also attempt to 

determine the optimal parameters for each converter. 

However, the practical applicability of such methods is 

severely limited by the processing time required for optimal 

decisions to be reached and the timescales in which this 

occurs. 

4 Summary 

It is expected that a future low inertia power system with 

power electronic connected energy sources will require local 

and supervisory control that interacts seamlessly to provide 

frequency support. A review of local supplementary 

frequency control strategies for VSC-HVDC has been 

presented, along with a brief overview of coordinated and 

supervisory control strategies that are applicable to MTDC 

grids (often originating from microgrid research).  

Further investigation is needed to establish how numerous 

VSCs connected at the transmission level will respond to 

disturbances, particularly if differing control strategies are 

implemented. There is a potential for their interactions to 

degrade the level of system support they provide. 

Furthermore, although local droop-based strategies have 

proved most popular in this research area, it is yet to be 

established if this will provide an optimal level of system 

performance, or whether  advanced strategies are needed. 
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