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Abstract: This paper analyzes the power stability of the hybrid dual-infeed high-voltage direct-
current (HVDC) system containing a line commutated converter-based HVDC (LCC-HVDC) and a
voltage source converter-based HVDC (VSC-HVDC). First, the concept and the calculation method
of power stability for the hybrid dual-infeed HVDC system are introduced. Second, the influence
of VSC-HVDC on the power stability of the system is investigated. Third, the relationship between
the power stability and the effective short circuit ratio (ESCR) is discussed under different system
parameters. Then, the value range of the critical effective short circuit ratio is determined. Finally,
the evaluation criteria of power stability are proposed. The results show that the evaluation criteria
of the single-infeed LCC-HVDC system can still be used, if the VSC-HVDC is in constant AC voltage
control mode; if the VSC-HVDC is in constant reactive power control mode, the hybrid dual-infeed
HVDC system cannot operate stably when the ESCR is less than 2.0 and can operate stably with
high power stability margin when the ESCR is greater than 3.0. The ESCR index can still be used to
measure the power stability of the hybrid dual-infeed HVDC system.

Keywords: high-voltage direct current (HVDC); line-commutated converter (LCC); voltage source
converter (VSC); power stability; effective short circuit ratio (ESCR); evaluation criteria

1. Introduction

The conventional line-commutated converter-based high voltage direct current (LCC-
HVDC) technology plays a key role in long-distance high-capacity power transmission [1-3].
Compared with LCC-HVDC, voltage source converter-based HVDC (VSC-HVDC) has
the advantages of fast and decoupled active/reactive power control [4,5]. With the wide
application of VSC-HVDC, it has formed a pattern with LCC-HVDC and VSC-HVDC
feeding into the same load center in some areas of China [6-8]. The hybrid dual-infeed
HVDC system is the most basic unit to study the hybrid multi-infeed HVDC system, and
the research on its operating characteristics has important practical value.

For single-infeed LCC-HVDC systems, the effective short circuit ratio (ESCR) index
was proposed to describe the strength of the receiving-end AC system [9]. Relevant
references have pointed out that the index can reflect the power stability of HVDC systems
to a certain extent [10-13]. References [10-12] analyzed the power stability of HVDC
systems and revealed the relationship between the transmission power limit and the short-
circuit ratio. The results show that the increase of ESCR can effectively improve the power
transmission capacity of HVDC systems. References [12,13] pointed out that there is a clear
quantitative relationship between the power stability of the HVDC system and the ESCR.
Under typical converter station equipment parameters, the critical effective short circuit
ratio (CESCR) is about 1.5. Therefore, it can be considered that the HVDC system cannot
operate stably when ESCR is less than 1.5.

Two situations are considered for dual-infeed HVDC systems. One is dual-infeed
LCC-HVDC systems. The other is hybrid dual-infeed HVDC systems. For dual-infeed LCC-
HVDC systems, based on the concept of ESCR, CIGRE proposed the multi-infeed effective
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short circuit ratio (MIESCR) index considering the interaction between HVDCs [14]. The
effectiveness and application scope of ESCR and MIESCR in the dual-infeed LCC-HVDC
system are analyzed in [15]. The results show that the MIESCR index can be used to
evaluate the power stability of the HVDC system in all DC current synchronous increase
mode; while in the single DC current increase mode, the ESCR index should be used to
evaluate the power stability of the HVDC system rather than the MIESCR index and its
threshold value can follow the threshold in single-infeed LCC-HVDC systems.

For hybrid dual-infeed HVDC systems, a large number of references have studied the
influence of VSC-HVDC on the operating characteristics of LCC-HVDC [16-18]. In [16],
the receive-end-system voltage strength factor (RVSF) index was proposed based on the
voltage sensitivity to evaluate the influence of VSC-HVDC on the strength of LCC-HVDC
receiving end systems. In [17], the apparent increase in short circuit ratio (AISCR) index
was proposed based on the concept of the maximum available power of LCC-HVDC,
which was used to quantitatively evaluate the performance improvement of LCC-HVDC
by VSC-HVDC. In [18], an equivalent single-infeed LCC-HVDC model of the hybrid dual-
infeed HVDC system was derived to evaluate the voltage support capability of LCC-HVDC
receiving-end systems.

However, little research has been carried out on the power stability of the hybrid
dual-infeed HVDC system in the above literature. The power stability evaluation of the
hybrid dual-infeed HVDC system still lacks a unified quantitative standard. Additionally,
as mentioned above, the research on the effectiveness of ESCR is generally based on the
power system with one or two LCC-HVDC links. Such research is insufficient in the hybrid
dual-infeed HVDC situation. There is no effective research to verify whether the ESCR
index can still be used to quantitatively evaluate the power stability of the HVDC system
in the new situation. Therefore, it is imperative to study the effectiveness of ESCR in the
hybrid dual-infeed HVDC system.

This paper establishes the mathematical model of the hybrid dual-infeed HVDC
system. Based on the proposed mathematical model, the power stability of the HVDC
system is analyzed from two aspects: the control mode and the transmission power of the
VSC-HVDC. Furthermore, the relationship between the power stability and the effective
short-circuit ratio is studied in the hybrid dual-infeed HVDC system. The contributions of
this paper are summarized as follows:

1.  The concept of the maximum power curve for analyzing the power stability of the
single-infeed LCC-HVDC system is extended to the hybrid dual-infeed HVDC situa-
tion. The calculation method of the power stability margin of the hybrid dual-infeed
HVDC system is proposed.

2. Based on the power stability index, the influence of VSC-HVDC on the power stability
of the hybrid dual-infeed HVDC system is investigated. Furthermore, it is verified
that there is a relatively clear quantitative relationship between the power stability
and the ESCR in the hybrid dual-infeed HVDC system. This provides a theoretical
basis for using the ESCR index to guide the planning and operation of the hybrid
dual-infeed HVDC system.

3. The influence of system parameters on the CESCR is discussed, and the value range
of CESCR is determined. Then, the evaluation criteria of power stability applicable
to the two VSC-HVDC control modes are, respectively, proposed. The effective-
ness of the calculation results is verified based on the electromechanical transient
simulation software.

This paper is organized as follows: the mathematical model of the hybrid dual-infeed
HVDC system is described in Section 2. The power stability analysis of the hybrid dual-
infeed HVDC system is presented in Section 3. The power stability evaluation criteria of
the hybrid dual-infeed HVDC system are proposed in Section 4. The effectiveness of the
calculation results is verified in Section 5. Finally, conclusions are drawn in Section 6.
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2. Mathematical Model of Hybrid Dual-Infeed HVDC Systems
2.1. Description of the Mathematical Model

As illustrated in Figure 1, a simplified hybrid dual-infeed HVDC transmission system
consists of one LCC-HVDC link and one VSC-HVDC link. The connected AC system is
represented by the Thevenin equivalent circuit.

—»  LCC-HVDC AC system 1

1 1 Vi /0, E\ /5

.71
v 32 - Pq,0ql P1,01
di A— ( ) ——]
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P>,0,
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Figure 1. Hybrid dual-infeed HVDC system model.

For the LCC-HVDC link, the quasi-steady-state DC model [12] is adopted, which can
be expressed by the following algebraic equations:

Pa1 = Varla )
e
Var = Ky <3\721V1 cos Y1 — 3)?11&) 3)
p1=cos™! (COS " - ﬁx‘t/llrl Idl) - 4

For the VSC-HVDC link, it can realize flexible control of active and reactive power [19].
When the VSC converter operates in constant active power control mode, its characteristic
equation can be described as:

Pao = Pyoret )

Two kinds of control modes are considered for reactive power control. When the VSC
converter operates in constant reactive power control mode, there is:

Qdz = Quoref (6)
When the VSC converter operates in constant AC voltage control mode, there is:
Vo = Vares @)
For the AC network, the power flow equations can be described as follows:

VZ cos ¢; — E;Vi cos(6; + @i — 6;)
Zi

P = 8)
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At the converter bus, the following balance equations can be obtained:
prh e 1)
Q1+ Q12+Q41 —Qa =0 13)
where:

QCl = VlZBcl (15)

In Equations (1)—(15), P41, —Qqg1, P42, Q42 are the active power and reactive power
injected into the AC system by LCC-HVDC and VSC-HVDC, respectively; Vg1, 141 are
the DC voltage and DC current of LCC-HVDC; p4, v1 are the commutation overlap angle
and extinction angle of LCC-HVDC; 71, Xy are the transformer turns ratio and leakage
reactance of LCC-HVDC; K}, is the number of six-pulse bridges of LCC-HVDC; Pqyyef,
Qqoref and Vo are the reference values of the VSC-HVDC constant active power control,
constant reactive power control and constant AC voltage control, respectively; V; £ 6; is the
converter bus voltage; E; £ é; is the equivalent source voltage of the connected AC system;
P; and Q; are the active power and reactive power of the AC system i; P;; and Q;; are the
active power and reactive power flowing from the AC system i to j; Z; Z ¢; and Z;; £ ¢;;
are the equivalent impedance of the AC system i and the coupling impedance between the
AC system 7 and j, respectively; B.1, Q.1 are the equivalent admittance and reactive power
of the filters and compensators for LCC-HVDC; where i,j=1,2 and i #j.

2.2. Model Solution

For the above-mentioned hybrid dual-infeed HVDC system, the solution of the math-
ematical model can be divided into two cases: rated operating condition and non-rated
operating condition.

Under the rated operating condition, all variables of the AC/DC system are the
nominal values, and the reactive power consumed by LCC-HVDC is completely provided
by the filters and compensators connected at the converter bus. It satisfies:

Y1 = IN1

Vi="Vn1

Va1 = Vani (16)
Ia1 = Iana

Qc1 = Qa1

where yn1, Vi, Vani, and Igng are the extinction angle, AC bus voltage, DC voltage, and
DC current of LCC-HVDC under the rated state, respectively.
For VSC-HVDC, its rated state has nothing to do with the control mode, and it satisfies:

Vo = Ve
Py> = Pano (17)
Qa2 = Qane
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where Vi, Panz, and Qgnp are the AC bus voltage, active power, and reactive power of
VSC-HVDC under the rated state, respectively. Normally, the VSC-HVDC does not deliver
reactive power to the AC system under the rated state—that is, Qqnp = 0.

In addition, when the whole system is in the rated state, the active power exchange P1,
between the AC system 1 and 2 is set to a certain planned value Py;e (usually 0). It satisfies:

P1p = Piep =0 (18)

If we assume that the parameters Z; £ ¢;, Z;; Z ¢;; and Xy are known and let 6, =0,
then, according to Equations (1)—(4) and (8)—(18), the value of parameters E; £ d;, T1 and
Bc1 under the rated state can be obtained by applying the Newton—-Raphson method.

Under the non-rated operating condition, keeping the parameters E; £ d;, T1 and B¢
constant, there are 21 unknown operating state variables in the whole system: 1, v1, I41,
le, Vi/ 91', Pdi/ Qdir Pir Qir Pijr Qijr ch (l,] = 1, 2and i 75 ]) ACCOI‘diI‘Ig to Equations (1)—(15),
it can be seen that the whole system contains 19 constraint equations. Therefore, only two
operating state variables are independent. Select y; and I4; as the independent variables of
the system. Once the independent variables are determined, the remaining operating state
variables will also be determined. It should be noted that when the VSC-HVDC operates in
constant AC voltage control mode, the maximum allowable power limit Sypax 0of the VSC
converter should be considered. Under the premise that the connected AC bus voltage is
Voret, whether the actual reactive power Qgpqact provided by VSC-HVDC exceeds its reactive
power limit Qyjimi should be calculated. When Q4p,c¢ €xceeds the limit, its control mode
is changed from constant AC voltage control to constant reactive power control, and its
reactive power reference value is:

S%max -P dzzref QdZact > QZlimit

Qd2ref = (19)
- S%max -P d22ref QdZaCt < _QZIimit

3. Power Stability Analysis of Hybrid Dual-Infeed HVDC Systems
3.1. Concept of Maximum Power Curve

According to the analysis in Section 2.2, once the selected independent variables
71 and l4; are determined, the remaining operating state variables will also be deter-
mined. Therefore, the active power Py of LCC-HVDC can be represented by these two
independent variables.

Py = f(71, la1) (20)

When 1 = YIN = Ymin, the Pq1~I41 curve is defined as the maximum power curve of
LCC-HVDC [12,20]. Next, the shape of the P4;~I4; curve will be explained.
Substitute Equation (3) into Equation (1), and we can obtain:

Py = Vigylgr = al?; + bly (21)
where:
a = —Kb3X7ﬂ
7T
(22)
b =Ky 3‘72}/1 COS Y1

Therefore, the Py;~I4; curve approximates a downward opening parabola, as shown
in Figure 2. Point N is the rated operating point, and point M is the maximum available
power point of LCC-HVDC.
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Figure 2. Curves of V1, V41 and Py, versus I4; of LCC-HVDC.

3.2. Power Stability Margin

The power stability of LCC-HVDC is the main factor restricting the normal and stable
operation of HVDC systems [12,21]. For any operating point on the P41~I41 curve, its slope
is defined as the power stability index (PSI) of the HVDC system at this point [22]:

PSI = dlay (23)
According to Figure 2, when the HVDC system operates on the left side of the max-
imum available power point M, Pq; increases with the increase of I3;—that is, PSI > 0;
When the system operates on the right side of point M, P4; decreases with the increase
of [q1—that is, PSI < 0. Here, the small disturbance method can be used to test the power
stability of the left and right sides of point M. For the left area of point M, it is assumed
that there is a positive small disturbance Aly;. According to the maximum power curve,
the increase of I4; will lead to the increase of Py;. Under the action of the constant power
controller of the HVDC system, the command value of I3; will be reduced, so that the
current will return to the initial point. Therefore, when PSI > 0, the HVDC system can
maintain power stability. On the other hand, for the right area of point M, the existence
of Al4; will lead to the decrease of P4;. Under the action of the constant power controller,
the command value of I3; will be increased, so that the DC power Py; will further drop.
The system cannot return to the initial equilibrium point. Therefore, when PSI < 0, the
HVDC system is difficult to operate stably. Power stability is essentially a stability problem
under small disturbances. Next, the main influencing factors of the PSI value are further
analyzed.
When the inverter side of LCC-HVDC is in constant extinction angle control mode
(71 = 71N), according to Equations (21) and (22), Py is a function of V; and I4;. Then, we
can obtain:

PSI

_dPy K 3v2V; 3v2I4 dv;  6Xu
Us dlq U

= = cos YIN+ COSYINT— — —1q1 (24)
dIy;

Equation (24) is the detailed analytical expression of PSI. For any operating point, as
long as V1, 141, and dV1/dlg; are known, the PSI value can be calculated. At the rated
operating point, V1 =1, I3 = 1, the value of PSI is only related to dV;/dl4;. The power
stability of the HVDC system is related to the voltage support strength of the receiving
end system. The greater the voltage support strength of the receiving end system, the
smaller the decrease of V; with the same increment of 14, resulting in the greater value
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of dV1/dl4;. Therefore, the value of PSI is greater, and the power stability of the HVDC
system is better.

3.3. The Influence of VSC-HVDC Control Mode on the Power Stability of the System

The rated operating parameters of LCC-HVDC and the receiving end power grid
parameters are given in Appendix A. The base power of the system is 1600 MW, and
the base voltages at the AC side and DC side are 525 kV and 500 kV, respectively. Let
Pano =1.0 p.u., Qgne = 0 p.u., VN = 1.0 p.u., and the other parameters remain unchanged.
The maximum power curves of LCC-HVDC under different VSC-HVDC control modes are
shown in Figure 3. In the figure, LCC, LCC + VSC (Q), and LCC + VSC (V), respectively,
refer to three cases: no VSC-HVDC system, VSC-HVDC system with constant reactive
power control mode, and VSC-HVDC system with constant AC voltage control mode. The
power stability indexes of LCC-HVDC at the rated operating point under different control
modes are calculated, as shown in Table 1.

1.4

1.2 //

\

1.0 \\\
~ P B
2 08 / —LCC
= ——LCC+VSC(Q
2706 ——LCCHVSC(V) |

o/

02/

0.0
00 02 04 06 08 10 12 14 16 18 20
Iy (pw)

Figure 3. Maximum power curves of LCC-HVDC under different control modes.

Table 1. Power stability indexes of LCC-HVDC at the rated point under different control modes.

Control Mode LCC LCC + VSC (Q) LCC + VSC (V)
PSI 0.606 0.577 0.698

According to Figure 3 and Table 1, under different VSC-HVDC control modes, the
PSI values at the rated operating point are different, and the order from high to low is:
LCC + VSC (V) > LCC > LCC + VSC (Q). Compared with no VSC-HVDC, the VSC-HVDC
constant reactive power control mode will deteriorate the power stability of the HVDC
system at the rated operating point, while the constant voltage control mode will improve
the power stability of the HVDC system.

3.4. The Influence of VSC-HVDC Transmission Power on the Power Stability of the System

In this section, the influence of VSC-HVDC transmission power on the power stability
of the system is studied. Keep the AC power grid parameters unchanged. Considering
the two control modes of VSC-HVDC, the maximum power curves of LCC-HVDC under
different VSC-HVDC rated transmission power are shown in Figure 4.
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Figure 4. Maximum power curves of LCC-HVDC under different VSC-HVDC transmission power: (a) Constant reactive

power control mode; (b) constant AC voltage control mode.

According to Figure 4, when the VSC-HVDC is in constant reactive power control
mode, the greater the rated transmission power Py is, the worse the power stability of
the system is. When the VSC-HVDC is in constant AC voltage control mode, the maximum
power curves under different transmission power are coincident, which indicates that the
transmission power of VSC-HVDC has almost no effect on the power stability of the system
under this control mode.

4. Evaluation Criteria for the Power Stability of Hybrid Dual-Infeed HVDC Systems
4.1. Effective Short Circuit Ratio (ESCR)

For single-infeed LCC-HVDC systems, the ESCR index can be used to evaluate the
power stability of HVDC systems [10-12]. Whether the ESCR index can still be used to
quantitatively evaluate the power stability of hybrid dual-infeed HVDC systems is the
focus of this paper. The ESCR is defined as:

Sc — QCN

ESCR =
Pan

(25)
where S, is the three-phase short circuit capacity of the converter bus. Q. is the rated
reactive power provided by the filters and compensators in the converter station, and Pyqn
is the rated DC power of the converter station.

4.2. Study on the Effectiveness of Effective Short Circuit Ratio on the Power Stability of Hybrid
Dual-Infeed HVDC Systems

The power stability margin of hybrid dual-infeed HVDC systems at the rated operating
point is the most concerning issue in power grid planning and operation. Unlike the single-
infeed LCC-HVDC system, the analytical expression of the critical effective short-circuit
ratio cannot be derived theoretically for the hybrid dual-infeed HVDC system. Therefore,
in the following analysis, the PSI~ESCR curves under different system parameters are
compared to investigate whether there is a clear one-to-one correspondence between PSI
and ESCR at the rated operating point. According to the analysis in Section 2.2, under the
premise of clear system parameters, the maximum power curve Py;~I4; of LCC-HVDC can
be obtained by adjusting the value of 141, and then the PSI value at the rated operating point
can be calculated. Furthermore, the relationship between PSI and ESCR can be obtained
by adjusting the value of the impedance parameter Z;. The specific calculation process is
shown in Figure 5, where Al4; and AZ; denote the simulation step.
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Figure 5. Calculation process of power stability index curve PSI~ESCR.

4.2.1. Case 1: VSC-HVDC Constant Reactive Power Control Mode

According to the analysis in Section 3.4, when the VSC-HVDC is in constant reactive
power control mode, the power stability of the system is different under different rated
transmission power of VSC-HVDC. From Equations (5) and (6), it can be seen that the
connection of VSC-HVDC is equivalent to that of a constant power load at the converter bus.
In the following, the relationship between PSI and ESCR is investigated under different
system parameters.

1.  The influence of parameter Pynp

Change the rated transmission power of VSC-HVDC, and investigate the relationship
between PSI and ESCR under different Pyn;,. Figure 6 shows the curves of PSI versus ESCR
when Pgnp is 0 p.u., 0.5 p.u., 1.0 p.u. and 1.5 p.u., respectively. It can be seen that: under the
same Pynp, the greater the ESCR is, the greater the PSI is, and the better the power stability
of the system is. The obtained ESCR when PSI = 0 is defined as the critical effective short
circuit ratio (CESCR) of the system, which is the minimum requirement for the normal and
stable operation of the HVDC system. Taking Pqn7 = 0.5 p.u. as an example, the CESCR of
the system is 1.64. It means that only when ESCR > 1.64 can the HVDC system operate
normally and stably. Comparing the four curves in Figure 6, we can conclude that the
value of CESCR increases with the increase of Pynp. When Pynp increases from 0 p.u. to
1.5 p.u., the variable range of CESCR is 1.52~2.0.
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Figure 6. Curves of PSI versus ESCR for different P4np under VSC-HVDC constant reactive power
control mode.

2. The influence of parameter Z,

Change the equivalent impedance of the AC system corresponding to VSC-HVDC,
and investigate the relationship between PSI and ESCR under different Z,. Figure 7 shows
the curves of PSI versus ESCR when Pgnp = 0.5 p.u., Z; is 0.2 p.u., 0.35 p.u., 0.55 p.u. and
0.75 p.u., respectively. It can be seen that under the same Z,, PSI increases with the increase
of ESCR. The smaller Z, is, the smaller the CESCR of the system is. The variable range of
CESCR is 1.59~1.75.

0.8
0.6 ——
0.4
—Z7,=0.20p.u,|

5 02 ——7,~035pu] |
(=W
0o, ——7,-0.55pu|

// ——Z,0.75p.u.
0.2
0.4
0.6

15 20 25 30 35 40 45 50

ESCR

Figure 7. Curves of PSI versus ESCR for different Z, under VSC-HVDC constant reactive power
control mode.

3.  The influence of parameter Z,

Change the coupling impedance between AC system 1 and 2 and investigate the
relationship between PSI and ESCR under different Z;,. Figure 8 shows the curves of
PSI versus ESCR when Pgnp = 0.5 p.u., Z15 is 0.15 p.u., 0.30 p.u., 0.50 p.u. and 0.70 p.u.,
respectively. It can be seen that under the same Z;5, PSI increases with the increase of ESCR.
The greater Z1; is, the smaller the CESCR of the system is. The variable range of CESCR
is 1.57~1.72.
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Figure 8. Curves of PSI versus ESCR for different Z;, under VSC-HVDC constant reactive power
control mode.

According to Figures 6-8, when the VSC-HVDC is in constant reactive power control
mode, the relationship between PSI and ESCR is summarized as follows:

(1) ESCR has a clear indicative function on the power stability of the hybrid dual-infeed
HVDC system. The greater the ESCR is, the better the power stability of the system is.

(2) The value of CESCR is affected by system parameters. The greater Pynp is, the greater
the CESCR is; the greater Z, is, the greater the CESCR is; the greater Z; is, the smaller
the CESCR is.

(3) The greater the ESCR is, the smaller the influence of system parameters on the
indicative function of ESCR is. Among the above three system parameters, P4y has
the greatest influence on the quantitative relationship between PSI and ESCR, and the
variable range of CESCR is 1.52~2.0.

4.2.2. Case 2: VSC-HVDC Constant AC Voltage Control Mode

According to the analysis in Section 3.4, when the VSC-HVDC is in constant AC
voltage control mode, the power stability of the system is independent of the rated trans-
mission power of VSC-HVDC. For the AC system, the VSC converter station is equivalent
to a generator with reactive capacity constraints. The connection of VSC-HVDC short-
ens the electrical distance from the converter bus of LCC-HVDC to the constant voltage
point. Therefore, the generator characteristics of VSC-HVDC should be considered when
calculating the ESCR. In this case, the power stability of the system is mainly related to the
parameter Zi,. In the following, the relationship between PSI and ESCR is investigated
under different Z1,.

Figure 9 shows the curves of PSI versus ESCR when Pgnp = 0.5 p.u., Z15 is 0.6 p.u.,
0.8 p.u.,, 1.0 p.u. and 1.2 p.u., respectively. It can be seen that under the same Z;,, PSI in-
creases with the increase of ESCR. The value of CESCR is slightly affected by the parameter
Z13. The variable range of CESCR is 1.56~1.65.
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Figure 9. Curves of PSI versus ESCR for different Z1, under VSC-HVDC constant AC voltage
control mode.

4.3. Evaluation Criteria for the Stable Operation of Hybrid Dual-Infeed HVDC Systems

The evaluation criteria of power stability for the hybrid dual-infeed HVDC system
can be divided into two cases: constant AC voltage control mode and constant reactive
power control mode. The expert in [22] proposed that when PSI > 0.4, the HVDC system
has a high stability margin.

Based on the above analysis, it can be seen that if the VSC-HVDC is in constant AC
voltage control mode, the variable range of CESCR is 1.56~1.65, and when PSI = 0.4, the
variable range of ESCR is 2.48~2.63. Therefore, the evaluation criteria of the single-infeed
LCC-HVDC system can still be used.

If the VSC-HVDC is in constant reactive power control mode, the variable range of
CESCR is 1.52~2.0, and when PSI = 0.4, the variable range of ESCR is 2.45~2.9. In order to
ensure a sufficient stability margin, the evaluation criteria of power stability can be divided
as follows:

(1) When ESCR < 2.0, the HVDC system is difficult to operate stably.

(2) When 2.0 < ESCR < 3.0, the HVDC system can operate stably, but the stability margin
is low.

(3) When ESCR > 3.0, the HVDC system can operate stably with high stability margin.

5. Simulation Verification

Generally, the electromechanical transient simulation is preferred to study the stability
of actual AC/DC power systems [23,24]. As the most widely used tool for power system
electromechanical transient simulations, PSS/E can meet various analysis needs of users.
The performance of the HVDC model in PSS/E has been confirmed in [25].

Therefore, in order to verify the effectiveness of the above calculation results, based
on PSS/E, this paper analyzes the power stability of the hybrid dual-infeed HVDC system
shown in Figure 1. LCC-HVDC adopts the CDC6 quasi-steady-state model [26]. The
rectifier side is in constant current control mode, and the inverter side is in constant
extinction angle control mode. VSC-HVDC is replaced by a constant power load model
and a generator model under constant reactive power control mode and constant AC
voltage control mode, respectively. By applying a small current increment Aly; (about
0.01 p.u.) to I3, the PSI value at the rated operating point can be obtained. Under different
receiving-end system strengths, the calculation results of the two methods are compared,
as shown in Table 2.
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Table 2. LCC-HVDC power stability index under different receiving-end system strengths.

Powe Stability Index (PSI)

Control Mode ESCR Numerical PSS/E Power Stability
Calculation Simulation

constant reactive 2.18 0.12 0.12 weak
e eomtrol 2.32 0.20 0.21 weak
Pt = 15 ptt, Oog = 0pat, 260 0.31 0.32 weak
det = 2P o Y 0.43 0.43 strong
2=02pt 427 0.60 0.61 strong
1.84 0.12 0.12 weak
C(’mtarc‘;‘:‘tfof(’ltage 1.98 0.20 0.22 weak
_ B 2.25 0.31 0.32 weak
(szmf"lZ'S P 6V Y LOpu 560 0.41 0.42 strong
2=25p4 3.84 0.60 0.61 strong

According to Table 2, with the increase of ESCR, the PSI value increases, and the
power stability of the HVDC system is better. Taking the VSC-HVDC constant reactive
power control mode as an example, when ESCR = 2.18, the PSI value is only 0.12, and the
power stability of the HVDC system is very weak; only when ESCR > 3.02 can the HVDC
system operate stably with a high stability margin. In addition, the PSI calculation results
under the two methods are basically consistent. Therefore, the aforementioned evaluation
criteria are valid.

6. Conclusions

Based on the concepts of the maximum power curve and the power stability index,
this paper has analyzed the influence of VSC-HVDC on the power stability of the hybrid
dual-infeed HVDC system and further studied the quantitative relationship between the
power stability and the effective short circuit ratio under different system parameters. The
main conclusions are summarized as follows:

(1) For the hybrid dual-infeed HVDC system, the strengthening effect of VSC-HVDC
on the system is related to its control mode. When the VSC converter operates in
constant AC voltage control mode, the system can be strengthened, while when it
operates in constant reactive power control mode, the power stability of the system
may be weakened.

(2) If the VSC converter operates in constant AC voltage control mode, the transmission
power of VSC-HVDC has almost no effect on the power stability of the system. If the
VSC converter operates in constant reactive power control mode, the transmission
power of VSC-HVDC has a significant effect on the stability of the system. The greater
the transmission power is, the worse the power stability of the system is.

(3) There is a relatively clear quantitative relationship between the power stability and
the effective short circuit ratio in the hybrid dual-infeed HVDC system. The greater
the ESCR is, the better the power stability of the system is. The ESCR index can still
be used to evaluate the power stability of the hybrid dual-infeed HVDC system.

(4) If the VSC-HVDC is in constant AC voltage control mode, the CESCR is slightly
affected by system parameters, and its variable range is 1.56~1.65. Therefore, the
power stability evaluation criteria of the single-infeed LCC-HVDC system can still be
used in the hybrid dual-infeed HVDC system. It can be considered that the HVDC
system cannot operate stably when ESCR is less than 1.5.

(5) If the VSC-HVDC is in constant reactive power control mode, the CESCR is mainly
affected by the transmission power of VSC-HVDC, and its variable range is 1.52~2.0.
In order to ensure a sufficient stability margin, it can be considered that the HVDC
system cannot operate stably when ESCR is less than 2.0 and can operate stably with
a high power stability margin when ESCR is greater than 3.0.
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These conclusions can be used to guide the planning and operation of the hybrid
dual-infeed HVDC system. The proposed evaluation criteria of power stability can be used
for the location determination of the HVDC system in the hybrid dual-infeed situation.
It should be noted that although the ESCR index can still be used to evaluate the power
stability of the HVDC system in the hybrid dual-infeed situation, its calculation and
evaluation criteria need to consider two control modes, which will bring inconvenience to
the analysis of the actual power system to a certain extent. In future works, new indexes of
power stability for hybrid dual-infeed HVDC systems should be studied.
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Appendix A

The rated operating parameters of LCC-HVDC and the receiving end power grid
parameters are given in Tables A1 and A2, respectively.

Table A1. Rated operating parameters of LCC-HVDC.

Item Rated Value
Number of six-pulse bridges 2
Rated DC voltage (kV) 500
Rated DC current (kA) 32
Rated extinction angle (°) 18
Rated L-L RMS voltage of the AC system (kV) 525
Rated capacity of the single transformer (MVA) 880
Leakage reactance of transformer (%) 18

Table A2. Parameters of the receiving-end power grid.

Impedance Parameter Amplitude (p.u.) Phase Angle (Rad)
Zl V4 (5] 0.35 7'[/2
Zz Y g02 0.35 7'[/2
Z12 / (Plz 0.3 T[/Z
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