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As using the classical quasi-steady state (QSS) model could not be able to accurately simulate the dynamic characteristics of DC
transmission and its controlling systems in electromechanical transient stability simulation, when asymmetric fault occurs in AC
system, a modified quasi-steady state model (MQSS) is proposed. The model firstly analyzes the calculation error induced by
classical QSS model under asymmetric commutation voltage, which is mainly caused by the commutation voltage zero offset thus
making inaccurate calculation of the averageDC voltage and the inverter extinction advance angle.The newMQSSmodel calculates
the average DC voltage according to the actual half-cycle voltage waveform on the DC terminal after fault occurrence, and the
extinction advance angle is also derived accordingly, so as to avoid the negative effect of the asymmetric commutation voltage.
Simulation experiments show that the new MQSS model proposed in this paper has higher simulation precision than the classical
QSSmodel when asymmetric fault occurs in the AC system, by comparing both of themwith the results of detailed electromagnetic
transient (EMT) model of the DC transmission and its controlling system.

1. Introduction

By the end of 2013, China has built over 15 EHV and
UHV DC transmission lines; both the total length and
transmission capacity are the largest in the world [1]. These
DC transmission systems are suitable to transmit large-scale
renewable electric power generation [2–9] to the remote load
center or link the energy storage [10] and electric vehicle-to-
grid [11] devices. Due to the intervention of large-scale DC
transmission systems, especially the popular multiterminal
VSC-based DC transmission [12–15], large amount of power
electronic devices and other nonlinear elements have been
introduced into the traditional AC power systems; the fast
dynamic process of these components might increase the
difficulty in performing the electromechanical transient sim-
ulation of hybrid AC/DC systems.

In order to improve the precision and speed of elec-
tromechanical transient simulation in hybrid AC/DC system,
researchers have developed a variety of models for the DC
system, including equivalent circuit model, dynamic phasor

model, small signal linearizedmodel, and classic quasi-steady
state (QSS) model, for transient stability simulation.

The equivalent circuit DC systemmodels mainly adopted
the variable topology of converters, to establish the “center-
process” method [16], Kron’s method of tensor analysis
by studying the state matrix of inverters [17], and the
cut set matrix analysis method based on graph theoretical
framework [18]. All the equivalent circuit based DC system
models need a relatively large amount of computation for
complicated operation states of thyristors. In order to save
calculation time, other models such as the piecewise lin-
earized model are used for DC system dynamic simulation
[19]. However, these methods cannot be used in complex DC
systems, such as bipolar or multiterminal DC systems, as it
would be difficult to segment the complex converter topology.

Dynamic phasor method was firstly presented in [20];
its application for modeling of DC system, through Fourier
series expansion, has beenmainly used for harmonic analysis
of hybrid AC/DC system [21–26].
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Small signal linearizedmodel was established by applying
the actual sampling data to model the DC transmission
system in the 𝑑𝑞 reference frame [19, 27]. It is able to take
into account the nonlinear dynamic characteristics of the
converters but only suitable for the small signal dynamic
analysis, which cannot directly be transplanted to the elec-
tromechanical transient stability simulation problem.

Classical QSSmodel for the DC transmission and its con-
trolling system has the advantage of fast computation; thus
it has been widely used in hybrid AC/DC system simulation
[28]. Although several techniques have been presented to
improve the accuracy, such as adopting different step lengths
during simulation [29], classical QSS model would still give
wrong results under asymmetric faulted condition. To deal
with the DC system modeling problem for transient stability
simulation, a modified quasi-steady state (MQSS) model for
DC system is established in this study.

The structure of the paper is as follows. The next section
introduces the error causes for the classical QSS model. The
modifiedQSSmodel is presented in Section 3; it uses the inte-
gral of the actual half-cycle voltage on the DC terminals and
then calculates the average DC voltage, commutation angle,
and the extinction advance angle accordingly. Effectiveness of
the proposed model is tested on CIGRE HVDC benchmark
system in Section 4, by comparing with the simulation results
of EMT simulation software PSCAD/EMTDC. Finally, the
conclusions are given in Section 5, which show that the
proposed MQSS model has higher accuracy than classical
QSS model, while increasing very limited computational
complexity.

2. Classic QSS Model of DC System

The basic function of DC transmission system is to complete
the AC to DC (rectifier) and DC to AC (inverter) conversion
and transmission of electrical energy [30]. Taking the single
bridge rectifier as an example, the connection topology
of the converter system is shown in Figure 1. The single
bridge converter has six bridge arms; each bridge arm is
composed of one thyristor valve together with its triggering
pulse control circuit. The most important advantage of DC
system lies in its capability of controlling the converters’ firing
angles to adjust the operation mode of power systems very
quickly.

2.1. Converter Bridge Model. This section describes the clas-
sical quasi-steady state model succinctly [31]. First of all, it
is necessary to introduce the assumptions for classical QSS
model as follows:

(1) The AC system is assumed to be three-phase sym-
metric sinusoidal system, with a frequency of 50Hz
(60Hz in other countries or regions), regardless
of the harmonics and the influence of the neutral
shift.

(2) The inductance value of the series smoothing reactor
on DC side is large enough, and the performance of
DC filters is ideal, so that the influence of the ripples
can be neglected in the direct current.
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Figure 1: The principal wiring diagram of single bridge rectifier.

(3) The converter transformer is thought of as ideal,
regardless of the saturation effect, excitation
impedance and copper loss, and so forth.

(4) The characteristics of thyristor valves are ideal,
namely, the voltage drop during conducting state
and the leakage current during blocking state can be
ignored, and the six valves are triggered to enter the
conducting state in turn with an equal time interval
of 1/6 cycle.

Define the firing delay angle as𝛼
𝑅
and commutation angle

as 𝜇
𝑅
; then the DC voltage of both ends of the rectifier to the

neutral point can be shown in Figure 2, where 𝑒
𝑎
, 𝑒
𝑏
, and 𝑒

𝑐

denote the three-phase symmetric voltage on the AC side of
rectifier and the symbol of𝑉

𝑖,𝑗
means that valve 𝑖 commutates

to valve 𝑗.
The instantaneous three-phase voltages can be expressed

in (1), in which 𝑈 is the RMS value of phase voltage:

𝑒
𝑎 (𝜔𝑡) =

√2𝑈 sin (𝜔𝑡) ,

𝑒
𝑏 (𝜔𝑡) =

√2𝑈 sin(𝜔𝑡 − 2𝜋
3
) ,

𝑒
𝑐 (𝜔𝑡) =

√2𝑈 sin(𝜔𝑡 + 2𝜋
3
) .

(1)

In classical QSS model, the average DC voltage can be
directly calculated according to the symmetric three-phase
commutation voltage waveform. Taking the commutation
period of valve 3 to valve 4 (the shaded area in Figure 2), for
example, the area of the shaded part can be seen as the average
DC voltage of the rectifier bridge:

𝑈
𝑑𝑅

= ∫

𝛼𝑅+7𝜋/6

𝛼𝑅+5𝜋/6
(𝑒
𝑏
− 𝑒
𝑐
) 𝑑 (𝜔𝑡) −Δ𝑉, (2)

where Δ𝑉 denotes the voltage drop caused by the com-
mutation process, which can be generally expressed as the
product of the equivalent commutation resistance𝑅

𝑅
and the

DC current on rectifier side 𝐼
𝑑𝑅

(the subscript 𝑅 indicates
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Figure 2: DC voltage on rectifier side under symmetric AC voltage
waveform.

the variables are on the rectifier side; the subscript 𝐼 shows
those belong to the inverter side).

Substitute (1) into (2):

𝑈
𝑑𝑅

=
3√2
𝜋

𝐸
𝑅
cos𝛼
𝑅
−𝑅
𝑅
𝐼
𝑑𝑅
,

𝑅
𝑅
=
3𝜔𝐿
𝑅

𝜋
,

(3)

where 𝐸
𝑅
is the RMS value of the commutation line voltage

on rectifier side/kV, 𝐼
𝑑𝑅

is the DC current on rectifier side,
𝛼
𝑅
is the firing delay angle on rectifier side/rad, and 𝐿

𝑅
is the

equivalent commutation inductance of the rectifier side/H.
The commutation angle on rectifier side can be given as

𝜇
𝑅
= cos−1 (cos𝛼

𝑅
−
√2𝜔𝐿

𝑅

𝐸
𝑅

)−𝛼
𝑅
. (4)

The RMS value of AC current on rectifier side will be

𝐼
𝑅
=
√6
𝜋

𝐼
𝑑𝑅
. (5)

The active power consumption by the converters and
corresponding power factor on rectifier side can be written
as

𝑃
𝑅
= 𝑃
𝑑𝑅

= 𝑈
𝑑𝑅
𝐼
𝑑𝑅
,

cos𝜑
𝑅
≈
1
2
[cos𝛼

𝑅
+ cos (𝛼

𝑅
+𝜇
𝑅
)] .

(6)

The formulas on inverter side of the DC transmission
system are similar to the rectifier side in the classical QSS
model; we only need to replace the variable of firing delay
angle 𝛼

𝑅
with the extinction advance angle 𝛿

𝐼
.

2.2. DC Transmission Line Model. DC line model can be
generally classified as lumped parameter circuit model,
segmented 𝜋-type equivalent circuit model [32], Bergeron
model based on distributed parameter [33], and frequency-
dependent circuit model [34], and so forth. The researchers
can choose among these different DC line models, according
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Figure 3: The equivalent circuit of the DC transmission lines.

to different accuracy requirements. In this study, it is mainly
focused on the influence of asymmetric voltage on the firing
angles of converters among different quasi-steady state mod-
els during electromechanical transient simulations; therefore,
the DC transmission line model is selected as simple lumped
parameter circuit model, such as the 𝑅-𝐿 circuit shown in
Figure 3.

According to Figure 3, it is easy to write the differential
equation of DC transmission line during the electromechan-
ical transient simulation as

(𝐿
𝑙
+𝐿
𝑠𝑅
+𝐿
𝑠𝐼
)
𝑑𝐼
𝑑 (𝑡)

𝑑𝑡
+𝑅
𝑙
𝐼
𝑑 (𝑡) = 𝑈

𝑑𝑅 (𝑡) −𝑈𝑑𝐼 (𝑡) , (7)

where 𝑅
𝑙
is the equivalent resistance of the DC transmission

line/Ω, 𝐿
𝑙
is the equivalent inductance of the DC transmis-

sion line/H, and 𝐿
𝑠𝑅

and 𝐿
𝑠𝐼
are the equivalent inductances

of smoothing reactors on each side of the DC system/H.

2.3. DC Control System Model. The DC control system
model is adopted as the CIGRE HVDC control system,
the block diagram is shown in Figure 4, and it is easy to
get the corresponding differential equation according to the
transfer function of each block. The initial value of all state
variables can be obtained from steady state power flow results.
Combining the differential equations of both the control
system and the DC transmission line equations, it is sufficient
to solve the key parameters in DC systems, such as the firing
delay angle 𝛼

𝑅
(𝑡+Δ𝑡) and the extinction advance angle 𝛿

𝐼
(𝑡+

Δ𝑡), in which Δ𝑡 denotes the step length for time domain
simulation.

2.4. Error Analysis of the Classical Quasi-Steady State Model.
From the modeling of the three parts of DC systems from
Sections 2.1 to 2.3, it can be seen that the classical QSS model
only considers the situation when the commutation voltages
are symmetric. In fact, during electromechanical transient
simulation, the last three assumptions in Section 2.1 are easily
satisfied, but the first assumption may not always be obeyed,
because the AC bus voltage will no longer be symmetric
during single phase or double phase short-circuit faults in the
AC system. If we still use the symmetric waveform related
formulas to fire the thyristors, it may bring serious deviation
to the simulation results.

The asymmetric commutation voltage in the AC system
may cause potential calculation errors for the classical QSS
model in the following ways:

(1) If the average voltage of DC side is still com-
puted according to formulas under symmetric voltage



4 Mathematical Problems in Engineering

CMI CMIS
0.01

VDCI VDCIS

+

+

MPVS VDCL CORD
Min

Min

Iorder

kiI
1 + sTiI

CMIS

CORD

CORD

−0.544

+

+

+

0.1
𝛽Imin

𝛽Imax

1 + skP𝛾TS𝛾

sTS𝛾

𝛽I

𝛽I

Max −

−

−

−

−

−

+

Aoi

𝜋

+
𝜋

GNLGGMES

CMR kiR
1 + sTiR

kuI
1 + sTuI

CMRS CERRR 1 + skPRTSR
sTSR

Aor𝛽R

1 + skPITSI
sTSI

𝛽𝛾min

𝛽𝛾max

𝛽Rmin

𝛽Rmax

𝛾order

∑

∑

∑

∑ ∑

∑

Figure 4: The control system of CIGRE HVDC test system.

assumption, all other parameters in the DC side will
have inevitable deviation and thus affect the accuracy
of calculation.Therefore,more precise formulas of the
average DC voltage should be derived, according to
the actual AC system operation status.

(2) If the rectifier firing delay angle and the inverter
extinction advance angle are calculated using the
symmetric waveform, the triggering pulse cannot
consider the influence of the commutation voltage
zero offset, which might lead to commutation failure
or pole blocking for the DC system.

3. The Modified QSS Model for the DC System

It has been shown that the classical QSS model could not
provide reliable simulation results under the condition of
asymmetric commutation voltage. To address this main
defect, a modified quasi-steady state model of DC system
is proposed in this paper. It would be better to use the
actual voltage waveform on the DC terminals to calculate
the average DC voltage, so as to avoid the error caused by
symmetric assumption. Before this, it should be better to find
the exact commutation voltage zero point for the triggering

pulse of each valve so as to compute the DC voltage and
extinction advance angle. Taking the inverter side of six-pulse
converter as an example, it is easy to illustrate the situation.

3.1. Exact Zero Point Prediction of Commutation Line Voltage.
Since we only care about the fundamental components dur-
ing electromechanical simulation, the influence of harmonics
and interharmonics is not considered in this study. For a given
operation status of three-phase voltage amplitude and phase
angle, formulas can be derived for predicting the six zero
points within one cycle; the detailed process is as follows.

Suppose the instantaneous three-phase asymmetric com-
mutation voltages are expressed as

𝑒
𝑎 (𝜔𝑡) =

√2𝑈
𝑎
sin (𝜔𝑡 + 𝜃

𝑎
) ,

𝑒
𝑏 (𝜔𝑡) =

√2𝑈
𝑏
sin (𝜔𝑡 + 𝜃

𝑏
) ,

𝑒
𝑐 (𝜔𝑡) =

√2𝑈
𝑐
sin (𝜔𝑡 + 𝜃

𝑐
) ,

(8)

using phase 𝑎 and phase 𝑐 to derive the prediction formula of
the first line voltage zero point 𝐶

1
. From (8), the line voltage

𝑒
𝑎𝑐
(𝜔𝑡) can be written as

𝑒
𝑎𝑐 (𝜔𝑡) =

√2𝑈
𝑎
sin (𝜔𝑡 + 𝜃

𝑎
) −√2𝑈

𝑐
sin (𝜔𝑡 + 𝜃

𝑐
) . (9)



Mathematical Problems in Engineering 5

At the line voltage zero point 𝐶
1
, it should satisfy that

𝑒
𝑎𝑐
(𝐶
1
) = 0, according to (9):

𝑈
𝑎
sin (𝐶1 + 𝜃𝑎) = 𝑈

𝑐
sin (𝐶1 + 𝜃𝑐) . (10)

Applying the trigonometric transformation, the zero
point 𝐶

1
can be calculated by (12). Consider

sin (𝐶1) [𝑈𝑎 cos (𝜃𝑎) −𝑈𝑐 cos (𝜃𝑐)]

= cos (𝐶1) [𝑈𝑐 sin (𝜃𝑐) −𝑈𝑎 sin (𝜃𝑎)] ,
(11)

𝐶1 = arctan(
𝑈
𝑐
sin 𝜃
𝑐
− 𝑈
𝑎
sin 𝜃
𝑎

𝑈
𝑎
cos 𝜃
𝑎
− 𝑈
𝑐
cos 𝜃
𝑐

)±𝜋. (12)

The calculation formulas for the rest five line voltage zero
points within one cycle can be acquired similarly, which are
listed in

𝐶2 = arctan(
𝑈
𝑏
sin 𝜃
𝑏
− 𝑈
𝑐
sin 𝜃
𝑐

𝑈
𝑐
cos 𝜃
𝑐
− 𝑈
𝑏
cos 𝜃
𝑏

)±𝜋,

𝐶3 = arctan(
𝑈
𝑎
sin 𝜃
𝑎
− 𝑈
𝑏
sin 𝜃
𝑏

𝑈
𝑏
cos 𝜃
𝑏
− 𝑈
𝑎
cos 𝜃
𝑎

)±𝜋,

𝐶4 = 𝐶1 +𝜋,

𝐶5 = 𝐶2 +𝜋,

𝐶6 = 𝐶3 +𝜋.

(13)

3.2. Determination of Triggering Pulse. During the simulation
process of asymmetric faults, due to the influence of the line
voltage zero offset, phase locking device, and the DC control
system, the actual firing delay angles for thyristor valves will
not be equal to the initial angles given by the triggering pulse
control system.

In order to address the influence of zero offset on the
DC control system, the firing angle 𝛼 by the control system
is calculated by average value of the three adjacent zeros to
determine a more accurate triggering pulse for each valve.
This method is able to avoid the inaccurate triggering effect
of classical QSS model during asymmetric faults. According
to the exact commutation line voltage zero instants calculated
by (12) and (13), triggering pulse of valve 3 can be acquired,
and then the other five pulses can be obtained through the
equidistant firing control as follows:

𝑝3 =
(𝐶1 + 𝛼

𝐼
+ 2𝜋/3 + 𝐶2 + 𝛼

𝐼
+ 𝜋/3 + 𝐶3 + 𝛼

𝐼
)

3
,

𝑝2 = 𝑝3 −
𝜋

3
,

𝑝1 = 𝑝2 −
𝜋

3
,

𝑝6 = 𝑝1 −
𝜋

3
,

𝑝5 = 𝑝6 −
𝜋

3
,

𝑝4 = 𝑝5 −
𝜋

3
,

(14)

Table 1: The relationship between 𝑝, 𝑞, and 𝑟 and three-phase 𝑎, 𝑏,
and 𝑐 for each triggering pulse.

Pulses 𝑝
1
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Figure 5:The determination of triggering pulse for the valves on the
inverter side.

where 𝛼
𝐼
is the inherent firing delay angle on the inverter side

that is initially set by the DC control system/rad.
Figure 5 shows the schematic diagram of triggering pulse

of each valve on the inverter side, according to fault fun-
damental component of asymmetric commutation voltage
by (8), where the parameters are chosen as 𝛼

𝐼
= 2.3 rad,

𝑈
𝑎
= 51.249 kV, 𝑈

𝑏
= 113.268 kV, 𝑈

𝑐
= 119.422 kV, 𝜃

𝑎
=

−0.7187 rad, 𝜃
𝑏
= −1.8384 rad, and 𝜃

𝑐
= −4.3136 rad.

It can be seen in Figure 5 that the three dashed lines of
pulse 𝑝𝑝

1
, 𝑝𝑝
2
, and 𝑝𝑝

3
are firing time instants for valve 3

by applying the three zeros 𝐶
1
, 𝐶
2
, and 𝐶

3
, respectively. The

solid line pulse 𝑝
3
is the average of these three firing angles,

according to (14), and then the firing angles for other valves
can be obtained by the equidistant firing control.

During the commutation process, three valves are partici-
pating; thus the valves can be divided into three classes. In this
study, the valve that is entering into the commutation status
is defined as 𝑝 phase, and exiting phase is defined as the 𝑞
phase, and the other half bridge that remains conducting is
called the 𝑟 phase. For example, the relationship between 𝑝,
𝑞, and 𝑟 and original three-phase 𝑎, 𝑏, and 𝑐 for each triggering
pulse plotted in Figure 5 can be shown in Table 1.

3.3. Average DC Voltage Calculation. Similar to the classical
QSS model in Section 2.1, the average DC voltage under
asymmetric faults can be calculated by the integral of actual
commutation line voltage waveform on the DC terminals.
Also, the voltage drop Δ𝑉 caused by DC current during the
commutation process can still be replaced by the voltage drop
on the equivalent commutation resistance.

According to Table 1, it is easy to obtain the entering,
exiting, or conducting state of all the valves on the inverter
side during the commutation period, and it is sufficient to
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calculate the exact DC voltage waveform and thus the DC
voltage calculation formulas, which are shown in Table 2. In
Table 2, 𝑝

𝑖
denotes the firing angle for valve 𝑖 (𝑖 = 1, 2, . . . , 6),

and 𝜇
𝑖
is the commutation angle of the valve 𝑖 after it has been

triggered.
Using the last column of Table 2 to succinctly express the

exact DC voltage waveform, then the average DC voltage can
be calculated by the integral of six segments within one cycle:

𝑈
𝑑𝐼
= −

1
2𝜋

6
∑

𝑖=1
(−1)𝑖−1 (∫

𝑝𝑖+1

𝑝𝑖

𝑒
𝑝𝑟𝑖 (𝜔𝑡) 𝑑𝜔𝑡 −Δ𝑉) , (15)

where 𝑒
𝑝𝑟𝑖
(𝜔𝑡) is the general DC voltage formula in the last

column of Table 2 within each time period, Δ𝑉 is the voltage
drop caused by commutation/kV, and 𝑝

𝑖
is the electric angle

of the triggering pulse for valve 𝑖/rad.
Similar to classical QSS model, the voltage drop Δ𝑉

caused by commutation can also be calculated approximately
through the voltage drop on equivalent resistance of the
inverter side. Accordingly, the DC average voltage on the
inverter side of the new MQSS model can be derived as
follows:

𝑈
𝑑𝐼
= −

1
2𝜋

6
∑

𝑖=1
(−1)𝑖−1 (∫

𝑝𝑖+1

𝑝𝑖

𝑒
𝑝𝑟𝑖 (𝜔𝑡) 𝑑𝜔𝑡)−𝑅

𝐼
𝐼
𝑑𝐼
. (16)

Considering that the commutation voltage contains only
the fundamental component, it is sufficient to integrate the
average DC voltage by half-cycle voltage waveform. Taking
the half-cycle voltage waveform from the triggering point
of valve 6 to valve 3 of the inverter side as an example, the
actual DC terminal voltage waveform on the inverter side can
be shown as the shaded part in Figure 6, according to the
expressions of DC voltages of Table 2.

Then the average DC voltage from 𝑝
6
to 𝑝
3
can be

calculated as

𝑈
𝑑𝐼
= −{

1
𝜋
(∫

𝑝1

𝑝6

𝑒
𝑐𝑏 (𝜔𝑡) 𝑑𝜔𝑡 +∫

𝑝2

𝑝1

𝑒
𝑎𝑏 (𝜔𝑡) 𝑑𝜔𝑡

+∫

𝑝3

𝑝2

𝑒
𝑎𝑐 (𝜔𝑡) 𝑑𝜔𝑡)−𝑅

𝐼
𝐼
𝑑𝐼
} .

(17)

Solving the integral formula above, we can get the average
DC voltage on the inverter side as shown in (18), under
asymmetric commutation voltage:

𝑈
𝑑𝐼
= −{

√2
𝜋

[𝑈
𝑏
(cos (𝑝6 + 𝜃𝑏) − cos (𝑝5 + 𝜃𝑏))

−𝑈
𝑐
(cos (𝑝6 + 𝜃𝑐) − cos (𝑝5 + 𝜃𝑐))

+𝑈
𝑏
(cos (𝑝5 + 𝜃𝑏) − cos (𝑝4 + 𝜃𝑏))

−𝑈
𝑎
(cos (𝑝5 + 𝜃𝑎) − cos (𝑝4 + 𝜃𝑎))

+𝑈
𝑐
(cos (𝑝4 + 𝜃𝑐) − cos (𝑝3 + 𝜃𝑐))

−𝑈
𝑎
(cos (𝑝5 + 𝜃𝑎) − cos (𝑝3 + 𝜃𝑎))] − 𝑑𝐼𝐼𝑑𝐼} .

(18)
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Figure 6: Actual DC voltage waveform analysis on the inverter side
during asymmetric commutation line voltage.

The calculation process of average DC voltage on the
rectifier side is similar. After obtaining the DC voltages on
both sides of each DC system, other variables of DC system
can then be calculated.

4. Model Validation

In order to test the validity of the proposed MQSS model,
simulations are performed onCIGREHVDCbenchmark test
system; according to the newmodel, the classical QSSmodel,
and the power system EMT model from PSCAD software,
results from PSCAD are chosen as the comparison reference,
because it contains the full electromagnetic transient models
that can take into consideration all dynamic performance of
the DC system.

4.1. Three-Phase Symmetric Short-Circuit Fault on Inverter
Side. At 1.0 s, a three-phase symmetric short-circuit ground-
ing fault occurs on the AC bus of the inverter side, the
grounding resistance is set as 0Ω, the fault lasts for 0.1 s,
and the total simulation time is 1.5 s. With the same initial
steady state and faulted operation conditions, the calculation
results of the three models for the DC system, namely, the
newmodified quasi-steady statemodel (marked with “new”),
the electromagnetic transient model (marked with “EMT”),
and classical quasi-steady state model (marked with “QSS”),
are shown in Figures 7–9. Among them, the ordinates are
DC current of the inverter side, DC voltage on inverter side,
and DC voltage on rectifier side in per unit system, and the
abscissas are simulation time in seconds.

It can be seen from the curves of Figures 7–9 that
the simulation results of both the new MQSS model (the
solid blue curve) and the classical QSS model (the dotted
green curve) match well with results of the EMT simulation
(the dashed magenta curve), which demonstrates that both
models are suitable to model three-phase faults since the
commutation voltages are symmetric.Thepercent overshoots
of the new MQSS model when the fault occurs and is being
cleared are a bit more than the classical QSS model, because
we use the measured half-cycle AC voltage waveform to
calculate the DC variables, but the AC voltage waveform
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Table 3: Steady state DC values and errors during the 100ms three-phase short-circuit fault for both QSS and MQSS models.

EMT model (pu) QSS model (pu) Modified model (pu) Absolute error
of QSS model

Absolute error
of modified

model
𝐼
𝑑

0.5500 0.5500 0.5500 0 0
𝑈
𝐷𝐼

0 0.0561 0.056 0.0561 0.0560
𝑈
𝐷𝑅

0.0050 0.0670 0.0670 0.0170 0.0170

t (s)

1.8
1.6
1.4
1.2
1

0.8
0.6
0.4
0.2
0
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

I d
(p
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Id_new
Id_EMT
Id_QSS

Figure 7: DC current transient waveform on the inverter side
during three-phase grounding fault.

1.2

1

0.8

0.6

0.4

0.2

0

−0.2
t (s)

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

U
D
I

(p
u)

UDI_new
UDI_EMT
UDI_QSS

Figure 8:DCvoltage transientwaveformon the inverter side during
three-phase grounding fault.

immediately after fault’s occurrence and clearance is highly
distorted. In electromechanical transient stability study, we
care more about the AC fundamental components and the
steady state DC values during and after faults; therefore, the
comparison of steady state DC values during faults (from
time 1.0 s to 1.1 s) and corresponding errors of the two QSS
models to EMT model are given in Table 3.

It can be seen from Table 3 that there is only slight
differences between the calculation results of all threemodels;
the steady state DC values during the 100ms fault period
for classical QSS model and new MQSS model are similar.
This demonstrates that new MQSS model is reasonable and
credible under symmetric commutation voltage condition,

1.2

1

0.8

0.6
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0.2

0
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−0.4
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UDR_QSS

Figure 9:DC voltage transient waveformon the rectifier side during
three-phase grounding fault.

although it utilizes the half-cycle measured faulted voltage
waveform to predict the commutation voltage zero points and
triggering pulse even during symmetric short-circuit faults.

4.2. Single Phase Grounding Fault on Inverter Side. Under
asymmetric fault occurring on theACbus of the inverter side,
the voltage asymmetry is mainly decided by fault resistance.
If the fault resistances are different, the asymmetric degree of
the AC bus voltage will also be different. In this study, we use
different values of the AC fault resistance under asymmetric
faults to investigate the validity of the proposedMQSSmodel.

At 1.0 s, a single phase grounding fault occurs on the AC
bus of the inverter side, grounding resistance is 10Ω, and
the fault lasts for 0.1 s, and the simulation results for the new
model, EMT model, and classical QSS model are shown in
Figure 10 to Figure 12.

It can be seen from Figures 10–12 that the calculation
results of the new MQSS model are closer to EMT model
than to the classical QSS model with same asymmetric fault
conditions, although the percent overshoots of our MQSS
model when the fault occurs and is being cleared are a bit
more than the classical QSS model, which is caused by the
fast controlling effect of the converters in the DC systems.
The steady state values of the DC variables have higher
accuracy using the new model, because it is able to address
the zero point offsets and triggering pulse shifts during
electromechanical transient stability simulation.

The comparison of steady state DC values during the
single phase grounding fault (from time 1.0 s to 1.1 s) and
corresponding errors of the two QSS models to EMT model
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Table 4: Steady state DC values and errors during the 100ms single phase grounding fault for QSS and MQSS models.

Single phase
grounding
resistance (Ω)

Parameters EMT model (pu) QSS model (pu) Modified model (pu)
Relative error
of QSS model

(%)

Relative error of
modified model

(%)

0
𝐼
𝑑

0.5500 0.6000 0.5481 9.09 0.34
𝑈
𝐷𝐼

0 0.4267 0.1954 — —
𝑈
𝐷𝑅

0.0507 0.4600 0.1843 807.30 263.51

10
𝐼
𝑑

0.5820 0.7338 0.5512 44.81 5.29
𝑈
𝐷𝐼

0.2929 0.5925 0.3331 102.29 13.72
𝑈
𝐷𝑅

0.3000 0.6139 0.3440 104.63 14.67

20
𝐼
𝑑

0.6823 0.8426 0.7164 23.49 5.00
𝑈
𝐷𝐼

0.5400 0.6929 0.5846 28.31 8.26
𝑈
𝐷𝑅

0.5600 0.7360 0.6001 34.73 7.16

1.8
1.6
1.4
1.2
1

0.8
0.6
0.4
0.2
0

t (s)
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Figure 10: DC current transient waveform on the inverter side
under single phase grounding fault.
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Figure 11: DC voltage transient waveform on the inverter side under
single phase grounding fault.

are given in Table 4. It can be seen from the data in Table 4
that the simulation errors of proposed new MQSS model
are comparatively smaller than the classical QSS model,
because the new model is able to consider the asymmetric
commutation voltage under single phase grounding fault, and

Table 5: Simulation results forQSS andMQSSmodels under double
phase-grounded faults with small grounding resistances.

Double
phase-grounded
resistance (Ω)

EMTModel QSS model 𝛼
𝐼

(rad) Modified model

0 Blocking Blocking Blocking
20 Blocking 2.1817 Blocking
40 Blocking 2.2689 Blocking

1.4

1.2

1

0.8

0.6

0.4

0.2

0

t (s)
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

U
D
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(p
u)

UDR_new
UDR_EMT
UDR_QSS

Figure 12:DCvoltage transientwaveformon the rectifier side under
single phase grounding fault.

the deviations of classical QSS model to the EMT model are
relatively larger. For example, when the grounding resistance
is 10Ω, the error rate of the calculated DC average voltage
on the inverter side 𝑈

𝐷𝐼
during the 100ms fault period

by the new model has reduced by 88.57%, comparing to
the calculated value by the classical QSS model; the error
rate of the DC average voltage on the rectifier side 𝑈

𝐷𝑅
is

reduced by 89.96%, and the error rate of the DC average
current 𝐼

𝑑
is reduced by 39.52%. It demonstrates that the

newmodified quasi-steady statemodel has excellent ability to
simulate the DC system under asymmetric faulted situation
for electromechanical transient stability simulations.
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Table 6: Steady state DC values and errors during the 100ms double phase-grounded fault for QSS and MQSS models.

Double
phase-grounded
resistance (Ω)

Parameters EMT model (pu) QSS model (pu) Modified model (pu) Relative error of
QSS model (%)

Relative error of
modified model

(%)

60
𝐼
𝑑

0.6500 0.8500 0.7470 30.77 14.92
𝑈
𝐷𝐼

0.4800 0.7400 0.6217 54.17 29.31
𝑈
𝐷𝑅

0.4750 0.7250 0.6380 52.63 34.32

80
𝐼
𝑑

0.7050 0.8840 0.7069 25.39 0.27
𝑈
𝐷𝐼

0.5700 0.7790 0.5733 36.67 5.79
𝑈
𝐷𝑅

0.5750 0.7800 0.6424 35.65 11.72

100
𝐼
𝑑

0.7900 0.9200 0.8104 16.46 2.58
𝑈
𝐷𝐼

0.6500 0.8000 0.6486 23.08 0.22
𝑈
𝐷𝑅

0.6520 0.8150 0.6623 25.00 1.58

4.3. Double Phase-Grounded Fault on Inverter Side. Since
double phase-grounded fault usually induces more severe
asymmetry than phase-to-phase short-circuit, the phase-to-
phase short-circuit asymmetric fault type is not included in
this study. At 1.0 s, a double phase-grounded fault (assuming
to be phase 𝑎 and phase 𝑏) occurs on the AC bus of the
inverter side, and the fault lasts for 0.1 s. Since the waveforms
for the DC variables of the new model, EMT model, and
classical QSS model are similar to the figures shown in
Section 4.2, the figures are omitted, and the simulation results
of the newMQSSmodel are closer to EMTmodel than to the
classical QSS model under identical fault conditions.

Typically, the smaller the short-circuit grounding resis-
tance, the lower theACvoltage; thus the commutation voltage
asymmetry degree is larger. It is essential to simulate the
more serious condition, such as commutation failure andpole
blocking for the DC system.

In the accurate EMT simulation model, continuous com-
mutation failure and HVDC pole blocking for the DC system
can be encountered when the grounding resistance is from 0
to 40Ω, with the initial firing delay angle of the inverter side
𝛼
𝐼
equal to 1.57 rad. However, no pole blocking phenomenon

appears when the grounding resistance is 20 to 40Ω for the
classical QSS model, and the pole blocking phenomenon can
be reflected accurately by our new MQSS model, as shown
in Table 5. It can be indicated from Table 5 that the modified
QSS model is able to simulate the continuous commutation
failure and pole blocking of the DC system during severely
asymmetric AC faults; the simulation results are consistent
with the accurate EMT model.

For larger grounding resistance from 60 to 100Ω under
double phase-grounded fault, the simulation results and
corresponding errors of the two QSS models to referenced
EMT model are given in Table 6. It can be seen from the
data in Table 6 that the simulation errors of new MQSS
model proposed in this paper are comparatively smaller than
the classical QSS model. During the 100ms (1.0 s–1.1 s) fault
period, the relative errors of the average DC current and
voltage variables by the new MQSS model are smaller than
classical QSS model; the error can be reduced by 15% at
least.

To conclude, the QSS-type models are developed for
electromechanical transient simulation, which has much
larger time steps and simulation duration than electromag-
netic transient simulation. Therefore, the requirements are
to reduce the amount of calculation time of electromagnetic
computation, while maintaining high accuracy. It is well
accepted that the detailed electromagnetic transient simu-
lation programs, such as PSCAD/EMTDC, can provide the
reference values; thus we compare both the proposed MQSS
and the conventional QSS with the results of PSCAD. The
accuracy of our MQSS model has shown to be substantially
improved comparing with the conventional QSS model dur-
ing asymmetric faults. And the computation time does not
increase much, as indicated by the additional multiplications
and additions in (12), (13), and (14) during the processes of
zero point prediction and triggering pulse determination.

5. Conclusion

In power system electromechanical transient stability studies,
the classical quasi-steady state (QSS) model is not able
to accurately simulate the dynamic characteristics of DC
transmission and its controlling system when asymmetric
fault occurs in AC system; therefore, a new modified quasi-
steady statemodel (MQSS) is proposed in this paper.The new
MQSS model utilizes the actual half-cycle voltage waveform
on the DC terminals to predict the exact zero points of
commutation voltages and then calculate the average DC
voltages and the extinction advance angles, so as to avoid
the negative effect of the asymmetric commutation voltage
distortion. Simulation experiments show that the newMQSS
model proposed in this paper can reduce the simulation
error by 15% at least compared to the classical QSS model,
under single phase grounding and double phase-grounded
asymmetric faults in the AC system, by comparing both of
the two models with the results of the detailed EMT model.
Because the new MQSS model is capable of reflecting the
dynamic characteristics of DC systems without consider-
ing the complicated electromagnetic transient processes in
typical EMT models, it is very suitable for transient stability
simulation in hybrid AC/DC power systems.
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