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Abstract

In recent years different protection strategies for High Volt-
age Direct Current (HVDC) grids have been developed by the
industry and academia for the reliable and safe operation of
direct current grids. The proposed strategies have different im-
pacts on the AC networks where HVDC grids are connected.
In the case of embedded HVDC grids embedded in a syn-
chronous AC network, a partial loss of the HVDC grid might
cause the desynchronization of the AC grid. Therefore, it is
of utmost importance to assess the impact of those protection
strategies into the stability of the whole network. The objec-
tive of this paper is to propose a methodology for the transient
stability assessment of a simple but representative AC grid in
case of DC fault. After validation of the methodology, some
HVDC link protection criteria are defined in terms of the Criti-
cal Time to Return to Operation (CTRO). These criteria will be
helpful for the design of HVDC protection systems, or for the
sizing of future HVDC links in order to respect the constraints
of the existing protection strategies.

1 Introduction

Since the first High Voltage Direct Current (HVDC) transmis-
sion went into service in the 50’s, HVDC technologies have
been quickly developed. Nowadays, HVDC technologies are
mature and rely on a long operational experience. Among the
HVDC transmission lines all over the world, a few of them
are embedded in AC networks (i.e. HVDC grids with at least
two ends being physically connected within a synchronous AC
network) [1]]. The main reason is the difficult coordination be-
tween AC and DC grids. However, due to the growing chal-
lenge of network development, the use of embedded HVDC
links has been considered more and more.

For years, protection of HVDC grids had been a major hurdle
to overcome in the creation of true HVDC grids using Voltage
Source Converters (VSC), until the recent proposition of pro-
tection devices and schemes [2]. However, in the most severe

cases those protection strategies might cause a partial or to-
tal interruption of the power flowing through the DC network
during a few hundred milliseconds [3]. When an HVDC grid
is embedded into an AC grid, this sudden power imbalance
might lead to a loss of transient stability (defined in [4]]) of the
AC grid. For these reasons, it has become imperative to inves-
tigate the impact of DC protection strategies on AC grid tran-
sient stability. In the literature only a few articles can be found
regarding the impact of DC contingencies on the stability of
an AC network. In [3]] the authors investigate how frequency
stability is affected when a contingency in the DC grid occurs.
Other articles ([6] and [7]]) investigate the impact of a DC fault
on the AC transient stability with more detailed models, how-
ever those studies are limited to particular cases of DC faults
and network topologies. This article aims to contribute to the
study of the impact of DC faults on transient stability. The
study is made based on simplified models allowing to assess
stability as function of different parameters of the system.

The present paper is divided in 4 main sections. First, a mod-
eling technique suitable for analysis of transient stability of
AC/DC grids is presented. Then, the technique is applied on
a 2-zone mixed AC/DC power system and an extension of the
well-known Equal Area Criterion [4] is formulated. In the next
section, using Electro-magnetic Transient (EMT) simulation
tools, the simplified model is validated. Finally, based on the
reduced model, the main factors affecting AC transient stabil-
ity are listed from which some a priori criteria are proposed for
the design of future HVDC grids.

2 AC/DC Power systems modeling for
transient stability studies

The dynamics of a mixed AC/DC power system can be de-
scribed by the set of Differential and Algebraic Equations
(DAE)

{s« = f(x, 1,7, 1)
where f is the vector of differential equations, g are the alge-
braic equations, x are the state variables, y are the algebraic
variables, u are the input variables and can also be discrete



variables modeling events (i.e. short circuit or line tripping),
and t is the time.

For the derivation of the model, consider the multi-machine /
multi-converter power system composed of n generators and
m HVDC stations interconnected via a transmission network.
The converters are considered as complex current sources
(Thvdck) with independent active power (Phyqc, ) and reactive

power (Qnvde,, Vk = 1,... ,m) injections.
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Fig. 1: Multi-machine/multi-converter power system

Synchronous generators are modeled using the classical model
of the machine, thus their representation is the association of
a complex voltage source representing the internal voltage of
the generator (E/g; = |E/};|e!®) and an inductor representing
the transient reactance (X[};, Vi = 1,... ,n). The voltage Vg
denotes the voltage at the terminals of the i — th generator and
Vivde, = |Vivde, |6/%F is the voltage at the Point of Common
Coupling (PCC) of the k — th converter.

The classical model of the machine is used in literature (e.g.
[8]) for the study of transient stability of multi-machine sys-
tems. Using the classical model for the n generators of the
system, and neglecting their damping coefficient, the differen-
tial equations representing the first line of Equation|[I]are

O = w
o Vi=1,..,n
Miw; = Pmi — Pei

2)
where for the i — th generator, J; represents the rotor angle
deviation with respect to a synchronous reference, wj is the
rotor speed deviation with respect to the synchronous speed
(ws) , M; is the inertia coefficient, Py; is the mechanical input
power, P, is the electrical output power. It is important to
remark than in the classical model the angle of the internal
voltage (|E/; |ej‘5i) represents also the rotor angle deviation (d;)
of a synchronous generator with one pair of poles.

The set of differential equations described in Equation [2]is re-
lated through the electrical output power term (P,;), which is
developed in this paper using the internal node representation
of the system as proposed in [8]]. The algebraic equations of
the power system are based on Kirchhoff’s law relating cur-
rents and voltages in all nodes I = Y -V, where Y is the
admittance matrix of the transmission system, I is the vector
of the injected currents, and V the vector of voltages in every
node. Then, matrix Y is augmented by including the transient

reactances of the synchronous generators, nodes with no cur-
rent injection are eliminated using Kron’s reduction, and the
resulting matrix is Yp,s. The model of the complete network
relating voltages and current injections is given by

Yhus

e =B

Iivac| | Yc Yb| [Vhvde
where YA,Yg, Yo and Yp are submatrices of dimensions
(n x1n), (n X m), (m x n) and (n x m) respectively. I, and E'y
are respectively the vectors containing the injected current and
internal voltage of generators. Iy, 4. and V4. are the injected
currents and voltages at AC bus-bars of the converters (see [9)]
for more details on this formulation). This linear equation can
be solved in order to obtain the generator’s currents as a func-

tion of the voltages of the system and the injected current by
the HVDC systems. The solution is given by

3

I, = YsnE 4+ KinvacInvdc 4)
with Yoy = (YA — YBYBYc) and Kjvqc = YBY]Sl. Ma-
trix Ygy is the admittance matrix relating all generators volt-
ages and currents, and Kjq. describes the effect of HVDC
injected currents into the generator currents. Note that ele-
ments in matrix Kj,,q. are dimensionless. Elements of Ygy
and Kj,,qc can be expressed in complex form as follows
Ysn, = Gjj + jBjj

and  Kpyde, = Dix +jFic  (5)

Gij and Bj; are the equivalent conductance and susceptance
between generators buses i and j. Dj, and F;i are the real and
imaginary parts of the element Ky qc;, which denote the effect
of the injected current of the k — th converter on the current
injected by the i — th generator. Then, the expression of the
active power supplied by the i — th machine (P;) in Equation
which is given by

Poi = R[E/ 4[] (6)

The substitution of 4] into Equation [6]yields

PCi = §R E:il Z ?EN” E/ZJ - E:il Z Kiklvdcikiflvdck (7)

=1 k=1

The conjugate of the complex current injected by the k — th
converter is given by

* _ thdck +thvdck
hvdcy |thdc |ej9k

®)

Substituting Equations [§] and [5] into Equation [7] the electric
power supplied by the i — th generator is derived as

Pei = [Bly|[E);|(Gyj cos & + By sin &)
= ©)

— Ej . .
+ R | 35— (Dix + JFic) (Phvde, + i Qnvacy)
k—1 thdck



with 5ij =0; — 5j.

Considering that the HVDC converters have a constant power
characteristic, their power injections are the same regardless
the angles of the internal voltages of the machines. Therefore,
the complex ratio of voltages (E(’ii /thdck) can be assumed
constant and equal to its steady state value. With this assump-
tion Equation [0 becomes

Pei = Z |E£h||E21J |(G1j COS 5ij + Bij sin 6ij)
j=1

m m
E d § d
+ aikc thdck - bllf thdck

k=1 k=1

(10)

In the case of the loads, they can be taken into account by rep-
resenting them by constant power loads and using the same
equations as in the case of the power injections of the HVDC
link.

3 Transient stability of a 2-machines AC/DC
system

Phode + JQhuvde, —Phvic + JQnvdes

Py +3Qn

P+ jQr2
Fig. 2: 2-Area 2-Machine AC/DC power system

In this section the methodology is applied on a 2-area system
connected through an hybrid transmission system composed
of a loss-less AC line (with reactance X,.) in parallel with an
HVDC system as shown in Figure 2] Each area is composed
of a synchronous generator (G; and G2) connected to a step-
up transformer (T and T) and supplies power to a local load
(P1 +jQq and P35 4 jQ2). The 2-area AC/DC system has been
chosen since every generator can represent an aggregated re-
gion of generators. Also the HVDC link can represent a multi-
terminal DC grid with two ends connected to the AC grid.

After reducing the nodal matrix equation for finding the cur-
rents injected by each machine, for the system in Figure
Equation ] becomes

Ysn
—_—
- ro1 _ 1 _,
|:Ig1 _ JXeq JXeq ]?dl
I I - 1 E
g2 Kea  Keq d2
Khvdc (1 1)
[ X7r24+Xac+X)s Xr2+X), _
7 Keq Xeq Is
Xr1+X), X1 +Xac+X; 1y
L Xeq Xeq

with Xeq = X1 + Xp2 + Xae + X}y + Xy, where X
and X are the equivalent reactances of the transformers. I3
and I, are the complex currents injected in buses 3 and 4 re-
spectively. In this particular case the loads and the converters
are connected to the same buses, thus I3 and I, depend on the
loads and the power injections of the HVDC link following the
relation given by Equation (8] Using Equation[I0] the electrical
output power term of each generator can be derived. Then the
dynamic equations of the system are written as follows

M151 = Pml — 7‘}3‘/1;(!?&2' sin(§1 — 52) — P(lic — PIf

M2(52 = ng — 7‘}38;(!]3&2' Sil’l((SQ — (51) — ch — P%
(12)

Where P$¢ and PS¢ represent the effect of the complex power
injections of all the converters into generators 1 and 2 respec-
tively (i.e. they correspond to the second line of Equation [I0).
Similarly, P} and PY describe the effect of all the complex
loads into generators 1 and 2 respectively.

Making 6 = &; — J2 in Equation an equivalent AC/DC
single-machine machine infinite bus (AC/DC SMIB) system
can be derived. This system is composed of an equivalent ma-
chine connected to a fictitious infinite bus via an AC transmis-
sion line in parallel with an HVDC link. The equation describ-
ing its behavior is given by

Pc
M5 = Poy — [ Pr + Pan +Puae sin(8)] = P — Po (13)
with an equivalent inertia of value
M = M;My/(M; + My) (14)
The equivalent mechanical power is given by
p _ MoPun = MyPup 0s)

M; + M

and the constant component P, of the equivalent output power
P, is given by the sum of terms

_ MyPL — M, P§

Py = and Py, =
L M, + M, d

(16)
The component of the output power due to the AC network is
given by

_ EGllEG |

Pmax - 17
. 7)

eq

3.1 AC/DC Equal area criterion

Transient stability of system described by Equation |13|can be
assessed using the AC/DC Equal Area Criterion (AC/DC EAC)
presented in Figure [3| where the P — § curves are plotted. In
case of DC fault, three main operating conditions are adopted:
pre-fault (O), fault (D;), post-fault (P) conditions.

Pre-fault operating condition: it corresponds to the power
system operating at some stable steady-state condition before



the occurrence of the fault. In this state the electric power
is noted PY in Figure [3, The HVDC link reactive and active
power injections are included in the term noted PY.

Fault operating conditions: depending on the protection
strategy, many fault operating conditions between fault occur-
rence and the DC power restoring can take place. The behavior
of each faulted operating condition is described by its reactive
and active power injections. The electric power is denoted P)*
for i = 1...q where q is the number of faulted operating con-
ditions given by the adopted protection strategy. Similarly, the
power injections are noted P! for i = 1...q. In Figure [3|only
one fault operating condition is represented.

Post-fault operating condition: it corresponds to the operat-
ing condition when the protection sequence is completed. In
this operating condition P, = P and P, = PE. If the fault
is managed to be isolated and the power transmitted via the
HVDC link is totally restored, then the post-fault state is equal
to the pre-fault state PY = PY. If the fault is permanent, the
post fault state is equal to one of the faulted states depending
on the strategy used PY' = PD!,

Fig. 3: AC/DC Equal area criterion in case of DC fault

In the pre-fault condition, the system works in steady state op-
eration at point 1 where the rotor angle is equal to do. When
the fault occurs, power of the HVDC is lost and the electrical
power goes from point 1 to 2. The assumption made here is that
fault detection and fault current interruption are fast enough so
the fault current has no impact on transient stability. At point 2,
the accelerating power is positive and the rotor accelerates. Its
acceleration is positive until the protection sequence is com-
plete an the HVDC returns to operation. When the HVDC
power is restored the electrical power of the generator goes
from point 3 to 5. At this point the angle has reached the value
dro. At point 5 the rotor starts to decelerate but its speed is
still positive so the angle ¢ continues to increase. If angle § ex-
ceeds the critical angle d% stability is lost. In the other hand, if
the rotor speed goes from positive to negative before the angle
0 reaches 6% stability is maintained. If stability is maintained
the system will oscillate around point 7. As in its conventional
version the AC/DC EAC states that if the available deceleration
area Age. is bigger than the acceleration area A, the system
remains stable, otherwise stability will be lost.

4 Validation of the AC/DC Equal Area
Criterion

In this section the simplified model of the AC/DC system de-
scribed by Equation [I3]is validated by comparing its behavior
to the one of a detailed model using the Electromagnetic Tran-
sient Simulation software EMTP-RV®.

The HVDC link of the simulated system is an MMC-based
HVDC link in bipolar configuration. The protection strat-
egy known as the Converter-Breaker non-selective strategy and
presented in [[10] and [[L1] is used. Generators are modeled us-
ing its third-order model with constant mechanical input power
P, and constant excitation E¢y. The controls of the electrical
generator are not simulated in order to obtain an undamped
response as in the simplified swing equation. The generator
mechanical input is set to 0.66 pu. The MMC active power
reference is set to 0.44 pu thus the power flowing through the
parallel AC line is 0.22 pu. The reactive power references of
the HVDC link are set to zero. The base power correspond to
the nominal power of the generators (900 MVA)

06 T T T T T T T T T
é 0.5F Fault Reconnection .
. ()t’l F occurrence e of DG cable Start of b
g 0.3 Y l Power restoring T
2 02F deblocking \ -
.QEJ 0.1+ Fault current A 1
= . R Complete powe:
3] 0 F interruption - 2 E
< -0.1 1 1 1 1 1 1 1 1 re“’o{mg

0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

Time (s)

Fig. 4: AC side power injections of the faulted pole of station 1
during a DC fault using the Converter-Breaker strategy

The power injection of an MMC converter of station 1 during
a pole-to-earth DC fault is shown in Figure ] In steady state
operation the power flowing through the pole is set to 0.22 pu.
When the fault occurs, the current flowing through the station
increases until the fault is detected and the DC circuit breakers
disconnect the faulted cable. The use of IGBT transistors con-
nected in anti-parallel to the diodes allows the MMC to force
the fault current pass through the diodes impeding the capaci-
tors from contributing to the fault current. This action is known
as “converter blocking”. When the faulted cable is isolated the
MMC can be deblocked. Once the fault has been cleared, the
cable can be reconnected and the control of the DC side voltage
is recovered. Then, the system is ready to return to operation
and power is smoothly restored to its initial value.

The detailed model is compared with the numerical solution of
equation (13| using Matlab®. In order to perform the numeri-
cal solution, coefficients in Equations @] are calculated at the
pre-fault state using the results of a power flow analysis. The
computing of those coefficients allows to calculate the terms
in the faulted and post-fault state. The comparison is presented
in Figure[5] where it can be seen that the transient behavior of
two models is similar. Minimal differences can be observed.
This is caused mainly because the variation of the voltages are
not taken into account in the simplified model.
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Fig. 5: Validation of AC/DC Equal area criterion

5 Protection criteria for AC/DC systems

In order to derive normalized criteria, the reduced model in
equation [T3] must be expressed in per unit. With this aim in
mind, the mechanical power as well as the loads of the systems,
assumed to remain invariant, can be regrouped by introducing
Pst = P — Pr. Pgp is chosen as the base power of the
system. Equation [[3]takes the following form:

2H ..
—0 =1—Pgc — Prpaxsin(d) pu
Ws

(18)

where H = w;M/2Pygy, is an aggregated inertia constant in
seconds. The advantage of such formulation is that the equiva-
lent exchanged power between the equivalent machine and the
fictitious infinite bus is equal to 1pu.

While in conventional AC systems the Critical Clearing Time
(CCT) is used to quantify transient stability margins, in this
article it is proposed to used the term Critical Time to Return to
Operation (CTRO) in case of DC contingencies. The CTRO is
the maximum time during which the HVDC active power can
be interrupted without the system losing its stability. Based
on Equation [I8] in can be concluded that the CRTO depends
mainly in the following factors:

e The aggregated inertia of both regions (H)

e The equivalent ratio between the power transmitted by the
HVDC and the total power exchanged between two re-
gions (Pye/(Pac + Pmax sin dp))

e The amount of DC power lost during the fault

e The different fault operating conditions determined by the
protection strategy and the nature of the fault

e The reactive power injections of HVDC stations during
fault treatment and restoration

e The angle difference dg between both regions in the pre-
fault state

e The amount of power restored after return to operation
(post-fault)

In a first example, by iterative simulations, the CTRO is cal-
culated as function of the aggregated inertia and the equivalent
ratio between the HVDC power and the total power exchanged
(Pac/(Pdc + Pmax sindp)). Commonly, to avoid system sta-
bility problems, the angular difference across a transmission
line is rarely allowed to exceed about 40 degrees; typically, an-
gle differences are less than 20 to 30 degrees. For the results
shown in Figure [6] the initial angle between machines dy is set
to 30 degrees. In order to simplify the analysis, reactive power
injections are assumed to be zero for all cases. In the results
depicted in Figure@l the CRTO is calculated for a loss of 100%
of the HVDC power which is the case of a pole-to-pole short
circuit in a monopolar HVDC link. In Figure[6p the CRTO is
plotted for a loss of 50% of the HVDC transmitted power. This
case corresponds to a pole to ground fault in a bipolar HVDC
link as depicted in Section[d]
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(a) 100% of the HVDC power is lost (Monopolar configuration)
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(b) 50% of the HVDC power is lost (Bipolar configuration)

Fig. 6: CRTO as function of the aggregated inertia H and the
ratio of HVDC transmitted power over the total ex-
changed power between regions. g = 30°

From the results it can be seen that transient stability margins
decrease when the aggregated inertia of the system is lower. In
[LO] it is stated that the protection strategy used in this paper
takes around 180ms for a complete restoration of the active
power after the fault occurrence. It can be observed that for
a CTRO of 180ms, transient stability is at stake only if the
HVDC link transfers an important amount of power compared
to the parallel AC group (e.g 65% for an aggregated inertia of
2s in case of a 100% Py loss).



It must be also noticed that for lower ratio of DC power over
total exchanged power, no CTRO is found. This means that the
active power can be lost permanently without the system losing
stability. Results show that there is a threshold value of the
power ratio before which the system remains stable regardless
the aggregated inertia. For the case of Figure [6h, this value is
42.5% whereas for the case in Figure[6b the threshold ratio is

59.6%.
N
=3 N
457 ! 8o = 25°
KOC-

40 50 60 70 80 90
Equivalent ratio of DC power over
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Fig. 7: CRTO as function of the initial angle d, and the ratio
of HVDC transmitted power over the total exchanged
power between regions. Complete loss of the HVDC
power and H = 6s

In Figure [/| the impact of the initial angle deviation on the
CRTO is illustrated. In this example it is assumed a complete
loss of the HVDC power and an inertia of 6s. Higher values of
the initial angle denote a more stressed grid, thus lower tran-
sient stability margins. It can be seen that for higher values of
the initial angle the CRTO is lower, while for normal opera-
tion angles (between 20° and 30°) CTRO values barely reach
200ms for very high HVDC power ratios.

6 Conclusions

A methodology for the assessment of transient stability in case
of DC faults was presented. Based on the classical model of
the machine and the current injection model of the HVDC con-
verters, an AC/DC equal area criterion for a two-area system
was presented. If the behavior of the HVDC link in its fault op-
erating conditions is known, transient stability can be assessed
using the proposed AC/DC EAC. Since the methodology pre-
sented is based on simple models, parametric studies of the
transient stability margins can be more easily performed. The
AC/DC EAC method is suitable to be used in future works for
the comparison of different HVDC protection strategies

Through this analysis it was also possible to identify the main
parameters influencing AC/DC the transient stability. It is con-
cluded that transient stability risks to be lost when the AC re-
gions are interconnected by a weak AC transmission systems.
Transient stability margins are decreased also when the power
flowing through the HVDC link is high compared to the power
in the AC parallel transmission group. Even if the models used

in this work are simplified, the results can give a priori criteria
for the design of future embedded HVDC grids.
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