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The increasing penetration of power electronics interfaced renewable generation (e.g. offshore wind) has been leading to a re-

duction in conventional synchronous-machine based generation. Most converter-interfaced energy sources do not contribute to 

the overall power system inertia; and therefore cannot support the system during system transients and disturbances. It is 

therefore desirable that voltage-source-converter (VSC) based high voltage direct current (HVDC) interfaces, which play an 

important role in delivery of renewable power to AC systems, could contribute a virtual inertia and provide AC grid frequency 

support. 

 

In this paper, an inertia emulation control (IEC) system is proposed that allows VSC-HVDC system to perform an inertial re-

sponse in a similar fashion to synchronous machines (SM), by exercising the electro-static energy stored in DC shunt capaci-

of the HVDC system. The proposed IEC scheme has been implemented in simulations and its performance is evaluated using 

Matlab/Simulink. 

Inertia emulation, shunt Capacitor, HVDC, VSC, Power systems, Stability

1   Introduction 

  Increasing energy consumption and concerns over envi-

ronmental issues associated with fossil-fuelled power gen-

eration have been leading to an intensive focus on renewa-

energy development.  It is anticipated that there will be an 

approximate boost of 26.6 GW in aggregate generation ca-

pacity over the period from 2009/10 winter peak to 2016/17 

winter peak in the Great Britain, 11.7 GW of which will be 

contributed by wind power [1]. 

  For the majority of power electronics interfaced renewa-

ble power generations (e.g. wind power, photovoltaic, tidal) , 

power converters decouple the electrical power from the 

mechanical system (they possess a characteristic of dP/d=0) 

and inherently plays the role of power sources without “in-

ertia”, just like a vehicle travelling down a hill without en-

gine breaking. Ref. [2] and [3] suggests that doubly fed in-

duction generator (DFIG) and full converter wind turbine 

generator (FCWTG) has minimal inertia as seen by the sys-

tem respectively. Therefore, increasing wind power penetra-

tion could reduce the system inertia and affect frequency 

response by its conventional control mechanisms. Ref. [4] 

shows that there has been a considerably declining trend of 

effective inertia on the eastern interconnector in the United 

States over a period of more than 10 years, based on meas-

ured frequency transients relating to a number of system 

disturbances that were experienced over the period of anal-

ysis. Consequently, power system frequency control may be 

eroded and costly, fast-acting, synchronous spinning reserve 

and/or other enhanced frequency response measures (for 

example, using relatively more frequency-responsive types 

of prime movers for synchronous generators) may be re-

quired. There is a clear desire for renewable power genera-

tions to be able to contribute to system inertia and frequency 

response through enabling its control system to mimic syn-

chronous machine response. 

  On the other hand, in terms of renewable power trans-

mission, the VSC-HVDC converter stations, which integrate 

offshore wind farms with the onshore grids, do not contrib-

ute inertia to the connected power system. Even there is 

supporting kinetic energy stored in large rotating electrical 

machines available at the other end of the HVDC system, 

the VSC stations inherently decouples the available kinetic 

energy from one AC system to another. Ref. [5] proposes a 

coordination control strategy for wind farms with 

line-commutated-converter (LCC) based HVDC to partici-

pate in inertial response. However, as [2] and [3] confirm 

that DFIG and FCWTG are inertial-less wind power gener-

ators by their conventional control, regarding to disturbance 

ride-though capability, it is not favorable to dictate “weak” 

wind farm power systems to quickly draw on the kinetic 

power primarily stored in the turbine blades, which may 

arise severe problems for the wind farm (e.g. the risk for the 

wind turbine blades to stall [6]). 

  To address these issues, an inertial emulation control 

(IEC) system for VSC-HVDC is proposed in this paper. The 

proposed IEC utilizes the electro-static energy stored in the 

http://www.strath.ac.uk/eee/research/iee/
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HVDC DC shunt capacitors in order to damp AC-side 

low-frequency oscillations at the point of common coupling 

(PCC) following large network disturbances. Provision of 

the IEC is achievable with minimum violation to the basic 

“power transmission” function of HVDC. The performance 

of the proposed IEC scheme is evaluated under a temporary 

loss of main event. 

2   Synchronous machine inertia 

 
Figure 1 Interaction between interconnected synchronous machines 

  In Figure 1, there are two synchronous machines (SM) 

interconnected by highly inductive transmission line with 

reactance of X. J1 and J2 represent moment of inertias of the 

synchronous machines SM1 (generating mode) and SM2 

(motoring mode). Assuming that both machines operate at 

steady state, the active power transfer from SM1 to SM2 is 

given by equation (1): 
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  A transient increase in the input mechanical torque TM1 

supplied by prime mover to SM1 will cause its mechanical 

rotor angle advancing relative to that of SM2, resulting in 

rotor angular speed ωr acceleration according to swing 

equations in Figure 1. Consequently, the voltage angle be-

tween two emfs E1 and E2 will increase based on equation 

(2), leading to a transient rise in active power transfer from 

SM1 to SM2. The increased power transfer brings the motor 

SM2 an increased electrical torque TE2, which further inter-

acts with SM2’s mechanical torque TM2 to accelerate its rotor 

angular speed 2 . 

  This interacting cycle between SM1 and SM2 is accom-

plished almost instantly, but propagated backward and for-

ward oscillations with impaired momentums typically take a 

few power cycles to settle. The speed deviation rates of SM1 

and SM2 are determined by the individual moment of inertia 

J1 and J2 of all rotating masses attached to the shaft [7], 

shown in Figure 1.  

  In a larger interconnected power system, all electrical 

machines are electrically synchronized, and any power 

mismatch or disturbance creates power oscillations among 

all the machines, which will be ultimately shared by the 

mechanical inertia of the rotating machines attached to that 

system. Ref. [7] defines a fictitious “inertial center” for a 

large-scale power system, that has an mean angular speed 

ω̅ for all electrical machines in a power system, and derives 

the following equation: 
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Equation (3) indicates that for a certain power imbalance 

∆P between generation and load, the aggregate inertia  H 

of a power system determines the mean rate of angular 

speed deviation. Apparently, higher aggregate inertia con-

firms an overall stability of the power system by restricting 

machine angular speed deviations when subject to any dis-

turbance. Ref. [8] investigates the effect of various individ-

ual SM inertia constants on the transient stability of the oth-

er machine, and conducts a comprehensive understanding 

on SM inertia mechanisms.       

Back to the VSC-HVDC transmission system, the con-

siderable energy storage capability of DC shunt capacitors 

can be exploited to allow the HVDC converter to respond to 

low frequency oscillations in a similar manner as SM with 

mechanical inertia. In next sections, the characteristic of the 

shunt capacitors, the selection for the capacitance to facili-

tate the proposed IEC will be demonstrated. 

3   Conventional VSC-HVDC vector control 

A. Inner current controller 

  The conventional control system for a VSC-HVDC is 

well documented in [9]. A synchronous d-q reference frame 

rotating at the system angular frequency facilitates the 

VSC control functionality by transforming three-phase 

voltages and currents at PCC to d-q vectors vd and vq, id and 

iq through Park Transformation [10] in equations (4) and 

(5): 
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  At steady state, as d-axis reference frame is aligned with 

one of three voltage phases at PCC, vd represents 

three-phase voltage magnitude, while vq is equal to zero. In 

order to control the current vector id and iq through the con-

verter PCC, converter voltage vectors vd_conv and vq_conv are 

continuously updated by equation (6) to generate required 

switching pulses for the required voltage waveforms at 

converter side, as shown in Figure 2. 
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Figure 2  VSC HVDC transmission system configuration, with test power system on the right hand side (4 shunt capacitors in red 
critical for the proposed IEC; * represents the reference) 



APAP2011 
The International Conference on Advanced Power System Automation and Protection 

 

B. Outer controllers 

  The outer controllers of VSC-HVDC can provide several 

different control modes for VSC stations depending on spe-

cific operating requirement. Two straightforward modes are 

independent PCC active (P) and reactive power (Q) control, 

which function based on the following equations: 

ddivP
3

2
                  (7) 

qdivQ
3

2
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  The active power flow in the DC system must be bal-

anced, so that one of VSC station equipped with DC voltage 

controller has to control the DC voltage by adjusting PCC 

current vector reference id*. The AC voltage at the PCC is 

regulated by the AC voltage controller to modulate the reac-

tive power at the PCC. For example, to transmit offshore 

wind power to onshore AC grid, the VSC rectifier at wind 

farm side should apply an active power controller varying 

with wind generation to maximize power transfer and an 

AC voltage controller, while the VSC inverter at AC grid 

side can utilizes a DC voltage controller and AC voltage 

controller, as shown in Figure 2.   

  Four types of outer controllers in the VSC station control 

system: active power controller, reactive power controller, 

AC voltage controller and DC voltage controller are illus-

trated in Figure 3. 

 
Figure 3 HVDC outer controllers (a) first: active power; second: DC 

voltage. (b) first: reactive power; second: AC voltage. 

4   HVDC inertia emulation control 

  This section proposes an inertia emulation control (IEC) 

for the HVDC VSC stations. If DC shunt capacitors, is 

sufficiently large, the stored energy is available for 

provision of considerable damping support to the AC grid 

using inertia emulation. The additional energy can be 

obtained dynamically by varying HVDC DC link voltage 

using DC voltage controller in order to suppress the power 

oscillations. This can be achieved with DC shunt capacitors  

to release or absorb the the excessive energy to the AC grid, 

without violating the normal HVDC operationability. 

A. Machine inertia constant vs Capacitor time constant 

  In physics, “inertia” is defined as amount of resistance to 

change in velocity. For an SM, all the rotating masses at-

tached to the shaft is quantified by an inertia time constant 

H in seconds, which corresponds to the period that it takes 

to accelerate from zero to rated speed ω using full rated 

power MS , is given: 
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  Where WK represents kinetic energy stored in the rotating 

mass of the electrical machine, and J refers to the moment 

of inertia. 

  Capacitor driven applications are used in industry for 

many purposes such as power quality improvement, includ-

ing static synchronous compensator for reactive power 

compensation, active power filtering and voltage imbalance 

correction [11]). With a controlled VSC, the size of the DC 

capacitors is characterized by a capacitor time constant , 

which similarly refers to the period needed to charge the 

capacitor from zero to rated voltage Vdc using rated power 

supply SVSC, given in equation (10): 

Figure 2 VSC-HVDC configuration (* represents reference) 
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Where WE represents the electro-static energy stored in 

the capacitor, and C is the capacitance. 

From energy point of view in equation (8) and equation 

(9), DC capacitors possess the inertia nature of electrical 

machines, as long as the energy stored in the capacitor can 

be temporarily exercised by the VSC. 

B. Shunt capacitance and emulated inertia constant 

  In terms of the relation between machine speed deviation 

and power mismatch, the well-know equation of machine 

motion is given in equation (11): 

1

2
PPP

dt

df

f

H
EM     .).( up    (11) 

Where H is the inertia time constant, PM is the mechanical 

power, PE is the electrical power and ∆P1 is the kinetic 

power stored or released in the machine rotating mass. 

In order to facilitate the IEC design, similarly with the 

equation (11) of electrical machine motion, DC shunt ca-

pacitors placed in the HVDC network, also has an equation 

on apparent power variation in line with DC voltage varia-

tion: 

2PPP
dt

dV

S

NCV
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dc

VSC

dc    .).( up   (12) 

Where N represents the number of shunt capacitors in to-

tal (in the example of Figure 2, there are 4 capacitors in 

total for three-level neutral-point clamped VSCs, therefore 

N=4), Pin is the power input to all the capacitors and Pout is 

the power output, and ∆P2 is the electro-static power stored 

or released in all the capacitors. 

From equation (12), it can be seen that if the DC network 

voltage Vdc is effectively allowed to vary, there will be extra 

power dynamically changed in all the capacitors. Due to the 

low resistance of the DC cables, the DC voltage difference 

between the rectifier and inverter is tiny (normally a few 

kilovolts). For this reason, the DC voltages at the rectifier 

and inverter are regarded as an identical value, which is 

controlled by the DC voltage controller by the inverter con-

trol, shown in red in Figure 2. 

To assign the HVDC system a virtual inertia, the “virtual” 

machine power variation ∆P1 based on the specific re-

quirement on inertia design in equation (13), should be 

equal to the shunt capacitor power variation ∆P2, giving 

equation (13): 
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The dt terms on both sides of equation (13) are omitted, 

and integrations for df and dVdc are processed on both side. 

This gives equation (14) and (15): 
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Therefore, the equation (15) is transformed to another 

format in equation (16), which is the basic principle of the 

IEC design: 

)ln(4
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Equation (16) demonstrates the HVDC converter inertia 

is determined by the number and capacitance of DC shunt 

capacitors, the nominal DC voltage and the converter rated 

power. Another way to say, for a given capacitance, the DC 

voltage level of the HVDC system should have a direct but 

non-linear correlation with the grid frequency, in order to 

achieve inertia emulation.  

Equation (16) eliminates both of differential terms in 

equation (11) on system frequency deviation rate and equa-

tion (12) on DC voltage variation rate. This avoids of pro-

cessing the differential property of frequency at the inverter 

PCC. The benefit will be demonstrated in the section C. 

C. VSC Inertia emulation control loop 

  As demonstrated in the section B, in order to assign an 

specific inertial response to the VSC-HVDC system, equa-

tion (16) is transformed to another format to link the system 

frequency fgrid at the inverter PCC, with the DC voltage ref-

erence Vdc*, shown in equation (17): 

NC

fSH
V VSCVSC

dc

)ln(4*             (17) 

  The inertia emulation loop is designed in the VSC-HVDC 

inverter control system, shown in Figure 4:  

 
Figure 4 Inertia emulation control loop 

  The real-time frequency, which is estimated by the 

phase-locked loop (PLL), acts as the input to be processed 

by log calculation, a specific gain, and square root calcula-

tion, based on equation (14). The calculated DC voltage 

reference is limited within upper and lower constraints in 

case the DC voltage exceeds the cable and capacitor rating 

or violates the converter functionality. The DC voltage con-

troller in the inverter control shown in Figure 2 and Figure 3 

will fast act to adjust the DC voltage level to the reference. 

The IEC loop avoids of processing a differential term of 

grid frequency which may be problematic for converter op-
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eration (e.g the differential term of a PID controller may 

cause a large output “kick” in response of a sudden input 

change [12]). The performance of the HVDC IEC is evalu-

ated in next section. 

5   Simulation evaluation 

  As shown in Figure 1, a back-to-back VSC-HVDC sys-

tem is simulated in Matlab using SimPowerSystems. The 

parameters are listed in Table 1. As the effect of emulated 

inertia by the HVDC system is apparent in a low-inertia 

power system, the test power system is configured as one a 

synchronous generator with IEEE benchmark parameters [7] 

listed in Table 2, one passive load and 2000-MVA equiva-

lent large power system, as shown in right hand side of Fig-

ure 2. The large power system will be disconnected for a 

short period to simulate a temporary loss of main event. 

Table 1 Parameters for the VSC-HVDC system  

Item Value 

Rated VSC power SVSC 270 MW 

Rated AC voltage VRec 100 kV 

Rated AC voltage VInv 100 kV 

Nominal DC voltage Vdc ±100 kV 

Reactor inductance Lv 0.15 pu 

Reactor resistance Rv 0.005 pu 

DC capacitor Cdc 105.6 mF 

Switching frequency fsw 1350 Hz 

Table 2 Parameters for the synchronous generator and passive load 

Item Value 

Rated MVA Sg 270 MW 

Terminal Voltage Vg 18 kV 

Load angle cosδg 0.75 

xd  ,  xd’ ,  xd” 1.700, 0.256, 0.185 

xq  ,  xq”,  xl 1.620, 0.245, 0.147 

 τd  ,τd’ , τq 4.800, 0.0437, 0.141 

Governor delayτgov 0.1 s 

Governor delayτgov 0.1 s 

Load active power 550 MW 

Load reactive power 100 MVar 

 

  The synchronous generator connects to the common 

230kV transmission network by an 18kV-230kV step-up 

transformer, while the HVDC system connects the network 

by a 100kV-230kV step-up transformer. The large power 

system and passive load are directly coupled with the 

transmission network. 

  Based on equation (16), the emulated inertia constant 

HVSC=1s of the HVDC system, with rated apparent power of 

SVSC=270 MW and the nominal DC voltage of Vdc=±100 kV 

requires the capacitance of C=105.6 mF for each four ca-

pacitors, shown in red in Figure 2. This capacitance may be 

relatively large for energy storage, compared with the typi-

cal capacitance value of VSC-HVDC shunt capacitors. 

However, in order to show apparently the effect of the pro-

posed IEC, this large capacitance is adopted (a smaller ca-

pacitance will consequently emulate a smaller inertia con-

stant). 

  Both of the VSC-HVDC and the synchronous generator 

feed the passive load an active power of 400 MW in total, 

while the large power system feeds an active power of 150 

MW to the load. At t=1s, a loss of main event is initiated by 

a temporary disconnection of the large power system for 

200ms. The power oscillations in the network with and 

without the HVDC IEC are compared in Figure 5 through-

out Figure 7. 

 
Figure 5 Comparison on SM rotor speed 

 
Figure 6 Comparison on inverter output active power 

 
Figure 7 Comparison on DC voltage and Capacitor net power 

  It can be observed in Figure 5 that both SM rotor speed 

and the frequency at the inverter PCC vary less with the 

proposed IEC of the HVDC system than those with the con-
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ventional control. As it is expected, the generator rotor with 

the HVDC IEC experiences variations with smaller ampli-

tudes, and the frequency with the IEC drops less and restores 

faster than the frequency without. As the HVDC inertia with 

the IEC contributes the emulated inertia H=1s, this extra 

inertia effectively restricts the SM rotor speed deviation and 

frequency decrease. 

  The simulation results on SM rotor speed and the inverter 

PCC frequency imply that though the IEC, the emulated “in-

ertia” by the VSC system is able to interact with the SM and 

act to counter-balance the momentum (trend) of rotor speed 

and frequency deviations. 

During the temporary loss of main from t=1s to t=1.2s, 

there is a power shortage in the islanded power system, and 

the SM rotor suffers a sudden stall in the speed to release 

the kinetic power from the rotor. The amount of released 

kinetic power is critical for system stability as the SM may 

fall out of step (lose synchronization with the large power 

system). The inverter active power responses with and 

without the IEC are shown in the first diagram of Figure 6. 

The inverter with conventional control has its active 

power output slightly drop and restore to the original value 

around Pvsc=195 MW. This phenomenon is coincident with 

the former discussion in section 1 that HVDC inverter does 

not contribute any inertia and just like a vehicle travelling 

down a hill without engine breaking in any event (except 

severe AC voltage depression), passively responding to the 

power islanding disturbance.  

With the IEC, at the initiation of the loss of main event, 

the HVDC inverter quickly output an excessive active pow-

er, similarly as the generator release the kinetic energy 

stored in its rotating masses. This partition of inverter power 

output sources solely from the DC shunt capacitors by the 

IEC to vary the DC voltage level, without affecting the rec-

tifier transfer active power, shown in the second diagram of 

Figure 6. 

  The correlation between DC voltage and net power stored 

in the DC capacitors is illustrated in Figure 7, which shows 

the post transients after the temporary loss of main. During 

the period from t=1.3s to 2s, with the positive trend of DC 

voltage deviation, the stored apparent power flowing into 

the capacitors is releasing, and vice versus. It is also ob-

served from Figure 8 that by varying less than 0.2 kV of the 

DC voltage, approximate 40 MVA of capacitor instantane-

ous power can be employed by the IEC in response to the 

loss of main event, with the calculated capacitance of 105.6 

mF.  

6   Conclusion 

  To cope with the increasingly reduced power system iner-

tia due to the fast development of renewable power genera-

tion and transmission, this paper proposes a novel inertia 

emulation control (IEC) for VSC-HVDC transmission sys-

tem that may enable the HVDC system to provide damping 

support to AC networks similarly as conventional power 

plants with mechanical inertia. It has been shown that the 

emulated inertia Hvsc of the HVDC, with fixed rated apparent 

power Svsc and DC voltage Vdc is solely determined by the 

capacitance of DC shunt capacitors. The proposed IEC es-

sentially functions by varying the DC voltage to dynamically 

control the electro-static energy in the capacitors.  

  The performance of the proposed IEC is evaluated using 

simulations, and comparisons are made with respect to the 

conventional VSC-HVDC control. Simulation results show 

that VSC-HVDC system with the IEC provides an excellent 

damping effect on the temporary power-islanding event in 

terms of restricting the SM rotor speed variation and grid 

frequency dropping in an inertia-less power system. Future 

work needs to be taken is to examine the feasibility of the 

IEC implementation in practice, considering the limitations 

of the converter power rating and capacitor size. 

The authors gratefully acknowledge the kind support of the UK Engineering 
and Physical Sciences Research Council and Rolls-Royce plc. 

1 Nick Winser, Seven Year Statement, GB National Grid, Available: 
http://www.nationalgrid.com/NR/rdonlyres/A2095E9F-A0B8-4FCB-
8E66-6F698D429DC5/41470/NETSSYS2010allChapters.pdf. [May 
20, 2011]. 

2 Kayikci, M.; Milanovic, J.V.; , "Dynamic Contribution of 
DFIG-Based Wind Plants to System Frequency Disturbances," Power 
Systems, IEEE Transactions on , vol.24, no.2, pp.859-867, May 2009. 

3 Conroy, J.F.; Watson, R.; , "Frequency Response Capability of Full 
Converter Wind Turbine Generators in Comparison to Conventional 
Generation," Power Systems, IEEE Transactions on , vol.23, no.2, 
pp.649-656, May 2008. 

4 Ingleson, J.W.; Allen, E.; , "Tracking the Eastern Interconnection 
frequency governing characteristic," Power and Energy Society 
General Meeting, 2010 IEEE , vol., no., pp.1-6, 25-29 July 2010. 

5 Zhixin Miao; Lingling Fan; Osborn, D.; Yuvarajan, S.; , "Wind 
Farms With HVdc Delivery in Inertial Response and Primary 
Frequency Control," Energy Conversion, IEEE Transactions on , 
vol.25, no.4, pp.1171-1178, Dec. 2010. 

6 K. Clark, N. W. Miller, and J. J. Sanchez-Gasca. (2009). “Modeling 
of GE wind turbine-generators for grid studies,” GE-Power Systems 
Energy Consulting, General Electric International, Inc., Schenectady, 
NY, Tech. Rep., [Online]. Available: 
http://www.pes-psrc.org/c/C17/GE%20WTG%20Modeling-v4%202.
pdf. [May 22, 2011]. 

7 P. Anderson and A. A. Fouad, Power System Control and Stability. 
Ames,Iowa, U.S.A: The Iowa State Univerity Press, 1977. 

8 W. Bignell, H. Saffron, T. T. Nguyen and H. D. Humpage, “Effects 
of machine inertia constants on system transient stability,”  Elect 
Pow Syst Res, vol. 51, pp. 153-165, 1999. 

9 Jiebei Zhu; Booth, C.; , "Future multi-terminal HVDC transmission 
systems using Voltage source converters," Universities Power 
Engineering Conference (UPEC), 2010 45th International , vol., no., 
pp.1-6, Aug. 31 2010-Sept. 3 2010. 

10 MathWorks, "MATLAB Simulink SimPowerSystems blockset," 
Available: http://www.mathworks.com/products/simulink/ [May 25, 
2011]. 

11 Prasai, A.; Divan, D.; , "Control of Dynamic Capacitor," Industry 
Applications, IEEE Transactions on , vol.47, no.1, pp.161-168, 
Jan.-Feb. 2011. 

12 Bennett, S.; , "Development of the PID controller," Control Systems, 
IEEE , vol.13, no.6, pp.58-62, 64-5, Dec 1993. 

http://www.nationalgrid.com/NR/rdonlyres/A2095E9F-A0B8-4FCB-8E66-6F698D429DC5/41470/NETSSYS2010allChapters.pdf
http://www.nationalgrid.com/NR/rdonlyres/A2095E9F-A0B8-4FCB-8E66-6F698D429DC5/41470/NETSSYS2010allChapters.pdf
http://www.pes-psrc.org/c/C17/GE%20WTG%20Modeling-v4%202.pdf
http://www.pes-psrc.org/c/C17/GE%20WTG%20Modeling-v4%202.pdf

