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Analytically Quantifying the Impact of Strength on Commutation Failure in
Hybrid Multi-Infeed HVdc Systems
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Abstract—The strength has a large impact on the commutation
failure (CF) in hybrid multi-infeed HVdc (HMIDC) systems in-
cluding both voltage-source converters and line-commutated con-
verters. However, this impact has always been quantified by the
simulation-based method in earlier works, which is very time-
consuming and cannot lend the exhaustively theoretical perspec-
tive. Thus, in this letter, the mathematical expression of the CF
immunity index as the analytical function of the hybrid multi-infeed
interactive effective short-circuit ratio strength index is first devel-
oped based on the quasi-steady-state model of HMIDC systems.
Thereafter, the developed expression is used for analytically quan-
tifying the impact of the strength on the CF in a much more efficient
manner with more sufficiently theoretical perspective compared to
the simulation-based method in earlier works. Finally, the theoret-
ical developments are validated by the experimental results of the
hardware-in-the-loop platform based on a hybrid six-infeed HVdc
test system.

Index Terms—Commutation failure (CF), commutation failure
immunity index (CFII), hybrid multi-infeed HVdc (HMIDC)
systems, hybrid multi-infeed interactive effective short-circuit ratio
(HMIESCR), strength.

I. INTRODUCTION

R ECENTLY, the increasing emergence of hybrid multi-
infeed HVdc (HMIDC) systems, including both voltage-

source converters (VSC) and line-commutated converters
(LCC), has become a new development trend of modern ac/dc
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transmission networks [1]–[3]. One typical example of such
systems is the China Guangdong Power Grid in 2020 with one
VSC and nine LCC inverters incorporated into the common
receiving end ac network [4]. In HMIDC systems, the com-
mutation failure (CF) issue in LCC inverters under ac faults is a
great threat to the system reliable operation [5]. Moreover, the
CF is supposed to be largely impacted by the strength of HMIDC
systems, since the latter depicts the voltage-support capability
of the interconnected ac network to the concerned LCC inverter
at the inverter bus [6]. Hence, quantifying the impact of the
strength on the CF in HMIDC systems is very beneficial to the
power industry.

In single-infeed LCC-HVdc systems including only single
LCC inverter, the commutation voltage-time area theory has
been utilized for predicting the critical inverter ac voltage de-
pression indicative of the CF [7]. Based on this theory, it is
well-recognized in the subsequent research that the effective
short-circuit ratio (ESCR) strength index has an approximately
linear impact on the CF by both the simulation-based and an-
alytical methods [8]–[10]. Compared to single-infeed systems,
it is more difficult to accurately predict the CF behaviors in
multi-infeed LCC-HVdc systems due to the interactions among
multiple LCC inverters terminating at the common receiving end
ac network. With these interinverter interactions depicted by the
multi-infeed interaction factor index, it has been found that an
LCC inverter with a higher ac strength has a smaller CF risk
area in the ac network where ac faults will induce the CF in that
inverter [11]. Besides, the ESCR is further reported to affect the
CF with a near linear relationship by the simulated analysis [12]
and analytical derivation [13], respectively. Note here that the
nature of the abovementioned interinverter interactions consists
in that the dynamic response characteristics of the involved
inverters are interacted. More precisely, these characteristics
of the concerned inverter are obviously different with and
without the presence of the adjacent inverters due to the prop-
agation of the dynamics by the tie-line impedances between
inverter buses under ac faults. Different from the abovemen-
tioned multi-infeed LCC-HVdc systems, more complicated in-
terinverter interactions exist in HMIDC systems, since VSC
and LCC inverters there have various operational characteris-
tics under diversified dc control modes [14]. This is because
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the characteristics of the concerned inverter are impacted by
the propagation of the dynamics from only the adjacent LCC
inverters in multi-infeed LCC-HVdc systems, whereas affected
from both adjacent VSC and LCC inverters in HMIDC systems.
Consequently, these complicated interactions in HMIDC sys-
tems also make the CF characteristics of the concerned LCC
inverters much more difficult to be analyzed.

Although some research efforts have been made to quantify
the impact of the strength on the CF in HMIDC systems, there
are certain limits in those research [5], [15]. In [5], the multi-
infeed interactive ESCR (MIESCR) strength index has been
utilized for evaluating the susceptibility of the LCC inverters
to CF in the simplified four-machine system and planned China
Guangdong Power Grid in 2030 by the electromagnetic transient
simulations. In [15], the apparent increase in the short-circuit
ratio strength index has been used for assessing the effect of
the adjacent VSC inverters on the CF characteristics of the
concerned LCC inverters by the simulation analysis. The above-
mentioned discussions clearly indicate that the simulation-based
method has always been employed in the impact-quantification
research of the related earlier works [5], [15]. Nevertheless,
this simulation-based method undoubtedly requires onerous
electromagnetic transient simulations to be implemented. It
is inevitable that these simulations are very time-consuming
and cannot lend the exhaustively theoretical perspective. Note
also that for more large-scale HMIDC systems in the future
with lots of VSC and LCC inverters further planned, the re-
quired simulation time is actually unacceptable for guiding
the planning and operation departments of the practical power
grid.

Facing the abovementioned issues encountered in earlier
works [5], [15], there is hence a strong motivation to analytically
quantify the impact of the strength on the CF in HMIDC systems.
Along with this philosophy, the following contributions are made
in this letter: This letter extends the preliminary work in [20]
and first uses the CF immunity index (CFII) to quantitatively
evaluate the immunity of the concerned LCC inverters to the
CF as well as the hybrid MIESCR (HMIESCR) index to ef-
fectively delineate the strength of HMIDC systems. Also, the
mathematical expression of the CFII as the analytical function
of the HMIESCR, as shown in the subsequent (8), is rigorously
developed based on the system quasi-steady-state model with
the complicated interinverter interactions considered. Second,
it is further shown that the developed mathematical expression
in (8) can be utilized for analytically quantifying the impact of
the strength on the CF by the proposed analytical quantification
method in this letter. Compared to the simulation-based method
in earlier works, the proposed method is much more efficient as
the time-consuming electromagnetic transient simulations are
not required any more. Besides, since the impact of the strength
on the CF is analytically evaluated in a more direct manner
by using (8), more sufficiently theoretical perspective can also
be provided by the proposed method than the simulation-based
method.

The rest of this letter is structured as follows. In Section II, the
mathematical expression of the CFII as the analytical function
of the HMIESCR is developed. In Section III, analytically

Fig. 1. Schematic diagram of the classical model of HMIDC systems including
n inverters.

quantifying the impact of the strength on the CF is conducted.
Finally, Section IV concludes this letter.

II. DEVELOPING THE MATHEMATICAL EXPRESSION OF THE

CFII AS THE ANALYTICAL FUNCTION OF THE HMIESCR

A. Classical Model of HMIDC Systems

The schematic diagram of the classical model of HMIDC
systems including n VSC and LCC inverters is shown in Fig. 1.
Therein, all ac subsystems for the CF investigation are repre-
sented by their Thevenin equivalent impedances and voltage
sources. The electrical couplings among various inverters are
physically reflected by the tie-line impedances between inverter
buses. The presented system parameters and operation variables
in Fig. 1 are expressed in per unit (p.u.) with the self-explanatory
symbols. For all analysis hereafter related to Fig. 1, the rated
active power of LCC inverter 1 (Pd1N) is selected as the base
power, while the rated voltage of the common receiving end ac
network (UN) is used as the base voltage.

B. Developing the Mathematical Expression

Suppose that the three-phase line-to-ground fault happens at
LCC inverter ac bus i (i�{1, 2, …, n-1, n}), as depicted by
the red arrow in Fig. 1, with the corresponding fault inductance
of Lf. Here, a lower Lf indicates a higher fault severity at LCC
inverter ac bus i. In particular, when Lf decreases to the critical
value Lf_cri, the CF will occur in LCC inverter i. Thus, Lf_cri and
also correspondingly critical fault impedance Zf_cri = ω · Lf_cri

can be used to delineate the boundary of the CF in LCC inverter
i, below which the CF is supposed to occur. For the further
evaluation of the immunity of LCC inverter i to the CF with the
abovementioned concepts, CFIIi has been specifically defined
by CIGRE Working Group B4.41 as [6]

CFIIi =
U2
N

/
Zf_cri

PdiN
=

U2
N

/
(ω · Lf_cri)

PdiN
(1)
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where PdiN denotes the rated active power of LCC inverter i.
Also, treat the fault with Lf_cri at LCC inverter ac

bus i as the critical external reactive power disturbance

�Qi_cri =
U2

N/(ω·Lf_cri)

PdiN
for inducing the CF in inverter i. Hence,

�Qi_cri and CFIIi in (1) have the same mathematical expres-
sion. Thereafter, CFIIi can be rewritten as

CFIIi = ΔQi_cri =
ΔQi_cri

ΔUi_cri
·ΔUi_cri (2)

where �Ui_cri arising from �Qi_cri is the critical value of the
voltage depression at LCC inverter ac bus i (�Ui) indicative
of the boundary of the CF in LCC inverter i. If �Ui under the
fault is larger than �Ui_cri, the CF will occur. The expression
of�Ui_cri can be obtained according to the LCC inverter quasi-
steady-state model as [7], [11]

ΔUi_cri = Ui − XTiτiIdi
cos γ0 − cosβi

. (3)

Here, XTi and τ i represent the converter transformer leakage
reactance and turns ratio in LCC inverter i, Idi and βi denote the
dc current and advance firing angle in LCC inverter i, respec-
tively, and γ0 is the minimum extinction angle for the successful
commutation and is generally determined as 9° corresponding
to the required 500 μs turn-OFF time of thyristors [7].

Note that�Qi_cri and�Ui_cri in (2) are relatively small such
that �Qi_cri/�Ui_cri; there is actually the original definition
of the voltage stability factor (VSFi) at LCC inverter ac bus i
indicative of the voltage stability of HMIDC systems in Fig. 1
[14]. Moreover, �Qi_cri/�Ui_cri can also be mathematically
expressed in (6). Therein, Yii and Yij are, respectively, the
magnitudes of the nodal self-admittance matrix element at LCC
inverter ac bus i and mutual-admittance element between in-
verter ac buses j (j�{1, 2, …, n-1, n}, j � i) and i, Qdi and Pdi are,
respectively, the reactive and active powers in LCC inverter i, and
∂Qdi/∂Uiand∂Pdi/∂Ui are their corresponding reactive and ac-
tive power–voltage dependence terms, respectively. It is further
noted that the multi-infeed voltage interaction factor (MVIFji)
index defined as the ratio of the magnitudes of the voltage vector
changes at inverter ac buses j and i (i.e.,|ΔŨj |/|ΔŨi|) is used

for the quantification of the interaction from inverter i to j in
HMIDC systems [18].

Besides, to improve the accuracy of the strength evaluation,
HMIESCRi is proposed to delineate the strength of HMIDC
systems referred at LCC inverter ac bus i [18]. For clarity, the
detailed expression of HMIESCRi is also given as

HMIESCRi=

U2
i (Yii −

n∑
j �=i,j=1

Yij ·MVIFji)

Pdi
. (4)

From which, it is known that

U2
i (Yii −

n∑
j �=i,j=1

Yij ·MVIFji)= HMIESCRi · Pdi. (5)

Substituting (5) into (6) further yields the detailed expression
of�Qi_cri/�Ui_cri as the function of HMIESCRi in (7). There-
after, combining (2), (3), and (7), finally gives the mathematical
expression of CFIIi as the analytical function of HMIESCRi for
HMIDC systems as shown in (8). It is worth mentioning that as
the CF issue only occurs in LCC but not in VSC inverters under
ac faults, the research focus has been put on the concerned LCC
inverter i as the subject of this letter is the CF. However, no
limitations of the types of the adjacent inverters in Fig. 1 are
imposed when deriving (8) and the theoretical developments in
this section are still valid even when other HVdc schemes are
adopted in the adjacent inverters.

III. ANALYTICALLY QUANTIFYING THE IMPACT OF THE

STRENGTH ON THE CF

A. Introduction of the Hybrid Six-Infeed HVdc Test System

The hybrid six-infeed HVdc test system (i.e., n = 6 in
Fig. 1) is employed for validating the theoretical developments
in Section II. In this test system, LCC inverters 1, 2, and 3 are
terminated at ac buses 1, 2, and 3, respectively, while VSC
inverters 4, 5, and 6 are located at ac buses 4, 5, and 6. To

ΔQi_cri

ΔUi_cri
= VSFi

=

U4
i (Yii −

n∑
j �=i,j=1

Yij ·MVIFji)
2

− (Q2
di + P 2

di) + [U2
i (Yii −

n∑
j �=i,j=1

Yij ·MVIFji) +Qdi]Ui
∂Qdi

∂Ui
+ PdiUi

∂Pdi

∂Ui

[U2
i (Yii −

n∑
j �=i,j=1

Yij ·MVIFji) +Qdi]Ui

(6)

ΔQi_cri

ΔUi_cri
=

(HMIESCRi · Pdi)
2 − (Q2

di + P 2
di) + (HMIESCRi · Pdi +Qdi)Ui

∂Qdi

∂Ui
+ PdiUi

∂Pdi

∂Ui

(HMIESCRi · Pdi +Qdi)Ui
(7)

CFIIi =
(HMIESCRi · Pdi)

2 − (Q2
di + P 2

di) + (HMIESCRi · Pdi +Qdi)Ui
∂Qdi

∂Ui
+ PdiUi

∂Pdi

∂Ui

(HMIESCRi · Pdi +Qdi)Ui
·
(
Ui − XTiτiIdi

cos γ0 − cosβi

)

=
HMIESCR2

i · P 2
di +HMIESCRi · PdiUi

∂Qdi

∂Ui
− (Q2

di + P 2
di) +QdiUi

∂Qdi

∂Ui
+ PdiUi

∂Pdi

∂Ui

HMIESCRi · Pdi +Qdi
·
[
1− XTiτiIdi

Ui(cos γ0 − cosβi)

]
(8)
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Fig. 2. Hardware-in-the-loop platform setup of the test system for the exper-
imental verification.

take into account various dc control modes, the constant dc cur-
rent/extinction angle control combination is used in LCC invert-
ers 1 and 2, whereas the constant active power/extinction angle
control combination is adopted in LCC inverter 3. Meanwhile,
VSC inverters 4 and 5 operate at the constant active power/ac
voltage control combination and VSC inverter 6 at the constant
active power/reactive power control combination. Moreover, the
system parameters and operation variables for LCC inverters are
the same as the CIGRE HVdc benchmark model [16], [17]. Also,
z1�θ1 = 0.1�74.96° p.u., z2�θ2 = 0.3�74.96° p.u., z3�θ3
= z4�θ4 = z5�θ5 = z6�θ6 = 0.5�74.96° p.u., XT4 = XT5

= XT6 = 0.15 p.u., τ4 = τ5 = τ6 = 1.0 p.u., Pd4 = Pd5 =
Pd6 = 0.8 p.u., Qd4 = Qd5 = Qd6 = -0.1 p.u., and the tie-line
impedances between inverter buses are 1.0�80.54° p.u.. Note
that when system parameters values changed subsequently, they
will be clarified in the related descriptions.

B. Description of the Hardware-in-the-Loop Platform

The hardware-in-the-loop platform setup of the abovemen-
tioned test system in Section III-A with the in/out-feeds is
presented in Fig. 2 for the experimental verification under the
real-time environment. For clarity, the corresponding architec-
ture graph of the hardware-in-the-loop platform setup is also
shown in Fig. 3. As can be seen there, the setup is primarily
composed of three constituent subsystems. Subsystem 1 is the
real-time digital simulator widely used in the power industry
[18], in which the dc main circuits of the test system are modeled.
Meanwhile, the expected functions of the involved VSC/LCC
inverter controllers in Subsystem 2 are achieved with the use of
the hardware. Moreover, the related signal exchange between
Subsystems 1 and 2 is realized by the interconnection module
including the analog-in and analog-out cards in Subsystem 3.

Fig. 3. Architecture graph of the hardware-in-the-loop platform setup.

More precisely, the signals transmitted from Subsystem 1 to 2 are
the dc current, extinction angle, active power of LCC inverters
as well as active power, ac voltage, and reactive power of VSC
inverters. Accordingly, Subsystem 2 produces the VSC and LCC
control orders in turn and outputs it to Subsystem 1.

C. Analytical Quantification and Experimental Validation

1) Analytical Quantification: In this section, the developed
(8) is further utilized for analytically quantifying the impact
of the strength on the CF in the abovementioned test system.
For such purpose, consider both the 100-ms three-phase and
single-phase faults occurring at t= 1.2 s at LCC inverter ac bus 1
under various z1 in the preset range of interest from 0.10 to 0.70
p.u. with the steps of 0.05 p.u.. Note here that these classical
fault test conditions have indeed been strongly recommended
and approved in multiple CIGRE/IEEE standards and guides for
the CF studies in LCC inverters. For example, two frequently
referred ones are the CIGRE Guide “Systems With Multiple DC
Infeed” [6] and IEEE Standard “IEEE Guide for Planning DC
Links Terminating at AC Locations Having Low Short-Circuit
Capacities” [19]. Besides, these fault conditions have already
been widely applied in many related research papers on the CF
analysis such as [5], [15], [16] [9]–[11]. With the abovemen-
tioned considerations, the theoretically calculated HMIESCR1

and CFII1 for LCC inverter 1 by using (4) and (8), respectively,
under various z1 based on the MATLAB program are presented
in Table I. Moreover, the three-phase and single-phase faults
at LCC inverter ac buses 2 and 3 are also analyzed. Further,
the theoretically calculated HMIESCR2 and CFII2 for LCC
inverter 2 under various z2 as well as HMIESCR3 and CFII3 for
LCC inverter 3 under various z3 are shown in Tables II and III,
respectively. It is first seen in Table I that along with the reduced
z1, the calculated HMIESCR1 and CFII1 both increase with
an approximately linear relationship presented between them
under both the three-phase and single-phase faults. A further
inspection of Tables II and III also indicates the similar linear
relationship between the calculated HMIESCR2 and CFII2 as
well as between the calculated HMIESCR3 and CFII3. The
abovementioned results therefore illustrate that the strength
positively impacts the CF in a near linear manner when different
fault types and points in the test system are comprehensively
considered.

2) Experimental Validation: The experimental CFII1, CFII2,
and CFII3 acquired according to their definition in (1) under
various z1, z2, and z3, respectively, are further shown in Tables
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TABLE I
ANALYTICALLY QUANTIFYING THE IMPACT OF HMIESCR1 ON CFII1 AND EXPERIMENTAL VALIDATION FOR BOTH THE THREE-PHASE AND SINGLE-PHASE FAULTS

AT LCC INVERTER AC BUS 1 UNDER VARIOUS Z1 IN THE TEST SYSTEM

Notes: Cal.: Calculated. Exp.: Experimental. Error = |Cal. - Exp.| / Exp.

TABLE II
ANALYTICALLY QUANTIFYING THE IMPACT OF HMIESCR2 ON CFII2 AND EXPERIMENTAL VALIDATION FOR BOTH THE THREE-PHASE AND SINGLE-PHASE FAULTS

AT LCC INVERTER AC BUS 2 UNDER VARIOUS Z2 IN THE TEST SYSTEM

Notes: Cal.: Calculated. Exp.: Experimental. Error = |Cal. - Exp.| / Exp.

TABLE III
ANALYTICALLY QUANTIFYING THE IMPACT OF HMIESCR3 ON CFII3 AND EXPERIMENTAL VALIDATION FOR BOTH THE THREE-PHASE AND SINGLE-PHASE FAULTS

AT LCC INVERTER AC BUS 3 UNDER VARIOUS Z3 IN THE TEST SYSTEM

Notes: Cal.: Calculated. Exp.: Experimental. Error = |Cal. - Exp.| / Exp.

I, II, and III under both the three-phase and single-phase faults
at LCC inverter ac buses 1, 2, and 3. Moreover, the detailed
comparisons between the calculated and experimental CFII1,
CFII2, and CFII3 indicate that the maximum errors are 4.4%,
4.2%, and 4.1% as clearly marked by the bold font in those
tables. These errors are deemed to be small enough for guiding
the power industry. In other words, the developed (8) and conse-
quently theoretical developments in Section II are validated by
the experimental results of the test system under different fault
types and points.

3) Comparison With the Simulation-Based Method in Ear-
lier Works: The simulation-based method in earlier works [5],
[15] is primarily realized with the electromagnetic transient
simulations based on the PSCAD/EMTDC program. When the
PSCAD/EMTDC program is running on an Intel i7 processor,
1.80 GHz, 32.0 GB RAM personal computer, it averagely takes
about 100 min to obtain the simulated CFII in a single case
for each selected z1, z2, or z3 in Tables I–III. Thus, around
7800 min (130 h) for all 78 cases are required in total for the
simulation-based method to get the simulated CFII1, CFII2, and
CFII3 with both the three-phase and single-phase faults at LCC
inverter ac buses 1, 2, and 3 considered. On the contrary, only
2.1 s are totally required for all the theoretical calculations in
the test system under different fault types and points in Tables
I, II, and III using (8) by the proposed analytical quantification
method in this letter. The abovementioned discussions therefore
indicate that the proposed method is much more efficient than the

simulation-based method, as the time-consuming electromag-
netic transient simulations are not required any more. Besides,
since the impact of the HMIESCR on the CFII is analytically
evaluated in a more direct manner by using (8), more sufficiently
theoretical perspective can also be provided by the proposed
method than the simulation-based method.

IV. CONCLUSION

This letter first established the mathematical expression of
the CFII as the analytical function of the HMIESCR based
on the quasi-steady-state model of HMIDC systems. Then, the
established expression was used for analytically quantifying
the impact of the strength on the CF. This proposed analytical
quantification method could be much more efficient and lend
more sufficiently theoretical perspective when compared to the
simulation-based method in earlier works. Finally, the validity
of the theoretical developments was verified by the experimental
results of a hybrid six-infeed HVdc test system.
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