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Abstract-- This paper introduces a systematic method to
identify AC-fault locations within an HVDC-AC grid for which
transient stability analysis of the overall system based on
conventional active/reactive power (PQ) injection model of each
HVDC station is not accurate and thus a more detailed model of
the HVDC subsystem is required. Such locations (buses)
constitute “Internal Zone(s)” and the rest, for which the
active/reactive power injection model of HVDC subsystem is
adequately accurate, construct “External Zone”. This
categorization ensures accuracy of transient stability analyses
and minimizes time/resource requirement for transient stability
studies of large HVYDC-AC grids. This paper demonstrates, in
contrast to the widely used/adopted approach, that (i) Internal
Zone is not necessarily restricted to the AC buses in electrical
proximity of the HVDC grid and (ii) indiscriminate use of the
conventional PQ-injection model of HVDC grid for all AC fault
locations can result in erroneous transient stability analysis
results. Feasibility and performance of the proposed method are
evaluated by PSCAD-based time-domain simulation studies of a
modified version of IEEE 39-Bus system which embeds a five-
terminal MMC-based VSC-HVDC grid.

Keywords: HVDC Grid, Power systems dynamics, Frequency
deviation, Measurement-based, Time-frequency analysis

. INTRODUCTION

ECHNICAL and economical viability of the IGBT-based
Voltage-Sourced Converter (VSC) technology, and
specifically those of the Modular Multiterminal Converter
(MMC) configuration [1, 2] has resulted in the emergence of
HVDC-grid concept and applications [3, 4]. An HVDC grid is
composed of multiple VSC-based HVDC converter stations,
i.e., four or more [5], which at the DC-side are connected by a
network of DC overhead lines and/or DC cables. The HVDC
grid is interfaced with the host interconnected AC system
(subsystems) at the converters” AC-sides and enables:
e rapid and controllable power exchange among specific
nodes without causing congestion/loop-flow [6], and/or
e controlled power transfer from multiple sources, e.g., wind
and/or solar power plants, to the host AC grid [7, 8].
Time-domain Transient Stability (TS) analysis associated
with low-frequency dynamics (0-2 Hz) of the HVDC-AC
grid, is needed to identify system instability conditions/limits
and determine appropriate control actions [9-11]. However, (i)
rapid response of the HVDC grid control to a fault in its host
AC system and (ii) major impact of HVDC grid on the post-
fault power flow of the HVDC-AC system, indicate that
classical TS component models do not accurately represent the
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HVDC-AC low-frequency dynamics [12-16]. This is the

impetus for more detailed representation of the HVDC-AC

grid [12-16] for (i) TS studies subsequent to large disturbances

[17-19] and (ii) security evaluation [20].

The technical literature reports two approaches for TS
analyses of HVDC-AC grids:

1) Time-domain simulation of the overall system using
Electro-Magnetic Transients (EMT) type models [18-21]
of the HVDC grid and the host AC network. EMT-type
models provide more detailed representations of the
system apparatus as compared with their TS-type
counterpart ~ models.  However, the  required
computational time and resources render this approach
inapplicable to large, realistic-size HYDC-AC grids.

2) Hybrid time-domain simulation [22] which uses (i)
EMT-type models for HVDC grid and (ii) classical TS-
type models for AC network. This method requires an
interface environment [23] between EMT-type and TS-
type models [24].

The main limitation of the latter approach is that AC system
disturbances close to HVDC stations result in inaccurate
(erroneous) responses [25]. This is largely resolved by more
detailed representation of a portion of the AC system, in
vicinity of each HVDC station, i.e., EMT-type models instead
of classical TS-type models [25]. The main drawback of this
approach is the lack of a systematic method to identify that
portion (zone) of the AC system to be represented by EMT-
type models.

This paper introduces a method to systematically identify
that part of the AC system to be represented by EMT-type
models and defines the boundary between EMT-type and TS-
type models of the AC system. The method, as shown in Fig.1,
divides the AC network of an HVDC-AC system into External

Zone (EZ) and Internal Zone (1Z) with the following features.

e For TS analysis of the overall HVDC-AC grid,
subsequent to a large-signal disturbance in the EZ: (i)
HVDC grid can be modelled by constant active/reactive
(PQ) power injection at the AC-side of each HVDC
converter station and (ii) apparatus in EZ can be
represented by their conventional TS models. This is the
de facto modeling approach as adopted by production-
grade TS analysis software tools.

e For TS analysis of the overall HVDC-AC grid,
subsequent to a large-signal disturbance in 1Z,
representation of HVDC grid, HVYDC controls and 1Z
apparatus by their conventional TS models leads to
erroneous results and more detailed models, e.g., EMT-
type models [12-16], must be used. This modelling
approach, although extensively discussed, has not been
incorporated in production-grade TS analysis software
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Fig. 2. Multiple Internal Zones of an HVYDC-AC system

tools and the main reason is that the boundary between
1Z and EZ cannot be systematically identified. This paper
presents a method to identify the boundary nodes
between 1Z and EZ.

In contrast to the widely accepted belief, this paper also
shows that 1Z is not necessarily confined to the immediate
area that surrounds the HVDC grid as shown in Fig. 1 but may
also include other areas of the AC system, as shown in Fig. 2.
This observation contradicts general intuition that large-signal
disturbances of the AC system at remote nodes, with respect to
HVDC grid stations, are of lesser impacts as compared to
impacts of nodes which are electrically closer.

For separation of 1Zs and EZ, this paper proposes a
clustering approach based on averaged-frequency deviation
technique [26, 27] and we refer to it as Zone ldentification
Method (ZIM). The concept of Wide Area Monitoring System
(WAMS) [27] is adopted in this paper to determine frequency
deviations of AC buses. This paper applies ZIM to a modified
version of the IEEE 39-bus system [28] that embeds a five-
terminal MMC-based VSC-HVDC grid and also evaluates
impacts of measurement white noise and simulation time-
window on ZIM results.

This paper is organized as follows. Section Il presents
mathematical formulation of ZIM. Section Il introduces the
study system. Section IV applies ZIM to the study system and
Section V concludes the paper.

Il. ZONE IDENTIFICATION METHOD (ZIM)

Figure 2 shows that ZIM divides the AC subsystem of the
HVDC-AC grid into two types of zones, i.e., EZ and 1Z, and
I1Z is not necessarily confined to the AC power circuit
surrounding the HVDC grid. The main contribution of this
paper is development of ZIM to systematically identify the
boundary between 1Z and EZ as follows.

Consider the HVDC-AC grid of Fig. 3 and assume the AC
grid is subjected to a large-signal disturbance, e.g., a fault (and
its subsequent switching events) at AC bus “j”. For ZIM to
determine if bus “j” is within EZ (or IZ), the low-frequency
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Fig. 3. Generic Representation of an HVDC-AC system

dynamic behavior of the HVDC-AC grid of Fig. 3 is

investigated by two distinct representations of the HVDC grid:

e Representation-1: The HVDC grid is represented by (i)
HVDC converter dynamic model, i.e., the averaged-model
[14-16] or the switching-model [12-13], (ii) DC-line
dynamic model, (iii) dynamic models of energy storage
elements within the DC network and (iv) dynamic model
of HVDC controls [12-16].

e Representition-2: The HVDC grid is modeled as a constant
PQ-injection at each converter station, corresponding to
the system steady-state operating point prior to the
disturbance.

Frequency-deviation vector of bus “i” corresponding to

Representation-1, owing to the AC grid disturbance at AC bus

“§7,i.e., Af/7, is constructed as

BT = A M A A M eae D)
where t is time and 4t is the time-step for calculation of
frequency deviation. Frequency deviation measurement
(Afij_1|t+m) is determined with respect to the steady-state
system nominal frequency, i.e., f, (50 or 60Hz), from the rate
of change of voltage phase-angle of bus “i”, i.e., Hij ~1 where
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Number of entries of frequency-deviation vector Afij'1 is
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where T is a predetermined simulation time-window
subsequent to the disturbance. Similarly, for Representation-2,
using the same disturbance, At and T, we determine frequency-

deviation vector Afij'2 . We define Closeness Coefficient

cc/ of vectors Af/™" and Af/*as the cosine of the angle
between them,

j-1
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CC{ varies from -1 to 1 where CC{ =1 indicates identical
Af/™" and Af’7* and thus concludes the same dynamical
responses  corresponding to  Representation-1  and
Representation-2. Based on CCij , We introduce Response
Closeness Index (RCI), for each of Representation-1 and
Representation-2, corresponding to the disturbance at bus “j”,
ie.,
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where N is the number of AC buses of the system. RCI; is the

root-mean-square value of the closeness coefficients

calculated at all AC buses associated with the disturbance at
bus “j”. RCI; provides a measure to determine if

Representation-1, i.e., a more detailed HVDC grid model, is

necessary to investigate the HVDC-AC grid dynamics owing

to the disturbance at bus “j”. RCI; varies from 0 to 1 where

e RCI; =1 indicates the two HVDC grid representations
provide identical responses owing to the disturbance at bus
“j”.

e RCI; =0 indicates the two HVDC grid representations
result in different responses and thus the HVDC grid
dynamics cannot be ignored, and the more detailed model
of the HVDC grid is required.

Based on a selected closeness limit y, e.g., y = 0.9, bus “j” is
admitted to either IZ or EZ as follows. If

RCL; >y & Busj € EZ, (6)

then Representation-1 and Representation-2  provide
adequately “close” responses at bus “j” and the PQ-injection
model adequately represents the HVDC grid and bus “j” is
admitted to EZ. To the contrary, if

RCl; <y e Busj €lZ, (7

then responses corresponding to Representation-1 and
Representation-2 are not “close”. Thus, Representation-1 must
be used to obtain adequately accurate results and PQ-model is
not an accurate representation. Therefore, bus “j” is admitted
to 1Z. Selecting a larger (smaller) y reduces (increases) the
number of buses in EZ and thus makes I1Z larger (smaller). It
should be noted that ZIM is only applicable to disturbances at
AC buses and not to DC network faults.

I1l. STUDY SYSTEMS

A modified version of the IEEE 39-bus system [28], as
shown in Fig. 4, is used to demonstrate applications of ZIM.
In the system of Fig. 4:

e Power ratings of generators (and transformers) are kept the
same as those of [29] except for Gen-2 and Gen-3 (and
their transformers) which are doubled. The set points for
Gen-2 and Gen-3 are increased to 1000 MW and 1150
MW, respectively;

e Loads at Bus-4 and Bus-8 are increased from 500 MW and
522 MW to 1000 MW and 1000 MW, respectively;

e One AC transmission line is added between Bus-4 and
Bus-11,

e Bus-11 and Bus-13 are tied to prevent circulating current
of transformers connected to Bus-12.

The above changes result in congestion in the shaded area of

Fig. 4. This is addressed by replacing the shaded area by a

five-terminal, mono-polar, MMC-based VSC-HVDC grid [30]

as shown in Fig. 5. The nominal DC grid voltage is 640kV.

Each MMC is connected to the corresponding AC bus through

a Y/A transformer [31]. MMC-3 controls the DC voltage and
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TABLE | - STEADY-STATE OPERATING POINT OF MMCs

MMC 1 2 3
Active Power (MW) -943.7 | -684.6 | 912.2
Reactive Power (MVAr) | -79.4 -36 63.47
the other MMCs regulate power exchange between

corresponding AC and DC buses. MMC-5 supplies a passive
system and MMC-4 is connected to a source, i.e., equivalent
of a wind power plant [28]. Details of the HVDC grid and its
parameters are given in [30]. The HVDC grid is equipped with
an enhanced dead-band-based, DC voltage droop-control for
each converter station [30].

Figure 6 shows the system of Fig. 5 in which the HVDC
grid is represented by equivalent constant PQ-injections at
HVDC stations corresponding to MMC-1, MMC-2 and MMC-
3. MMC-4 and MMC-5 stations are not identified in Fig. 6
since their AC buses are isolated from the AC network.
Therefore, Bus-7 and Bus-31 of Fig. 4 are not shown in Fig. 6.
The constant PQ-injections of MMC-1 to MMC-3 are
obtained from the system power flow analysis as given in
Table |

IV. STUDY RESULTS

The objectives of the study cases are to (i) illustrate that
PQ-injection model (Representation-2) of HVDC system can
result in erroneous TS analysis results of HVDC-AC system
and (ii) demonstrate application of ZIM to identify the
boundaries between 1Z and EZ for Representation-1 for TS
studies. The studies are conducted on the systems of Fig. 5 and
Fig. 6.

Case-Il

Figure 7 shows frequency deviation signals at Bus-14 of the

system of Fig. 5 (Representation-1) due to a 5-cycle, self-
cleared, 3-phase fault at Bus-9. For each turbine-generator unit
(i) rotor mechanical system is modeled based on its single-
mass representation and (ii) governor and excitation systems
are modelled based on GOV1, IEEE DC1A respectively [28].
Each MMC is represented by the model of [31] where each
sub-module contains a capacitor and two IGBT switch cells.
For each MMC unit, transformer leakage inductance, arm
inductance, sub-module capacitor, and DC line parameters are
adopted from [28]. Details of VSC-HVDC grid control are
given in [30]. Figure 7 clearly shows the fault results in
damped low-frequency electromechanical dynamics and
subsequently the dynamic response is dominated by high-
frequency oscillations owing to the switching model of MMC
stations which are electrically close to Bus14.
Figure 7 also shows the system response to the same fault
under the same operating conditions when the HVYDC system
is modelled by PQ-injection (Representation-2) as illustrated
in Fig. 6. Comparison of responses corresponding to
Representation-1 and Representation-2 clearly shows that PQ-
injection model of Representation-2 provide unrealistic
(erroneous) results, particularly immediately after the fault
inception.

Case-l1

Figure 8 shows frequency deviation signals at Bus-28 and
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Fig. 8. Frequency deviation signals due to the fault at BUS-26

Bus-29, in response to the fault of Case-l at Bus-26,
corresponding to  Representation-1 (Fig. 5) and
Representation-2 (Fig. 6). As compared with Fig. 7, Fig. 8
indicates the corresponding responses of Representation-1 and
Representation-2 are practically close and thus PQ-injection
model is a valid representation of the HVDC system for TS
studies. Figures 7 and 8 demonstrate that faulted Bus-9
(corresponding to Fig. 7) and Bus-26 (corresponding to Fig. 8)
belong to 1Z and EZ respectively. The proposed method of
Section-Il can systematically allocate the faulted AC buses in
either 1Z or EZ and identify appropriate representation for TS
studies, as follows.

Case-l11

To identify whether an AC bus is in 1Z or EZ, (1-3) are used
to construct its frequency-deviation vectors corresponding to
Representation-1 and Representation-2. An M-class Phasor
Measurement Unit (PMU) [32, 33] at each AC bus is used for
frequency measurements. The time response of each PMU is
(i) filtered by a Finite Impulse Response (FIR) filter and (ii)
reported at the rate of 60 Hz (4¢ = 16.67 ms in (3)).

Based on the frequency-deviation vectors, RCI values from
(5) are calculated and shown in Fig. 9. The lowest and highest
RCI values of Fig. 9 are 0.414 and 0.99 which correspond to
Bus-9 and Bus-17 respectively. Bus-9 is directly connected to



Bus-8, i.e., AC interface bus of MMC-1 (Fig. 5). Therefore,
the system response to a fault at Bus-9 is highly affected by
MMC-1 model as identified by its low RCI value of 0.414 and
illustrated and verified by Fig. 7.

Highest RCI value of Fig. 9 belongs to Bus-17 which is
remote from and weakly coupled to the HVDC grid and
generators. This highlights that a fault at Bus-17 results in
insignificant changes of voltages of AC generators and MMC
AC sides. Thus, Bus-17 is in EZ and Representation-2, i.e.,
PQ-injection model, adequately models the HVDC system for
TS studies subsequent to a fault at Bus-17. Wide range of
variations of RCI values of Fig. 9 reveals that if
Representation-1 is adopted for TS studies at each AC bus, the
computational burden will be unnecessarily significant.

Figure 9 also indicates small RCI=0.72 for Bus-1. The
reason is that Bus-1 is directly connected to GEN-1 which
represents an equivalent area and the fault at Bus-1 excites
GEN-1 local oscillatory mode. Thus, the voltage of Bus-8,
which is connected to Bus-1 through a radial line, significantly
decreases and power exchange between MMC-1 and AC
network drastically changes. This indicates detailed
representation of MMC-1 is needed for TS studies for a fault
on Bus-1.

Figure 9 shows that RCI values of Bus-26 to Bus-29 are
very large. The reasons are (i) Bus-26 to Bus-29 are weakly
tied to the remaining part of the HVDC-AC system and (ii)
electrically remote from the MMC stations. Therefore, faults
at these buses result in relatively small changes in AC-side
voltages of MMCs and power exchange between the HVDC
grid and the AC network remains nearly unchanged.
Therefore, Representation-2, i.e.,, PQ-injection model,
adequately represents the HVDC system as illustrated in Fig. 8
and numerically expressed by RCI values of Fig. 9.

Figure 10 pictorially shows the EZ and 1Z locations on the
study system corresponding to closeness limit of y=0.9 and
also highlights that the study system contains two 1Zs.
Existence of two 1Zs in Fig. 10 is counterintuitive, i.e., for TS
studies subsequent to faults at remote Bus-21 to Bus-24 of Fig.
10, simplified PQ-model of HVDC grid is not acceptable. The
general assumption is that the PQ-injection model of HVDC
system is valid for TS studies subsequent to faults at
electrically remote buses with respect to the HVDC stations.
The proposed ZIM shows that this intuitive assumption is not
valid. The physical reasoning is that integration of HVDC grid
drastically alters pattern and/or dampings of low-frequency
dynamics of the original host AC system [28]. Reference [28]
highlights that embedding an HVDC grid in an AC system,
without appropriate provisions, e.g., supplementary HVDC
controls, can increase propensity of the AC system to low-
frequency oscillations.

To show the benefits of the proposed method, the decrease
in the computational burden is investigated. Table Il shows
CPU-time for 60 seconds time-domain simulation of the study
system subsequent to the fault on Bus-16 using
Representation-1 (Fig. 5) and Representation-2 (Fig.6) for the
HVDC grid. An Intel® Core™ i5-3210M 2.5GHz computer
with 4GB of memory is used for the simulation studies
(simulation time-step of 50 ps). Table Il shows that CPU-time
based on Representation-2 is one order of magnitude smaller
than that of Representation-1 while the corresponding results
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TABLE Il - CPU-TIME FOR FAULT AT BUS-16 BASED ON REPRESENTATION-1
AND REPRESENTATION-2 OF THE HVDC GRID

Representation-1
3767.23

Representation-2
368.70

CPU-time (seconds)

closely agree. This clearly shows that ZIM can systematically
identify disturbance locations for which Representation-2 of
the HVDC grid can provide the same degree of accuracy as
that of Representation-1 while significantly reducing CPU-
time.

V. CONCLUSIONS

This paper introduces, develops and evaluates a Zone
Identification Method (ZIM) to systematically locate AC
buses into External Zone (EZ) and Internal Zone (1Z) of an
AC system which embeds an HVDC grid. For transient
stability (TS) analysis of the overall system, subsequent to
faults within EZ, the HVDC grid can be accurately
represented by active/reactive (PQ) injection at HVDC
converter stations. However, 1Z consists of AC buses where
TS analysis of the overall system requires detailed models of



the

HVDC grid and its controls, and PQ-injection model is not

applicable. The proposed ZIM is an off-line approach which
divides the system into EZ and 1Z based on frequency-
deviation signals of AC buses subsequent to faults.

The paper applies ZIM to a modified version of the IEEE
39-bus system embedding a five-terminal MMC-based VSC-
HVDC grid and evaluates its feasibility and sensitivity to
measurement noise and size of frequency-deviation vectors.
The study results conclude:
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ZIM is an effective tool to decrease computation time of
TS studies and analyses of low-frequency dynamics, e.g.,
coherency and inter-area oscillation phenomena, of
HVDC-AC grids by appropriate selection of HVDC grid
model for each AC-bus fault. The time saving for fault
studies of specific buses can be one order of magnitude.
ZIM reveals that, depending on the dynamic characteristics
of the HVDC-AC system, (i) 1Z can encompass multiple
distinct areas, (ii) 1Z is not necessarily limited to AC buses
in immediate/close vicinity of the HVDC grid and (iii)
electrically remote AC buses from the HVDC grid also can
forman IZ.

ZIM eliminates the guess-work of the decision-making
process to identify that portion of AC system which
requires more detailed representation for TS studies.
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