J Electr Eng Technol.2018; 13(?): 1921-718
http://doi.org/10.???/JEET.2018.13.2.1921

ISSN(Print) 1975-0102
ISSN(Online) 2093-7423

System-Level Vulnerability Analysis for Commutation Failure
Mitigation in Multi-infeed HVDC Systems
Minhan Yoon* and Gilsoo Jang†
Abstract – This paper deals with commutation failure of the line-commutated converter high voltage
direct current (LCC HVDC) system caused by a three phase fault in the ac power system. An analytic
calculation method is proposed to estimate the maximum permissible voltage drop at the LCC HVDC
station on various operating point and to assess the area of vulnerability for commutation failure
(AOV-CF) in the power system based on the residual phase voltage equation. The concept is extended
to multi-infeed HVDC power system as the area of severity for simultaneous commutation failure
(AOS-CF). In addition, this paper presents the algorithm for the implementation of a shunt
compensator applying to the proposed method. An analysis and simulation have been performed with
the IEEE 57 bus sample power system and the Jeju island power system in Korea.

1. Introduction

infeed HVDC systems [17]. X. Chen generalized the
solution to an indexed commutation failure effective shortcircuit ratio (CFESCR) [18]. However, the method is not
applicable for remote faults at specified points in power
system.
The EMT-based approach has an advantage in the
accuracy point of view and the dynamics of the device
response with transient phenomenon can be reflected.
However, the error between the analytic method and the
EMT-based simulation is within a few percentages [19].
However, the computation time of EMT-based simulation
is hundreds of times compared to analytic method.
Consequently, the simulation with an empirical EMT-based
simulation is not widely used for large-scale power system.
Therefore, to analyze the vulnerable area for commutation
failure in the power system, it is difficult to apply the
critical distance method and fault position methods based
on empirical simulation with the large-scale meshed
networks
The assessment of system voltage sag performance on
the area of vulnerability (AOV) based on residual phase
voltage equations was introduced by C. Park [20]. This
concept extends to the area of severity (AOS) to determine
the vulnerable area for multi-sensitive loads [21-23]. The
method verified the relationship between the voltage
fluctuation at specified bus and the fault location and has
been utilized to analyze power system equipment in
voltage sag study [24, 25].
To ensure a stable multi-infeed system operation from
simultaneous commutation failure, this paper proposes
analyzing the critical voltage drop or severity of the fault
leading to commutation failure using analytic method
and estimating the area vulnerable to simultaneous
commutation failure in multi-infeed system. In this paper, a
method to estimate vulnerable areas for simultaneous
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The modern power system has been widely implementing
large-scale and long-distance transmission, asynchronous
interconnection, inter-area interconnection, and renewable
energy integration by using HVDC systems [1-3]. Consequently, several HVDC converter stations of the system
would be closely located in a power system. In this multiinfeed HVDC systems, interactions between systems are
required to be analyzed for the stable power system
operation in terms of voltage stability, and reliability
criteria [4-6]. These criteria must be handled especially
with LCC HVDC. In addition, the commutation failure
phenomenon caused by voltage fluctuation in the ac system
is another weakness of LCC HVDC [7]. IEEE and Cigre
have reported the documents about implementation and
operation of HVDC system [8-11].
The commutation failure mainly occurs due to a sudden
ac voltage drop at the inverter station, and it is commonly
seen with a weak ac power system. During a commutation
failure, the dc voltage of the HVDC system drops to zero.
This phenomenon quickly leads to loss of the power that
flows through the HVDC system. In case of simultaneous
commutation failure in a multi-infeed system, a large
portion of the power generation into the system may be lost.
To analyze commutation failure, the EMT-based
simulation is typically utilized. E. Rahimi proposed the
commutation failure immunity index (CFII) by the
multiple-run electro-magnetic transient (EMT) simulation
method [16]. He verified the relationship between the
system strength and the commutation failure in multi-
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cos a =

( cos a + cos g )

(1)
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When the AC bus voltage reduced ( E' ), overlapped
angle increases ( m ' ) and extinction angle decreases ( g ' ) as
shown in Fig. 1. As this time, the dc current ( I' ) changes
(2).

E'
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In a fault situation, the dc current change ratio ( I d / I d' )
is assumed to be stabilized by the constant current control
of HVDC and a sufficiently large capacity of smoothing
reactor. Based on the assumption, the critical voltage drop
formula can be simplified as (6),

(2)

Fig. 1. The effect of voltage reduction to commutation
margin

2Id X c
- cos g
E

If we substitute firing angle equation into (3), for the
symmetrical three-phase fault, which is most severe
condition for commutation, the critical voltage drop that
draw the extinction angle to critical extinction limit
( γ = γ 0 ) can be calculated as shown in (5). The critical
voltage drop leading to commutation failure is being
affected by dc current change due to a fault ( I d / I d' ),
operation current point versus rated DC current ( I d / I dFL )
and extinction angle ( γ ). The full-load voltage ( EFL ) is
almost equal to the operation voltage in typical power
system operation voltage, then, ( EFL / E ) is assumed to be
unity.
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From (1), the inverter firing angle is expressed as
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In this paper, the analytic calculation method is utilized
to determine the critical voltage drop limit for commutation failure analysis. It is possible to identify the critical
conditions for commutation failure at inverter stations
regarding the amount of critical voltage drop required to
induce the commutation failure analytic calculation [19].
The basic dc current equation ( I d ) can be derived with
the AC bus voltage connected to valves ( E ), commutating
reactance ( X C ), ignition firing angle ( a ) and extinction
angle ( g ) as follows.

E ¢ I'd cos a + cos g
=
E I d cos a + cos g 0

g

2. Analysis of the Commutation Failure

Through the (1) and (2), the relationship between the
commutating voltage before and after the disturbance can
be derived.

in

commutation failure in multi-infeed systems for the threephase fault, most severe disturbance for voltage depression,
is proposed.
To mitigate commutation failure, several studies have
been performed in the control point of view. [12-14].
Otherwise, an alternative approach is possible from the ac
system compensation. The effect of the shunt compensator
on the prevention of commutation failure was recently
presented [15]. In this paper, an equivalent modeling
method presented to apply the shunt compensator for the
assessment of the area of severity (AOS). The proposed
methods were case studied on the IEEE 57 bus test system
and the Jeju island power system in Korea, where the real
multi-infeed HVDC systems exist.

DV = 1 -

I dpu × X cpu
I dpu × X cpu + cos g 0 - cos g

(6)

The determination of a current operation point is
performed by a system operator considering load level,
generation, and transmission facility status, etc. Normally,
the HVDC operation extinction angle is between 20~30
degrees for securing the commutation margin to avoid
commutation failure. The internal controller of the HVDC
system sets the extinction angle considering other control
loops with various transfer functions [7].
Fig. 2 shows the result of critical voltage drop according
to the change of dc current and extinction angle operation
point. Several representative values of critical voltage drop,
which is varied by HVDC current and extinction angle
operation points, are shown in Table 1. The commutating
reactance ( X cpu ) is assumed to be 0.2, and the critical
extinction angle ( γ 0 ) is set to the ideal value, zero. The
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Table 1. Critical voltage drop depending on HVDC
operation point
Operation current
point ( I dpu )

Operation extinction angle ( γ )
20°
0.80
0.50
0.36
0.29

0.1
0.4
0.7
1.0

25°
0.86
0.61
0.47
0.38

30°
0.90
0.69
0.56
0.47

considering pre-fault voltages of the buses on both ends of
the line, the pre-fault voltage at fault position K can be
expressed as follows:

(

(9)

Through the ratio of the impedance between the bus m
and position K(Zmk) and the thevenin equivalent impedance
at position K(ZKK), the voltage drop at bus m is possible to
be calculated. Finally, the residual phase voltage at the
specified bus m when a three-phase symmetrical fault
occurs at fault position K can be derived as follows:

1
0.8

Vmfault = Vmpref -

0.6

ΔV

)

Vkpref = VFpref + VTpref - VFpref p

Z mK
× VKpref = Vmpref - DVm
Z KK

(10)

0.4

By substituting the voltage drop at the bus m with the
critical voltage drop at the converter bus, it is possible to
derive the critical fault position p where the three-phase
fault occurs, leading to commutation failure.

g
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3.2 The concepts of the area of vulnerability and the
area of severity
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Fig. 2. Critical voltage drop analysis versus the operation
current point and extinction angle
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critical voltage drop increases with the decrease of the
current operation point ( I d / I dFL ). On the other hand, the
critical voltage drop increases with the increase of the
extinction angle ( γ ). Therefore, the full-load operation
with small commutation margin is a vulnerable condition
that can trigger commutation failure.

As mentioned in Section 3.1, the critical points p
where the occurrence of fault cause over the specific
voltage sags at the bus m can be calculated based on the
impedance matrix and residual phase voltage equations.
The critical points are the boundary of the area of
vulnerability (AOV). At anywhere in the region, the three
phase line-to-ground fault drop the voltage at bus m less
than Vmfault . In other words, the magnitude of voltage sag
at bus m is over DVm .
Fig. 3 shows the three fault position A, B, C and the
AOV for bus 1 and bus 2 and the area of severity (AOS).
The three-phase fault at the point A lead to the voltage sag
over DVm1 at bus 1, however, the voltage sag at bus 2 is

Pr

3. Analysis of the Vulnerable Area
3.1 The method for finding critical points

The magnitude of voltage sag can be derived from the
impedance matrix and residual phase voltage equations [20,
23]. To calculate the voltage drop at converter station m ,
the equivalent driving-point impedance ( Z kk ) and transfer
impedance between the converter station m and the fault
position K ( Z mk ) are required. The procedure to derive the
fault position in the length of a line p is based on the
quadratic formula and the secant method. These impedance
can be derived as follows

Z mK = Z mF + ( Z mT - Z mF ) p
Z KK = ( Z FF + ZTT - 2 ZTF - Z C ) p 2
+ ( Z C - 2 ( Z FF - Z FT ) ) p + Z FF
VFpref
pref
is
VT

(7)
(8)

is the pre-fault voltage at the sending end, and
the receiving end bus voltage of the line. When

Fig. 3. The schematic diagram of AOV and AOS for
commutation failure
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below DVm 2 .
On the other hand, the fault at the point C lead to the
voltage sag over DVm 2 at bus 2, however, not over DVm1
at bus 1. The occurrence of a three-phase fault at B point
reduce the voltages both of bus 1 and bus 2 over DVm1
and DVm 2 . This overlapped shaded area is defined as the
AOS. Reference [21] contains more detailed explanation of
the AOS.

large critical voltage drop means strong immunity against
commutation failure. It leads to a small vulnerable area.
For HVDC 1, which is connected to bus 8, Fig. 4 shows
the changes in AOV-CF due to changes in current operation
point ( I dpu ). As shown in Fig. 4, The AOV-CF is smaller
with the lower current operation point. In Fig. 5, the
change of AOV-CF versus the extinction angle margin is
shown. The AOV-CF is smaller, with a sufficient extinction
angle margin to critical extinction angle.

3.3 Analysis of the AOV-CF
3.4 Analysis of the AOS-CF
The each area of vulnerability for commutation failure
(AOV-CF) of HVDC systems can be calculated by
applying (10) to each of converter station buses in the
multi-infeed system. Consequently, the area of severity for
simultaneous commutation failure (AOS-CF) is determined
by the overlapped area of each AOV-CF. In Fig. 6, HVDC
1 is connected to bus 8, and HVDC 2 is connected to bus
17. Both HVDCs are assumed to be operated at rated
current point of 1.0 and inverter extinction angle of 25
degrees. There is an overlapped area of AOV-CF1 and
AOV-CF2.
When the three-phase fault is applied in this overlapped
area, the voltage drop at HVDC 1 converter station bus
(bus 8) and HVDC 2 converter station bus (bus 17)
exceeds each of the critical voltage drop. At this time,
simultaneous commutation failure occurs, consequently,
the system loses the generations from two HVDCs during
commutation failure.
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To determine the area of vulnerability for commutation
failure (AOV-CF), the critical voltage drop of the LCC
HVDC station bus has to be analyzed firstly. These results
affect the change of the critical fault position and the AOV.
Through the approach described in Section 2, the AOV-CF
assessment is available for various operation points. The

Pr

Fig. 4. AOV-CF depending on the varied operation current

Fig. 5. AOV-CF depending on the varied operation
extinction angles
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3.5 Shunt compensator application
The shunt compensators such as the synchronous condenser, static var compensator (SVC), and static synchronous
compensator (STATCOM) are able to regulate reactive
power to provide voltage support when a contingency
occurs. In case of implementing these compensators, the

Fig. 6. AOS-CF considering two HVDC converter station
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size of the AOV-CF or AOS-CF can be apparently changed.
In this study, the compensator is applied for analysis
since it has rapid response capability. To simulate the shunt
compensator in AOV-CF analysis, the equivalent modeling
as reactive power source has to be performed. The
compensators can be modeled using equivalent impedance
( X st ) and voltage sources. [26, 27].
Sequentially, the AOV-CF decreases by implementing
the shunt compensators and its impedances.

4.2 AOS-CF analysis of #1 & #2 HVDC system

ad

Jeju Island system in Korea is an isolated power system
which is separate from the mainland. The system has a low
short circuit capacity, and two LCC HVDCs are installed to
supply the power demand. The peak-load demand was
approximately 820MW in 2014, and a large portion of the
power is supported by two HVDCs [29].
In this situation, simultaneous commutation failures can
cause a large amount of generation outage. Analysis of the
fault leading to simultaneous commutation failure and the
solution for this problem is essential. The STATCOM has

fre

Table 2. HVDC specification in Jeju island
HVDC Bipole 2
200 [MW] × 2
(Bipoles)
250 [kV]
800 [A]
14.73 [ohm]

23.5 [deg]

21 [deg]

oo

HVDC Bipole 1
150 [MW] × 2
(Bipoles)
184 [kV]
815.2 [A]
7.999 [ohm]

8 [deg]

Pr

Voltage
Current
Impedance of Transformer
Gamma Firing Angle
minimum (Inverter)
Critical extinction angle

Critical voltage drop is calculated as 0.55 pu for #1
HVDC operation with 150MW transfer capacity and
minimum extinction angle ( g #1HVDC = 23.5° ). For #2
HVDC with 250MW transfer capacity with minimum
extinction angle operation ( g #2 HVDC = 21° ), critical voltage
drop is 0.29 pu. In Fig. 8, the AOV-CF of each converter
station with minimum extinction angle operation point is
described by the proposed method. The AOV-CF of the #1
HVDC is presented in a wide area in the Jeju system.
With the #2 HVDC, the AOV-CF covered the whole
power system. As mentioned above, the system is too weak
to maintain stable operation from commutation failure.
This value can be alleviated by loosening the operation
extinction angle ( g #1HVDC = 30° ). As a result, the critical
voltage drop of #1 HVDC station bus increases to 0.67 pu.
For #2 HVDC, the critical voltage drop increases to 0.48
pu ( g #2 HVDC = 30° ). As shown in Fig. 9. The southern and
eastern area of Jeju island system is excluded from AOSCF. However, a large portion of the northern area is still
vulnerable to faults, leading to simultaneous commutation
failure.

g

4.1 Introduction of Jeju island power system

in

4. Case Study

Power Rating

been installed closed to be each converter station, Jeju C/S
and W-Jeju S/S for the voltage compensation. The capacity
of STATCOMs are set to 50MVA as a generic size.
The specifications of the HVDCs are presented in Table
2. The total rated capacities of two HVDCs are 700MW.
However, under normal conditions, the total transfer
capacity of two HVDCs is 400MW (#1 HVDC 150MW
and #2 HVDC 250MW). It is the operation strategy of the
Korean power system operator to secure N-1 reliability
[28].

Fig. 7. Jeju island power system schematics
http://www.jeet.or.kr │ 1925
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Fig. 8. AOS-CF with minimum g operation

Fig. 11. AOS-CF with #2 shunt compensator installation

g

compensator installation at #1 HVDC converter bus is
more efficient for preventing simultaneous commutation
failure since AOS-CF is smaller.

in

6. Conclusion
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Fig. 9. AOS-CF when g = 30°
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This paper presented a method to analyze the area of
vulnerability for commutation failure by the three-phase
fault based on an analytical approach. Sequentially, the
area of severity for simultaneous commutation failure is
analyzed for multi-infeed HVDC systems. The method is
an analytical approach to identify the fault position leading
to simultaneous commutation failure. It has an advantage
in rapid analysis time without a detailed device modeling
or a complicated large-scale meshed system modeling used
in empirical EMT-based simulation. Furthermore, the
analytic model can be easily applied and expanded to other
fields of power system analysis. The proposed method
looks forward to be usefully utilized in real-time
monitoring system, control strategy establishment for
preventing undesired damage, and long-term power system
planning.
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