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Abstract

High voltage direct current links based on voltage source converters (VSC-HVDC) embedded in alternating current
(AC) systems are receiving a great deal of attention recently because they can contribute positively to the flexibil-
isation of modern power systems. Among several possibilities, AC-line-emulation control has been highlighted as
an simple-but-useful alternative for these type of systems. With this strategy, the power flow through the link is
controlled proportionally to the angle difference between its two AC terminals and this provides self-adaptation
of the power flow in case of contingencies in the parallel AC lines, naturally. Although this controller is mainly
concerned with steady state, it can also have an impact on the dynamic behaviour of the system which has not
been sufficiently analysed. Along this line, this paper analyses the impact of AC-line-emulation controllers of VSC-
HVDC on power system transient stability. Nonlinear time-domain simulations were carried out by using PSS/E on
a small test system with an embedded point-to-point VSC-HVDC link. The critical clearing time (CCT) of a test
fault has been used to assess transient-stability margins of the whole system. The paper provides recommendations
for the design of AC-line-emulation controllers in order to ensure that transient stability is not jeopardised.

Index terms: VSC-HVDC, AC-line emulation control, transient stability, power system stability

This is an unabridged draft of the following paper (accepted for publication):

• Javier Renedo, Lukas Sigrist, Luis Rouco and Aurelio Garcia-Cerrada, “Impact on power system transient
stability of AC-line-emulation controllers of VSC-HVDC links", Proc. 14th IEEE/PES PowerTech Conference,
Madrid, Spain, June 28th - July 2nd, 2021, pp. 1-6.

1

ar
X

iv
:2

10
4.

15
03

9v
1 

 [
ee

ss
.S

Y
] 

 3
0 

A
pr

 2
02

1



1 Introduction

High voltage direct current transmission with voltage source converters (VSC-HVDC) is a key technology to increase
transmission capacity of power systems and to facilitate the integration of renewable resources into the power
system efficiently [1]. Several VSC-HVDC installations are already in operation worldwide and many others are in
a planning stage [1, 2]. The simplest way and, possibly the most popular one, of controlling a VSC-HVDC link
embedded in and alternating current system (AC) is with constant power-flow although it is not the only alternative.
For example, [2, 3] proposed AC-line emulation with the HVDC-VSC link because transmission system operators
(TSOs) are very familiar with the results of this strategy, among other reasons. AC-line emulation controls the
power flow through an HVDC link proportionally to the difference between the voltage angles of the two AC
terminals of the link. This is exactly what would happen if an AC line were in place. Such a controller has a very
simple structure consisting of a proportional gain, which is the inverse of the reactance of the emulated AC line and
a low-pass filter. However, it has a natural capability of self-adaptation of the power flow to system contingencies.
For example, if an AC line in parallel with the link trips, the VSC-HVDC link will naturally, and automatically,
change its power flow. Examples of VSC-HVDC installations in operation with AC-line-emulation control are
Mackinac back-to-back interconnector (USA) [4, 5], INELFE Spain-France interconnector through the Catalonian
Pyrenees [2] and Piedmont-Savoy France-Italy interconnector [3, 6], which connects Grande Ile substation (France)
with Piossasco substation (Italy).

Although the AC-line-emulation control of a VSC-HVDC link is a steady-state controller, it will have an impact
on the dynamic behaviour of the system, which is a major concern for TSOs. For example, [7, 8, 3, 6] showed that
an AC-line-emulation control of a VSC-HVDC link can have a negative impact on inter-area oscillations for certain
values of the time constant of the low-pass filter within the controller. In fact, Spanish and French TSOs changed
the value of that time constant from its initial value (T = 0.75 s) to a much slower one (T = 50 s) in the INELFE
interconnector, in order to avoid this problem [8].

Power system transient stability, also known as rotor-angle stability under large distrubances [9], is a critical
limiting factor in heavily loaded transmission systems with long AC lines and several publications have proposed
supplementary controllers in VSC-HVDC systems to improve transient stability [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20].
Since the supplementary controllers proposed in [10, 20] include terms depending on angle differences with good
results, one may expect that AC-line-emulation controllers in VSC-HVDC links could also have a beneficial effect
on transient stability. However, there are several aspects worth investigating further, such as: (a) the effect of the
controller parameters on the operating point; (b) the effect of the gain of the controller on transients and (c) the
influence of the low-pass filter time constant.

This paper analyses the impact of AC-line-emulation controllers of VSC-HVDC on transient stability. To the
best of the authors’ knowledge, such study has not been published before. The specific contributions of this paper
are as follows:

• A detailed study on the impact of AC-line-emulation controllers of VSC-HVDC on transient stability.

• Design recommendations for AC-line-emulation controllers in order to ensure that transient stability is not
jeopardised.

2 VSC-HVDC systems

A point-to-point VSC-HVDC system consists of two VSC stations connected through a DC line. Fig. 1 shows the
fundamentals of the dynamic model of a VSC station connected to an AC grid and to a generic DC grid (i.e. a
multi-terminal VSC-HVDC system), following the guidelines of [21, 22].

Each VSC has an outer controller and an inner current controller. With the outer controller, each VSC can
control (a) the active-power injection (ps,i ) or the DC voltage (udc,i ) (by manipulating the setpoint of the d-axis
current), and (b) the reactive-power injection (qs,i ) or the magnitude of the AC voltage (us,i ) (by manipulating the
setpoint of the q-axis current). The setpoints of dq-axes currents are the inputs of the inner controller. The
model used in this paper was intended at studying electromechanical transients, where the slow electromechanical
dynamics of the power system are of interest. Hence, the outer controllers were modelled in detail, while the
closed-loop system of the inner controllers were represented by first-order transfer functions. The models of the
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Figure 1: VSC and the DC grid based on [21, 22].

VSC stations were implemented with their operating limits (P/Q limits, current limit and maximum modulation
index). At the DC side, VSC stations are represented as current sources (idc,i ). The equivalent capacitance (Cdc,i )
of each DC bus aggregates the equivalent capacitor of the VSC plus the contribution of the capacitances of DC
lines connected the DC bus. DC lines are modelled with series reactances (rdc,ij ) and a series inductances (Ldc,ij ).
All the details of the implementation of the full model can be found in [23].

Active-power injections into AC (pc,i ) and DC sides ( pdc,i ) of a VSC are related by:

pc,i + ploss,i + pdc,i = 0 (1)

where ploss,i are the losses of the VSC, calculated as [24]:

ploss,i = ai + bi · is,i + ci · i2s,i (2)

and ai , bi and ci are specific parameters for each VSC.

The initial operating point of the hybrid AC/DC power system must be calculated using a power-flow algorithm,
for example, the work reported here used the sequential one reported in [25].

3 AC-line-emulation controllers for HVDC-VSC links

Fig. 2 shows a VSC-HVDC link embedded in an AC system. Let’s assume that VSC1 controls its power injection into
the AC side (ps,1) and VSC2 controls its DC-voltage (udc,2). An AC-line-emulation controller for the VSC-HVDC
link would manipulate the active-power set point as [2]:

p
ref
s,1 = pconss,1 −

K
1+ T s

(δs,1 − δs,2) (3)

where pconss,1 is a constant setpoint (pu), K is the controller gain (pu/rad), T is the time constant of a low-pass filter
(s) and δs,i in rad (with i = 1,2) is the angle measured at the AC connection point s, i, which can be obtained by
means of Phasor Measurement Units (PMUs), for example. The controller gain is calculated as the inverse of the
reactance of the emulated AC line (xHVDC ):

K =
1

xHVDC
(4)

When a disturbance occurs, power flows through the VSC-HVDC link and through its parallel line (2-5) (see Fig. 2)
will be distributed, in steady state, according to the emulated reactance, xHVDC , and the impedance of parallel AC
lines (x1 in the small test system of Fig. 2). Therefore, K should be designed according to steady-state preferences
of the TSO. Parameter T should be designed to avoid negative interactions with the dynamic behaviour of the
system. Notice that, since the AC-line-emulation controller is mainly concerned with the steady-state result, the
bandwidth of the low-pass filter is not a critical parameter [8].

The behaviour of an AC-line-emulation controller on transient stability has been compared with the one
obtained in the case in which the VSC-HVDC link has a constant active-power set point, but with the same initial
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Figure 2: AC system with an embedded VSC-HVDC link.

operating point in both cases. For this purpose, it was useful writing (3) as:

p
ref
s,1 = pinis,1 −

K
1+ T s

(∆δs,1 −∆δs,2) (5)

where pinis,1 = pconss,1 − K(δ
0
s,1 − δ

0
s,2) is the initial power injection of the operating point (obtained by power-flow

calculation), δ0s,i is the initial angle and ∆δs,i = δs,i − δ0s,i is the angle increment during the transients.

4 Results

Simulations were carried out with Kundur’s two-area test system with an embedded point-to-point VSC-HVDC
link of 1000 MVA, as shown in Fig. 3. Data are provided in the Appendix. Simulations were carried out in PSS/E,
with the model presented in [23]. The AC-line-emulation controller of VSC1 was implemented as a user-defined
supplementary controller. Converter VSC1 (connected to bus 6) controls its active-power injection into the AC grid
(ps,1), while converter VSC2 (connected to bus 10) controls its DC voltage. Both converters control their reactive-
power injections (qs,i ) down to zero. Since the power flow of the VSC-HVDC link will go from the left-hand side
area to the right-hand side one (Fig. 3). Notice that PHVDC = −Ps,1, for the sake of clarity.

G3

G2 G4

2

3

4

6 7
8

9 10 11

L7 L9

us,2us,1
Ps,1  , Qs,1

Ps,2  , Qs,2
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Figure 3: Kundur’s two-area system with an embedded VSC-HVDC link.

The value of the gain of the AC-line-emulation controller was chosen close to the value of the reactance of the
parallel AC path, which has a total reactance, written in pu of system’s bases (100 MVA and 220 kV), of:

xAC,eq = x67 + x78a//x78b + x89a//x89b + x9,10 (6)

= 0.025+0.11/2+0.11/2+0.025 = 0.1150 pu
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More precisely, the equivalent reactance of the emulated AC line of the VSC-HVDC link was set to xHVDC = 0.1 pu,
i.e. K = 1/xHVDC = 10 pu/rad (in pu of system bases). However, in the controller, the gain is typically written in
pu of the converter rating (1000 MVA and 220 kV) giving K = 10 · 100/1000 = 1 pu/rad.

Several values for the filter time constant of the AC-line-emulation controller were studied with especial atten-
tion to those used in the France-Spain INELFE VSC-HVDC system (initially T = 0.75 s and updated to T = 50 s) [8].

The following cases will be compared:

• Constant P: P consHVDC = P iniHVDC = 438 MW (This value is equal to the one obtained in steady state when using
the AC-line-emulation controller in the VSC-HVDC link).

• AC-line emulation: P consHVDC = 0, K = 1 pu/rad and T = 0.75 s. The initial power injection obtained by
power-flow calculation is: P iniHVDC = 438 MW.

• AC-line emulation: P consHVDC = 0, K = 1 pu/rad (nominal pu) and T = 50 s. The initial power injection
obtained by power-flow calculation is: P iniHVDC = 438 MW.

4.1 Performance of AC-line emulation controller

First of all, the performance of the AC-line-emulation controller is illustrated by simulating the disconnection of
circuit a of line 7-8 (see Fig. 3), which is initially carrying 236.40 MW in the initial operating point. Fig. 4 shows
the increment of the angle difference between the two AC terminals of the VSC-HVDC link ((∆δs,1 −∆δs,2), the
power flow of the VSC-HVDC link (PHVDC ) and the total power flow of the AC line 7-8 (through both circuits)
(P78). Fig. 5 shows the same variables in a longer time span (100 s).

The disconnection of line 7-8a provokes an increment on the angle difference between the terminals of the
VSC-HVDC link. In the case of constant P (i.e. the VSC-HVDC maintains the power flow through the DC link
constant) only the power flow through line 7-8a increases. With an AC-line-emulation controller with T = 0.75 s,
both, the VSC-HVDC and the parallel AC corridor increase their power flow rapidly and the total increment of the
power flow is distributed between the VSC-HVDC link and the AC corridor according to the equivalent reactance
of the emulated AC line of the VSC-HVDC and the equivalent impedance of the AC corridor. With an AC-line-
emulation controller with T = 50 s, the same steady-state solution than with T = 0.75 s is reached, eventually, but
the transient is much slower (Fig. 5).

5



0 1 2 3 4 5 6 7 8 9 10

0

10

20

30

40

0 1 2 3 4 5 6 7 8 9 10

400

420

440

460

480

500

0 1 2 3 4 5 6 7 8 9 10

350

400

450

500

550

Figure 4: Increment of angle difference (∆δs,1 −∆δs,2), active power flow through the VSC-HVDC (PHVDC ) and
through the parallel AC corridor (P78). Gain of the AC-line-emulation controller: K = 1 pu/rad.
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Figure 5: Increment of angle difference (∆δs,1 −∆δs,2), active power flow through the VSC-HVDC (PHVDC ) and
through the parallel AC corridor (P78). Gain of the AC-line-emulation controller: K = 1 pu/rad. Sim. time:
tf inal = 100 s.
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4.2 Fault simulation

A three-phase-to-ground short circuit was applied to line 7-8a (close to bus 7) at t = 1 s. The fault was cleared after
150 ms by disconnecting the circuit. Fig. 6 shows the voltage angle difference between the buses of generators G1
and G3 (see Fig. 3). Fig. 7 shows the results associated to the VSC-HVDC link. Only a time span of 10 s has been
used, since this is the time frame of interest for transient stability. The case with AC-line-emulation controller with
T = 0.75 s seems to improve transient stability with respect to the case of constant P and the angle difference in the
first swing is smaller (Fig. 6). However, the former reduces the damping ratio of the inter-area mode with respect
to the latter and the angle difference oscillates over a longer period of time. This is consistent with the findings
of [7, 8, 3, 6]. Notice that, in general, the overall transient stability of the system could depend on the behaviour
of the system during the first swing, but it can also be affected indirectly by poorly damped electromechanical
oscillations, although they are different phenomena. For example, poorly damped electromechanical oscillations
could facilitate loss of synchronism in the first swing for faults with longer clearing times. As expected, the
behaviour of the cases with AC-line-emulation controller with a large filter time constant (T = 50 s) is very similar
to the result with constant P because the former responds very slowly and has no significant effect.

0 1 2 3 4 5 6 7 8 9 10
-20

0

20

40

60

80

100

Figure 6: Generator-angle difference. Gain of the AC-line-emulation controller: K = 1 pu/rad.
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4.3 Critical clearing times (CCTs)

The critical clearing time (CCT) of a certain fault is defined as the maximum clearing time that the system can
withstand without provoking loss of synchronism. The CCT is normally used as an indicator of the transient-
stability margin of a power system. The CCT of the fault simulated (short circuit at line 7-8a (close to bus 7)
cleared by disconnecting the circuit) for different cases will be compared in this section. The cases are as follows:

• Case A:

– Constant P: P consHVDC = P iniHVDC = 438 MW.

– AC-line emulation (AC-LE, for short): P consHVDC = 0, K = 1 pu/rad. Initial power flow: P iniHVDC = 438MW.

• Case B:

– Constant P: P consHVDC = P iniHVDC = 556.30 MW.

– AC-LE: P consHVDC = 0, K = 2 pu/rad. Initial power flow: P iniHVDC = 556.30 MW.

• Case C:

– Constant P: P consHVDC = P iniHVDC = 645.30 MW.

– AC-LE: P consHVDC = 0, K = 4 pu/rad. Initial power flow: P iniHVDC = 645.30 MW.

Notice that, for each case, the initial operating point with AC-line-emulation control was obtained by a power-flow
study and this value was also used in the case of constant P, for comparison purposes. To start with, time constant
of the low-pass filter was was set to T = 0.75 s (i.e. the value initially proposed for this filter). Recall that K always
is written in pu’s with respect to the converter nominal power.

CCTs obtained for each case are shown in Table 1. Results show that the AC-line-emulation controller could
jeopardise transient stability for certain values of T . For example, in Case C, the CCT is reduced from 387 ms
(constant P) to 118 ms when using AC-line-emulation control (for values T = 0.75 s).

Table 1: Fault critical clearing times (CCT).
CCT (ms) Case A Case B Case C

(K = 1 pu/rad) (K = 2 pu/rad) (K = 4 pu/rad)
Constant P 359 298 370
AC-LE (T = 0.75 s) 325 210 118

A more in-depth analysis is carried out now, in order to understand the pattern followed by CCTs when K and
T change. Fig. 8 shows fault CCTs obtained for different cases when T is changed from 0 to 2 s (with steps of 0.05
s) while Fig. 9 shows fault CCTs for values of T between 0 and 50 s (with steps of 5 s). Results show that very low
values of T (almost zero) produce high CCTs. However, intermediate values of T decrease the CCTs. Lower values
of the CCTs in these intermediate values of T with high values of K . For slower values of T , the CCTs recover.
Final values of the CCTs, obtained for extremely high values of T , are the same as the ones obtained with constant
P. As a general conclusion, an AC-line-emulation controller should be either very fast (extremely low values of T )
or very slow (extremely high values of T ) in order to avoid jeopardising transient stability. Since, previous work
concluded that AC-line-emulation controllers could also have a negative impact on inter-area-oscillation damping
for intermediate values of T [7, 8, 3, 6], seeking a large value of T is a reasonable and save strategy (e.g. T ≥ 20 s).
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Figure 8: Fault CCTs. T is changed from 0 to 2 s (steps of 0.05 s).
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Figure 9: Fault CCTs. T is changed from 0 to 50 s (steps of 5 s).
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5 Conclusions

This paper has explored the performance of AC-line-emulation controllers in VSC-HVDC links. The following
conclusions can be drawn from the results obtained.

• AC-line-emulation controllers in VSC-HVDC links can have either positive or negative impact on transient
stability, depending on the values of the time constant of the low-pass filter, T .

• Summarising, one can conclude that AC-line-emulation controllers can be beneficial for transient stability
if the controller is very fast (extremely low values of T ) or if the controlller is very slow (high values of T ).
Intermediate values of T can jeopardise transient stability.

• Since AC-line-emulation controllers are steady-state-orientated controllers and taking into account that inter-
mediate values of T are dangerous for transient stability (as shown in this work) and for inter-area-oscillation
damping (as shown in previous work), large values of T are recommended (T ≥ 20 s).

Appendix: Test system data

Data of the original two-area Kudur’s test system can be found in [26]. Nominal voltage of the transmission grid
and the nominal frequency (230 kV and 60 Hz, respectively) were changed to n 220 kV and 50 Hz in this study.
Besides, a critical case for transient stability was achieved using:

• Inertia constants: H1 =H2 = 4.5 s, H3 =H4 = 4.175 s.

• Loads: L7: 467MW, 100MVAr; L9: 2267MW, 0MVAr.

Parameter values used for the dynamic models of synchronous machines, governors, excitation systems and
power system stabilisers (PSSs) are detailed in [27]. In the dynamic simulations, loads were modelled with a
constant current in the active-power part and with a constant impedance in the reactive-power part.

Parameters of the VSC-HVDC link are written in Table 2.

Table 2: Parameters of the VSC-HVDC link. VSC’s rating are base values for p.u.
VSC rating, DC voltage, AC voltage 1000 MVA, ±320 kV, 300 kV
Configuration Symmetrical monopole
Max. active (reactive) power ±1000 MW (±450 MVAr)
Max. current 1 p.u (d-axis priority)
Max. DC voltage ±10 %
Max. modulation index 1.31 p.u
Current-controller time constant (τ ) 5 ms
Connection resistance (rs)/reactance (xs) 0.02 p.u / 0.20 p.u
(reactor + 300/220 kV transformer)

P prop./int. control: (Kd,p1/Kd,i1) 0/0 (i.e. i
ref
d,i = prefs,i /us,i )

Vdc prop./int. control (Kd,p2/Kd,i2) 10 p.u/20 p.u/s

Q-control prop./int. control: (Kq,p1/Kq,i1) 0/0 (i.e. i
ref
q,i = −qrefs,i /us,i )

VSCs’ loss coefficients (a/b) in p.u. 5.25/1.65 ×10−3 p.u.
VSCs’ loss coefficients (crec/cinv ) in p.u. 2.10/3.14 ×10−3 p.u.
Eq. DC-capacitance of each VSC (CV SC,i ) 193.57 µF

DC-line
Series parameters per km (R′dc,12/L

′
dc,12) 0.0137 Ω/km / 0.9339 mH/km

Shunt parameters per km (C′cc,12) 0.0119 µF/km
Length (`012) 240 km
Total DC-bus eq. capacitance (Cdc,i ) 195 µF
(Cdc,i = CV SC,i +

∑
j,i Ccc,ij /2)
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