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Abstract: Due to the complex operation characteristics of AC/DC hybrid power grids, it is a great
challenge to comprehensively evaluate their stability and formulate appropriate strengthening
schemes for them. To address this challenge, the following studies are carried out in this paper.
First, an evaluation system including six indicators is established for AC/DC hybrid power grids.
Next, aiming at the problems that may be revealed by the comprehensive evaluation, strengthening
measures that can be utilized are introduced. Then, a comprehensive evaluation method for AC/DC
hybrid power grids and their potential strengthening schemes is proposed. This method can deal
with three issues, including normalization of the indicators, weighting of the indicators, and the
trade-off of technology and cost. Finally, in the case study of the Qujing Power Grid, the main
problems faced by regional power grids are pointed out, and four feasible strengthening schemes are
formulated and evaluated.

Keywords: AC/DC hybrid power grid; evaluation indicator; strengthening measure; weighting
method; trade-off of technology and cost

1. Introduction

With the progress of transmission technologies, the State Grid of China has been a
large-scale AC/DC hybrid power grid [1,2]. In recent years, multiple types of flexible
transmission system equipment have been put into operation in the State Grid of China,
such as the unified power flow controller (UPFC) and the high-voltage direct current
(HVDC) system based on a voltage source converter (VSC) [3,4]. With the operation of
various power electronic devices, the operation characteristics of this AC/DC hybrid power
grid are becoming more and more complex.

A large-scale AC/DC hybrid power grid usually has the following characteristics:
a high proportion of DC power to total load, large installed capacity of generators, and
deficiency of control means [5]. These characteristics make a large-scale AC/DC hybrid
power grid face some safety and stability problems [6,7]. In order to deal with these
problems, a lot of technologies and devices can be used singly or in combination to form
stability strengthening schemes. Considering the diversity of new technologies and the
complexity of system operation characteristics, it is necessary to study the comprehensive
stability strengthening schemes for AC/DC hybrid power grids, to help operators improve
the power system stability on the premise of affordable economic investment.

At present, scholars have carried out a lot of research on AC/DC hybrid power grids,
which mainly involves operation characteristics, simulation methods, control strategies, and
stability evaluation methods. For example, the interaction between multiple VSC-HVDC
systems and the receiving AC system under AC faults is studied in [8]. Ref. [9] presents an
electromechanical-electromagnetic transient simulation system, in which the large AC/DC
power grid is divided into small sub-networks. In [10], a control scheme of LCC-VSCs
interlinking converters is introduced, which can help the AC/DC network operate stably
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under various conditions. Ref. [11] proposes an adaptive security risk assessment system
for an electric power system, which is based on electricity regulation.

As for the evaluation methods and strengthening schemes for large-scale power
grids, the existing research mainly focuses on certain equipment or one kind of stability
problems. For example, some scholars proposed a method to calculate the AC short-
circuit current near the converter station, considering the dynamic characteristics of the
converter station [12]. In [13], the local load margin and some other indicators are applied
to analyze the static voltage stability of power grids. Ref. [14] introduces a new indicator,
the hybrid multi-infeed effective short-circuit ratio (HMESCR), to evaluate the power
stability of hybrid multi-infeed HVDC systems. In [15], an analytical method based on
multi-point linearization is applied to improve the accuracy of rotor angle stability analysis
considering the influence of multi-terminal direct current (MTDC) systems. Ref. [16]
studies the rotor angle stability indicator from the perspective of time-domain simulation.
Ref. [17] discusses the rate of change of frequency (RoCoF) and its temporal and spatial
aggregation. In [18], a method for evaluating the inertia demand is presented, considering
the constraints of RoCoF and the frequency nadir. In [19], a method for evaluating the risk
of commutation failure of the DC system after AC faults at the receiving end is proposed.
However, an evaluation method considering only one single problem cannot measure a
complex hybrid power grid in an all-around way. In addition, the existing research rarely
takes the trade-off of technology and cost into account. Thus, how to comprehensively
evaluate AC/DC hybrid power grids and their potential strengthening schemes integrating
multi-dimensional technical evaluation and cost analysis needs to be further studied.

Obviously, the comprehensive evaluation of power systems can be regarded as a multi-
criteria decision-making (MCDM) problem. In this regard, the research results obtained
by mathematicians are worthy of reference. For example, the analytic hierarchy process
(AHP) has been widely used to calculate subjective weights in MCDM problems since
its birth [20-22]. The best worst method (BWM) is another commonly used subjective
weight calculation method, which requires less data and can produce reliable results [23,24].
In terms of objective weight calculation, the entropy weight method (EWM) [25,26], the
technique for order preference by similarity to ideal solution (TOPSIS) [27], and the critic
method [28] are some of the recognized methods. Actually, the work of this paper is based
on BWM and EWM.

The contributions of this paper are summarized as follows:

e  Anevaluation system including six indicators is established for AC/DC hybrid power
grids, which covers various safety and stability issues.

e  For various safety and stability issues, measures that can be utilized to solve them are
introduced.

e A method for comprehensive evaluation of AC/DC hybrid power grids is proposed.
Considering multiple dimensions to evaluate the safety and stability of the power
system, this method can give technical scores for different schemes, and present curves
reflecting the trade-off of the technical scores and the costs.

The remainder of this paper is organized as follows: Section 2 introduces six evaluation
indicators, which are the basis of the technical analysis of AC/DC hybrid power grids.
Section 3 summarizes some typical countermeasures for the problems faced by AC/DC
hybrid power grids. Section 4 introduces, in detail, the comprehensive evaluation method.
Then, the case study of the Qujing Power Grid is implemented in Section 5. Finally, Section 6
concludes this paper.

2. Evaluation System and Indicators

The evaluation system proposed in this paper covers the evaluation of short-circuit
current, voltage stability, power angle stability, frequency stability, thermal stability, and
DC fault. Indicators used in the system are described below.
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2.1. Short-Circuit Current Margin

Statistics show that the influence of the three-phase metallic short-circuit fault is the
most serious. Thus, the short-circuit current margin, K, at bus i can be defined as follows:

Ko = Jomaxi = Isci 100, 1)
Tomaxi

Here, [;)maxi is the maximum allowable short-circuit current at bus 7, which is usually
the upper limit of the breaking capacity of the circuit breaker; I is the three-phase
metallic short-circuit current at bus i. Obviously, the short-circuit current margin calculated
according to (1) is a restrictive indicator. To ensure the safety of the power system, the
short-circuit current margin of any bus should be positive. If K¢ < 0, it means that the

short-circuit current at bus i exceeds the limit and the system has safety problems.

2.2. Local Load Margin

When analyzing the voltage stability of large-scale hybrid power grids, we usually
focus on the impact of the load growth on bus voltage. Taking the power system shown
in Figure 1a as an example. When analyzing the local static voltage stability at bus i, the
original system can be simplified to an equivalent system using Thevenin’s theorem, with
the power flow at bus i remaining constant, as shown in Figure 1b.

u,.6, uze,  U,Z6,
( power

P,- P,~+jQ,~| R |
(a) (b)

Figure 1. Partial schematic diagram of a power system. (a) The original system. (b) The equivalent
system.

Then, some assumptions are made:

e  The system is large enough so that the equivalent voltage, Uy, keeps unchanged during
the load growth at bus i.
The power factor angle at bus i, ¢;, keeps unchanged.
The load at any other bus keeps unchanged, too.

Thus, the local load margin, Py, can be defined as (2):

Pimax_Pi

Pimax

Pngi = X 100% (2)

Here, P; is the active power of the load at bus i, and Pjmax is the critical power value,
at bus i, that make system unstable. Apparently, the local load margin, Pppg;, calculated
by (2), is a restrictive indicator. To ensure the safety and stability of the power system, the
local load margin should be greater than 0. The larger the margin is, the better the static
voltage stability of the corresponding bus is. Based on engineering experience, the local
load margin of every bus should be greater than 8% in normal conditions.

Based on the assumptions, we have [29]:

P.R X\?> /PX — QR\?
Uy = \/(ul- + = Zr[ 2: ) + (l 0 L ) )
D; sing; = Q; cos ¢; 4)

Accordingly, the expression of P-U curve at bus i, U; = f (P;), can be obtained:

{ p = U;? cos <\/A2+ UOZRZJQUOZXZ _ R2_Xx2 —A)

R%+X?
A =R cos ¢; + Xsin ¢;

©)
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Here, A is an intermediate variable for ease of representation.
As shown in Figure 2, the voltage and power at the rightmost end of the P-U curve at
bus i are named as Uy ; and Py ;.

U;(pu.,)
A

U,

Imt1,i

0 D

Imt1,i

Figure 2. The P-U curve at bus i (parameters take typical values).

Apparently, the active load, P;, is not allowed to exceed Py, otherwise voltage
collapse will occur in the system. According to (5), the value of Uy ; can be obtained:

Uy - /2(Z2 = AZ)
2 | X cos ¢; — Rsin ¢;]

Umer,i = (6)

In addition, for the safety of the equipment, the operating voltage, U;, must be within
a reasonable range. Actually, considering the trend of typical P-U curves, the lower limit of
U; should be mainly concerned, which can be expressed as Uy ;. In real power systems,
Ujmtz,i is usually taken as 0.9. Then, the minimum allowed value of U; can be obtained as:

ui min — max{ulmtl,i/ ulth,i} (7)
When U; = Ujpin, P; in (5) will be the critical power value.

2.3. Critical Clear Time of Fault

The critical clear time of a fault, ., can be used to evaluate the large disturbance rotor
angle stability of the system. For any fault in the system, if its duration exceeds its ¢,
at least one generator will lose synchronization with the system, which means that rotor
angle instability will occur. Considering the occurrence probability and the harm, the fault
category analyzed in this paper is the three-phase metallic short-circuit fault at the end of a
transmission line.

Take the two-area interconnected power system shown in Figure 3 as an example.
In this system, two lines constitute a transmission channel between bus i and bus j, and
Py is the active power transmitted through the channel. The rest of the power system
is simplified, which is represented by two regional equivalent generators (G1/G2) and
two equivalent transformers (T1/T2).

y N s N
/G1 T1 \ UiZ6: Pr Linel Uy £0j, T2 G2

(a) (b)

Figure 3. A typical two-area interconnected power system. (a) The wiring diagram. (b) The circuit
diagram.

For the convenience of calculation, several assumptions are made:

e  For generators, the second-order model is used [29]. In this model, the amplitude of
the transient potential, E/, remains unchanged for a short time after the fault.
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e  The inertia time constants of the generators, Tjg1/Tjg2, are calculated using the base
power of the system, while Tjg; is larger than Tjg;.
The rotor angle of G2 is set as the reference angle.
For each line, the reactance is x1 jne, and its resistance is negligible compared with xp jne.
For each transformer, the resistance is negligible.

As shown in Figure 3, a three-phase metallic short-circuit fault occurs on Line2. Ac-
cording to the assumptions, it is easy to find that this fault has a greater impact on G1. In
this case, the critical clear time of the fault can be estimated using the following formula
(for details, see Appendix A):

t o ZTIGl . {C0571 [COS 5lh+(51h7 51_0) sin §1h] — 51_0}
cr wnPG1_o* (8)
xé]*+x£12*+xT1*+xT2*+xLine* sind
Xén*-‘rxélz*+XT1*+XT2*+O.5mee* 1.0

81 = 7 —sin~! (

Here, the variables with subscript 0 are values before the fault; the variables with
superscript * are per-unit values; Pg; is the active power output by G1; x with different
subscripts is the reactances in the system, as shown in Figure 3; wy is the rated electric
angular velocity of the rotor; 61y, is an intermediate variable for ease of derivation.

If the two areas in that system are also connected through a VSC-DC system, as shown
in Figure 4, the result will be different. On the one hand, Pt can be changed by adjusting
the power transmitted by the DC system, so as to enlarge f.;. On the other hand, the active
power absorbed by VSC1 and VSC2 from the AC system can also be controlled after the
fault, so as to change the “acceleration area” and “deceleration area” in the analysis of
equal area criterion. In this way, the critical clear time of the fault can be estimated using
the following formula (for details, see Appendix A):

- 2T]G1-{cos*1 [cos b1 /+(61n/— 61 o) sindyp/] — 5170}

cr wN(Pg1_0*—APysc1*)

Pg1 0" —APysc1®)xy1* 9)
EE)

Xy =l xlt amt Famt A+ Xne”

O1p! = m—sin! {(

Here, the variables with subscript 0 are values before the fault; the variables with
superscript * are per-unit values; APysc; " is the increase of the power absorbed by VSC1
from the AC system; J1," and xs1 are intermediate variables.

[ 1L \ULOP g UZO T2 G2

AN Area2
Figure 4. A typical two-area power system, including a VSC-DC system.

For faults in other scenarios, f.: can be calculated similarly. Of course, in a complex
power system, it is more convenient to get the value of ¢, by time simulation.
Apparently, the critical clear time of a fault, ¢, is a restrictive indicator. To ensure the
safety and stability of the power system, t. should be strictly greater than the expected
clear time for any fault, that is:
for > 1 (10)

Here, t; is the expected clear time of the fault, that is, the sum of delay time and action
time of the main protection mechanism. For three-phase metallic short-circuit faults, ¢; can
be estimated as 0.1 s.
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Since t.r does not have a reasonable upper limit, it can also be expressed in the form of
margin, Kijme, as shown below:
fer — £
Kiime = “t f % 100% (11)

Ccr

Apparently, Kiime is a restrictive indicator, which should be strictly greater than zero.

2.4. Thermal Stability Margin

To limit the heating effect, there is a maximum allowable value of the apparent power
that can be transmitted by a transmission line or a transformer. For line 7 or transformer
i, this limit can be expressed as Simax. Then, the thermal stability margin of line i or
transformer i can be defined as ¢; [29]:

Simax -5

& = i % 100% (12)

Simax
Here, S; is the apparent power actually transmitted by line 7 or transformer i.
When the system operates in different conditions, S; will be different, resulting in a
different value of ¢;. Therefore, in order to avoid confusion, a unified method for calculating
¢; is given in this paper.

e  Calculate S; successively in normal conditions and all the “single maintenance condi-
tions”. Here, a “single maintenance condition” is a condition that there is only one
transmission channel or one transformer in the system that is out of operation due to
maintenance.

e  Substitute the maximum S; obtained in the previous step into (12) to calculate ¢;.

If there are devices that can control the power flow in the system, the influence of them
needs to be considered in the calculation of S;. Of course, when calculating the apparent
power of different transformers or lines, it should be ensured that the influence of these
power flow control devices stays consistent in the same operating condition.

Apparently, the thermal stability margin, ¢;, calculated by (12), is a restrictive indicator.
For the safety and stability of the power system, its value should be greater than a positive
value given according to actual needs (usually 10%). The larger the value is, the better the
thermal stability of the transmission channel or substation is.

2.5. Rate of Change of Frequency

To explain the definition of the rate of change of frequency, we can take a single
generator with load as an example. For the generator, the rotor motion equation is [29]:

dw*

L= =Pa’ = P (13)

Here, Py, is the per unit value of the mechanical power; P." is the per unit value of
the electromagnetic power; Tj is the inertia time constant calculated using the base power
of the system; w" is the per-unit value of the electric angular velocity.

In a steady state, P is equal to P.*. Thus, assuming that P keeps unchanged when
a disturbance, AP,", occurs, we have:

dw*  Pn* — (P* + AP") AP:*

ar T T 14)

So, we can use the rate of change of frequency to evaluate the frequency stability of
the system, which is defined as u [17]:

_ ﬂ _ dw* _ 7fNAPmax*
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Here, APmax is the maximum change of power that may occur when a single power
supply or load is cut off after the fault, which is positive when a load is cut off and negative
when a power supply is cut off. f and f are the actual frequency and the rated frequency
of the system, respectively. Ty is calculated after the cutting-off. In this way, u can reflect
the instantaneous rate of change of frequency at the moment of the cutting-off.

Considering the ability of some equipment to quickly control the active power,
Equation (15) can be modified as:

fN(APmax* - APc‘rrl*)

n= r (16)

Here, AP is the maximum change of active power that can be obtained immediately
by the control of existing equipment, on the premise of safety and stability. More clearly, if
APy is positive, it means that the control leads to the increase of power supplies or the
decrease of load power. The rate of change of frequency, y, is a restrictive indicator. For the
safety and stability of the power system, it should be always within the specified range
(usually the upper and lower limits are 0.5 Hz/s). The closer it is to zero, the better the
frequency stability of the system is.

2.6. Proportion of Buses Related to Commutation Failure

For an HVDC system based on a line commutated converter (LCC), the commutation
failure is the most common fault of the inverter, which has a serious impact on the safety
and stability of the receiving system.

If the three-phase metallic short-circuit fault of AC bus i will cause the commutation
failure of LCC-HVDC system j, then bus i can be named as a bus related to the commutation
failure of the LCC-HVDC system j. Thus, for LCC-HVDC system j, the proportion of buses
related to commutation failure of it, K,y;, can be defined as:

_ Nailj o
Kail Neox x 100% (17)

Here, n¢,j; is the number of buses related to commutation failure of DC system j, and
Niot is the total number of AC buses in the power grid.

Strictly speaking, in order to obtain the exact results of n¢,;; and Ky, it is necessary
to perform fault analysis for all AC buses by time-domain simulation. However, when the
accuracy requirement is not very high, a rough judgment can also be made according to
the following formula [14]:

AU;
MIIF;; = AU > 0.15 (18)

Here, MIIF;; is the multi-infeed interaction factor (MIIF) from bus i to the inverter
station of DC system j; AU, is the voltage disturbance at bus i; and Al is the corresponding
AC bus voltage variation at the inverter station of DC system j.

If (18) is true, bus i can be roughly regarded as a bus related to commutation failure of
DC system j. This is because the commutation failure usually occurs when the AC voltage
at the inverter station suddenly drops below 0.85 p.u., and MIIF can be used to estimate
the voltage variation at a bus due to the voltage disturbance at another bus.

The proportion of buses related to commutation failure of LCC-HVDC system j, Kgjyj,
is a comparative indicator; the larger it is, the higher the probability of commutation failure
of LCC-HVDC system j is.

3. Strengthening Measures for AC/DC Power Grids
3.1. Measures for a Single Problem
3.1.1. Measures to Enlarge the Short-Circuit Current Margin
If the bus with an insufficient short-circuit current margin exists alone, priority shall
be given to whether it can be improved by replacing the circuit breaker. If the short-circuit
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current margins of the buses in a certain area are generally small, they can be considered
to reduce generators, appropriately increase the electrical distance from that area to other
areas, or even upgrade the voltage level.

3.1.2. Measures to Improve the Static Voltage Stability

If the local load margin of an area or a bus is very small, it indicates that the static
voltage stability there is insufficient. Then, operators can increase generators, decrease
the electrical distance from that area to other areas, or build dynamic reactive power
compensation devices such as a static synchronous compensator (STATCOM).

3.1.3. Measures to Reduce the Risk of Transient Instability

If the minimum critical clear time of fault in the system is very small, it indicates that
the risk of transient instability is relatively large. At this time, feasible measures include
building new AC or DC transmission lines at corresponding transmission sections, and
building some power flow control devices, such as a UPFC, to adjust the power flow.

3.1.4. Measures to Improve the Thermal Stability

There are two main reasons for insufficient thermal stability margin. One is the insuffi-
cient capacity, for which a feasible response measure is to build some new transmission
lines or transformers. The other is the uneven distribution of power flow, for which a
feasible countermeasure is to build new power flow control devices to adjust the operating
condition of the system.

3.1.5. Measures to Improve the Frequency Stability

If the emergency removal of a load makes the system’s frequency rise too fast, the load
should be split. Similarly, if the removal of a power supply makes the system’s frequency
drop too fast, it could be considered to split it or reduce its capacity. In addition, building
flexible AC transmission systems (FACTS) and building VSC-DC systems are also feasible
measures, because these devices can quickly adjust the active power.

3.1.6. Countermeasures to Commutation Failure

If the probability of commutation failure of a single DC system is high, increasing the
electrical distance from its converter bus to other AC buses and building reactive power
compensation devices are feasible measures. If multiple DC systems in a certain area are
likely to have commutation failure at the same time, transforming conventional DC systems
into DC systems based on VSC is a good countermeasure.

3.2. Measures for Comprehensive Problems

As analyzed above, countermeasures to different problems may be conflicting, which
means that comprehensive analysis is sometimes required. For example, two common
comprehensive problems in large-scale AC/DC hybrid grids are introduced below:

3.2.1. Coordination of Voltage Stability and Short-Circuit Current Margin

If the short-circuit current margin is large enough but the static voltage stability is
poor, priority can be given to increasing generators or building new AC transmission lines.
If the static voltage stability is good enough but the short-circuit current margin is small,
priority can be given to reducing generators or disconnecting some AC transmission lines.

However, sometimes the static voltage stability is poor while the short-circuit current
margin is small. At this time, the static voltage stability can only be improved by building
reactive power compensation devices, such as STATCOM, that hardly provide a short-
circuit current. The short-circuit current margin can only be improved by replacing the
circuit breaker or upgrading the voltage level.
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3.2.2. Coordination of Static Voltage Stability and the Problem of Commutation Failure

If the impact of the commutation failure is not serious, building new AC transmission
lines is feasible to improve the static voltage stability. If the static voltage stability is good
enough, it is feasible to disconnect some AC transmission lines to reduce the probability of
commutation failure.

However, sometimes these two problems both need to be dealt with. At this time, it is
feasible to build some reactive power compensation devices, as poor static voltage stability
and high probability of commutation failure are both the manifestations of insufficient
reactive power to some extent. In addition, it can be considered to transform some con-
ventional DC systems into VSC-based DC systems, or build a VSC-based MTDC system.
These measures can solve the problem of commutation failure from the root and improve
the static voltage stability.

4. Comprehensive Evaluation Method

The evaluation of AC/DC hybrid power grids and the strengthening schemes of them
is a comprehensive problem, which is divided into three issues in this paper.

4.1. Normalization of the Indicators

Since different indicators vary greatly in units and values, their values should be
normalized. The purpose of this task can be set as: the normalized value of each indicator
is always between 0 and 1, with 0 representing the worst value that can be tolerated and 1
representing the best value that may appear.

For some of the indicators, a larger original result means that the security or stability
is better. The normalization equation of these indicators can be given as:

Rij = Rjmin
T R T R (19)
jmax — min

On the contrary, for the other indicators, smaller values are better. For them, the
normalization equation can be given as:

o — ijax - Rij (20)
=
! ijax - ijin

In (19) and (20): Rjmax is the maximum allowable value of the j-th indicator; Rjmin
is the minimum allowable value of the j-th indicator; R;; is the original result of the j-th
indicator under the i-th situation; r;; is the normalized value of R;;. The suggested reference
values, R]-max and ijin, of the six indicators proposed in this paper, are shown in Table 1.

Table 1. Reference values for the normalization.

Number Indicator Rjmax Rimin Suitable Formula
1 Keoi 100% 0 (19)
2 Plimgi 100% 8% (19)
3 Kiime 100% 0 (19)
4 Z 100% 10% (19)
5 U 0.5Hz/s 0 (20)
6 Kiail 100% 0 (20)

In Table 1, as it is difficult to give a reasonable upper limit of ¢, Kiime is used instead
of it. The rate of change of frequency, y, is used in the form of an absolute value.

4.2. Weighting of the Indicators

When comprehensively evaluating AC/DC hybrid power grids, it is necessary to
conduct a technical analysis by utilizing the six indicators introduced in this paper. Appar-
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ently, it is a MCDM problem, in which the weighting of the indicators is very important.
Therefore, a weighting method is put forward in this paper. Specifically, BWM and EWM
are used to calculate the subjective weights and the objective weights, and the minimum
discriminant information principle [30] is used to obtain the combined weights.

4.2.1. Subjective Weights

(a)
(b)
(©

(d)

(e)

Specific steps of using BWM to calculate subjective weights are as follows [23]:

Determine a set of decision evaluation indicators, such as [R1, Ry, ..., Rn].

Choose the best (most important) indicator and the worst indicator.

Determine the priority of the best indicator over other indicators, using an integer
between 1 and 9 inclusive. The resulting best-to-others vector would be:

Pg = (pB1, PB2, --- » PBn) (21)

here, pg; is the priority of the best indicator over the j-th indicator. Particularly, pgg = 1.

Determine the priority of other indicators over the worst indicator, using an integer
between 1 and 9 inclusive. The resulting others-to-worst vector would be:

Pw = (p1w, P2w, -+, Pnw) (22)

here, pjw is the priority of the j-th indicator over the worst indicator. Particularly,
pww = 1.

Considering the non-negativity and the sum condition of the subjective weights, we
should solve such an optimization problem to calculate the subjective weights:

wp! |
w;! PB; wyt — PiwW

s. t. Z;?:l w]-/ =1 (23)
wjlzo, j=12...,n

7

min max{
]

here, w;” is the subjective weight of the j-th indicator; wg’ is the subjective weight of
the best indicator; ww is the subjective weight of the worst indicator.

4.2.2. Objective Weights

(a)
(b)
(©

Specific steps of using EWM to calculate objective weights are as follows [25]:

Select m situations from the current situation and the situations after the application
of feasible strengthening schemes.

For each selected situation, calculate the normalized values of all the n indicators. For
each indicator, only one smallest normalized result should be retained.

Calculate the entropy value of each indicator, Ej, as:

Ej = —my Lity i In(q;)
rij

U iev

(24)

here, g;; is an intermediate variable for ease of representation. Then, the objective
weight of the j-th indicator, w;”, can be calculated as:

wpr = L E) (25)
Y (1-E)
k=1

When the difference between some schemes only lies in the parameters of the equip-

ment, only the one that brings the greatest change should participate in the calculation of
objective weights. The reasons are: First, the influence of these schemes on the dispersion
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of indicator values is similar, so it is not necessary to include them all in the calculation;
second, schemes that can lead to greater changes provide more useful information.

4.2.3. Combined Weights

To ensure that the combined weights are not biased to any one of the subjective and
objective weights, an optimization model is established based on the minimum discriminant
information principle to determine the combined weights [30]:

. w; w;
{ min ;7:1 (w]- In ?]], +w;In WZ,) 26)
s. t. 27:1 wj = 1, wj >0

Here, wj is the combined weight of the j-th indicator.
Solving (26), the expression of the final combined weights can be given as:

/wj/wj//
=" 27
21?:1 /wklwk// ( )

wj

4.3. Trade-Off of Technology and Cost

Finally, we can calculate the technical scores and the costs for strengthening schemes,
and then draw the technology-cost curves reflecting the relationships between the technical
scores and the costs. According to the curves, the trade-off of technology and cost can be
executed in the planning.

4.3.1. Calculation of the Technical Score

The technical score of the i-th scheme, st;, is calculated as:
n
ST — Zj:l w]'TZ']' (28)

Apparently, the value range of st; is 0 to 1. If s1; = 1, it means that the safety or stability
of the power system will achieve the optimal level in terms of each indicator with the i-th
scheme applied. If s1; = 0, it indicates that the safety or stability of the power system will
be at the worst level in terms of each indicator with the i-th scheme applied.

4.3.2. Calculation of the Total Costs
Several assumptions about the total cost of strengthening schemes are considered:

(a) Costs (F) consists of variable costs (F1) and fixed costs (F5). That is, for the i-th scheme,
we have:

F(i) = Fy(i) + B:(0) (29)

(b) Here, F1 refers to the manufacturing and assembly costs of equipment, which could
be assumed to be proportional to the total capacity of the equipment.

(c) Here, F2 refers to other costs, which are assumed to be fixed when the equipment
capacity changes in this paper.

4.3.3. Drawing of the Technology-Cost Curve

For the i-th scheme, the values of s1; and F; can always be calculated corresponding
to the total capacity of different equipment. Thus, a curve can be drawn to represent the
change of F; with respect to sy;, which is named as the technology-cost curve of the i-th
scheme in this paper.

Limited by the equipment manufacturing level and the feasibility constraints, the
curves of different schemes may be discontinuous or have a different abscissa range. For
example, Section 5.4.1 shows the technology-cost curves of three different schemes.



Energies 2022, 15, 4432

12 of 20

By comparing the technology-cost curves, planners can easily judge the application
values of strengthening schemes for an AC/DC hybrid power grid.

5. Case Study

To verify the comprehensive evaluation method proposed in this paper, a case study
of the Qujing Power Grid, Yunnan Province, China, is implemented.

Yunnan Province is a province in Southwest China. Interconnected asynchronously
with several other provincial power grids through HVDC systems, the Yunnan Power Grid
is sending out a large amount of electricity power to other provinces. Meanwhile, due to
the low level of local development, the internal transmission capacity of the Yunnan Power
Grid is relatively weak. In this context, as one of the parts with the most concentrated load
and export channels of the Yunnan Power Grid, the Qujing Power Grid may face some
stability and security problems, which is worthy of analysis.

5.1. Current Situation of Qujing Power Grid

In flood season, part of the active power of Wudongde Hydropower Station needs to
be fed into Longhai Substation and Baiyi Substation, as shown in Figure 5. However, the
load and the export channels are mainly concentrated in Qujing and nearby areas. As a
result, a large amount of active power is transmitted on the transmission section (indicated
by the red dotted line in Figure 5), posing a threat to the power grid.

Kunlilong DC system

Wudongde

..........

! Legend
| © substation

} 3 hydropower plant
! & DCconverter
I— ACline

g.
.
S
3
2
2
g
3

Luxi DC Sytem

Figure 5. Partial structure of Yunnan 500 kV Power Grid.

As shown in Figure 6, there are electromagnetic ring networks in the Qujing Power
Grid, composed of 500 kV lines, 220 kV lines, and several substations. Analysis shows that
the electromagnetic ring networks are difficult to untie. However, if the situation remained,
the Qujing Power Grid will have the problem of an insufficient thermal stability margin,
which is common in regional power grids. The details of this problem are listed in Table 2.

T Legend | Zhehai @

(©) 500 KV bus — 500 kV branch| Duole
' ~
© 220kVbus — 220K I

branch | Gengtun
E power plant |
,,,,,,,,,,,,,,,,, ®

9Honggiao

©Huash:
Yelianchang(© uashan

Cuishan Jianshan

O ):
Duojinggui Zhanyi Xiping|

N

2x335 MW

Quchang I

Sancha

Jiaozishan .
5 ¢hujie

2x1230 MW | {Quii
Longhai (© 5)Qujing

Figure 6. Structure of Qujing Power Grid.
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Table 2. Single maintenance conditions in which the problem of insufficient thermal stability margin
of lines will occur in Qujing Power Grid.

Maintenance Line Line i with Insufficient Thermal Stability S;/IMVA  S;max/MVA &il%

220 kV lines from Longhai to Jiaozishan 1149.5 1075.6 —6.87
both 500 kV lines from Longhai to Qujing 220 kV lines from Jiaozishan to Cuishan 1074.7 1075.6 0.08
220 kV lines from Cuishan to Zhanyi 1010.8 1075.6 6.02
one 500 kV line from Longhai to Qujing the other 500 kV line from Longhai to Qujing 2609.9 2728.0 4.33
one 220 kV line from Longhai to Jiaozishan  the other 220 kV line from Longhai to Jiaozishan = 488.54 537.8 9.16

Other evaluation indicators are also applied, as shown in Tables 3-6, and it should be
noted that the original result of Ky,; is always zero since there is no inverter station in the
Quijing Power Grid.

Table 3. The minimum short-circuit current margin in Qujing Power Grid.

Location (Bus 7) Isi/kA Tpmaxi’kA Kiil %
Longhai 500 kV Bus 37.85 63.00 39.92

Table 4. The minimum local load margin in Qujing Power Grid.

Location (Bus 7) Pimax/MW P,/MW Pringil %
Tiangao 220 kV Bus 814.30 204.00 74.95%

Table 5. The minimum critical clear time of fault in Qujing Power Grid.

Location of the Fault terls tels Kiime/%
near Longhai 500 kV Bus 0.282 0.1 64.54

Table 6. The maximum rate of change of frequency after a single piece of equipment is suddenly cut

off in Qujing Power Grid.
Type of E"g‘;fment Cut Tyls Fn/Hz APy Ip-u. u/Hz-s1
load (DC rectifier station) 8.7348 50 +0.031471 +0.18015
power supply 8.7314 50 —0.010816 —0.06194

To sum up, it is necessary to apply a strengthening scheme to solve the problem of an
insufficient thermal stability margin in the Qujing Power Grid.

5.2. Feasible Strengthening Schemes

Based on the local conditions, four feasible strengthening schemes are formulated.

5.2.1. Scheme 1-Scheme 3: Build New AC Lines

Building 500 kV AC lines is a measure considered in this case. According to the current
and planning situation of the Qujing Power Grid, the following three feasible strengthening
schemes are put forward, of which the conductor model can be selected from those types
shown in Table 7.

e  Scheme 1: Build 500 kV double circuit lines from Longhai to Duole, of which the length
is 99 km, as shown in Figure 7.

e  Scheme 2: Build 500 kV double circuit lines from Longhai to Xiping, of which the length
is 82 km, as shown in Figure 7.

e  Scheme 3: Build 500 kV double circuit lines from Longhai to Guishan, of which the
length is 79 km, as shown in Figure 7.
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Table 7. Main parameters of optional conductors.

Number Conductor Model Sectional Area Total Capacity
1 4 x JL/G1A-400/35 4 x 400 mm? 2618.86 MVA
2 4 x JL/G1A-500/45 4 x 500 mm? 3273.58 MVA
3 4 x JL/G1A-630/45 4 x 630 mm? 4124.70 MVA

Kunlilong DC system

..........

Tongdu Duole

[ Legend 1 Luopin
} (©) substation \0 uoping
1823 hydropower plant A g

| © DC converter Guishan S

|—— ACline
Luxi DC Sytem

Figure 7. Sketch map of Scheme 1, Scheme 2, and Scheme 3.

5.2.2. Scheme 4: Build a UPFC

As shown in Figure 6, the lines that have problems of an insufficient thermal stability
margin are connected in a series, while the problem of the 220 kV lines from Longhai to
Jiaozishan is the most serious. Thus, we have proposed a scheme of building UPFC, which
is a kind of equipment with a strong ability to control the power flow on the lines.

e  Scheme 4: Build a 220 kV UPFC, of which the series sides are installed on the two lines
from Longhai to Jiaozishan, and the parallel side of it is connected to a Jiaozishan
220 kV Bus, as shown in Figure 8. Based on the engineering experience, it is prelimi-
narily determined that the capacity of the parallel end is 50 MVA, and the capacity
range of each of the two series ends ranges from 50 MVA to 250 MVA. If built, the
UPEC can directly control the power flow on the lines from Longhai to Jiaozishan, and
then indirectly change the power flow on other problematic lines in Table 2.

i Legend )
1((®) 500 kV bus = 500 kV branch }
— .
| © 220kVbus —ﬁfi’nli\;\ I ——=OHonggiao
2 |
| power plant |

(© Huashan

o) Qujing

Figure 8. Sketch map of Scheme 4.

5.3. Calculation of the Weights of the Indicators
5.3.1. Subjective Weights

(a) The six evaluation indicators and the serial number of them are shown in Table 1.

(b) According to the analysis of the current situation of the Qujing Power Grid, the
thermal stability margin is selected as the best indicator, and the proportion of the bus
related to commutation failure is selected as the worst indicator.
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(¢) By comparison, the resulting best-to-others vector and the resulting other-to-worst
vector can be obtained:
Pg=(5132139) (30)

Pw =(2,35093,1) (31)
(d) Then, the subjective weights of the indicators can be calculated using (23).

5.3.2. Objective Weights

The normalized values of the six evaluation indicators used to calculate the objective
weights are shown in Table 8. Then, the objective weights are calculated using (25).

Table 8. The normalized values of the six indicators used to calculate the objective weights.

Corresponding Scheme i1 (Kgei) 7i2 (Prmgj) 73 (K¢ime) g (&;) ti5 () ti6 (Kfaj1j)
Scheme 1 (4 x JL/G1A-630/45) 0.3463 0.7277 0.6689 0.0722 0.6397 1.0000
Scheme 2 (4 x JL/G1A-630/45) 0.3654 0.7277 0.6528 0.0899 0.6397 1.0000
Scheme 3 (4 x JL/G1A-630/45) 0.3459 0.7285 0.6466 0.0336 0.6397 1.0000
Scheme 4 (50 MVA + 2 x 250 MVA) 0.4032 0.7563 0.6774 0.0433 0.6397 1.0000

5.3.3. Combined Weights

The combined weights are calculated using (27). The results are shown in Table 9.

Table 9. The weights of the six evaluation indicators.

Types of Weights Ry (Kge;) Ry (Ppimg;) R3 (K¢ime) R4 (E) Rs (u) Re (Ktairy)
Subjective weight (w]-’) 0.08120 0.13675 0.20513 0.39743 0.13675 0.04274
Objective weight (w]-”) 0.16256 0.16181 0.16182 0.19031 0.16175 0.16175
Combined weight (w]) 0.12059 0.15613 0.19123 0.28867 0.15611 0.08727

5.4. Comprehensive Evaluation of the Schemes
5.4.1. Evaluation of Scheme 1, Scheme 2, and Scheme 3

The estimated costs of Scheme 1, Scheme 2, and Scheme 3 are mainly related to the
sectional area of the conductors. Meanwhile, based on the combined weights and the
values of six indicators, the technical scores of the three schemes when selecting different
conductors can be calculated. These results are all shown in Table 10. Accordingly, the
technology-cost curves of these schemes are drawn, as shown in Figure 9.

Table 10. The estimated costs and the technical scores of Scheme 1, Scheme 2, and Scheme 3.

Conductor Model F1(i)/RMB F,(i))/RMB F@)/RMB Technical Score

4 x JL/G1A-400/35 1.37 x 108 1.71 x 108 3.08 x 108 0.4842
Scheme 1 4 x JL/G1A-500/45 1.37 x 108 2.05 x 108 3.42 x 108 0.4898

4 x JL/G1A-630/45 1.37 x 108 253 x 108 3.90 x 108 0.4913

4 x JL/G1A-400/35 1.13 x 108 1.42 x 108 2.55 x 108 0.4887
Scheme 2 4 x JL/G1A-500/45 1.13 x 108 1.70 x 108 2.83 x 108 0.4945

4 x JL/G1A-630/45 1.13 x 108 2.10 x 108 3.23 x 108 0.4956

4 x JL/G1A-400/35 1.22 x 108 1.36 x 108 2.58 x 108 0.4673
Scheme 3 4 x JL/G1A-500/45 1.22 x 108 1.64 x 108 2.86 x 108 0.4742

4 x JL/G1A-630/45 1.22 x 108 2.02 x 108 3.24 x 108 0.4759
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Figure 9. Technology-cost curves of Scheme 1, Scheme 2, and Scheme 3.

Due to the consideration of practice, only a limited number of conductor choices are
considered in these three schemes. Therefore, only a limited number of points on each
curve in Figure 9 correspond to the actual calculation results, while the whole dotted lines
can only roughly fit the trends. Apparently, Scheme 2 is the best of the three schemes.

5.4.2. Comparison of Scheme 2 and Scheme 4

For Scheme 4, the estimated cost and the technical score are calculated repeatedly with
the change of the series capacity of the UPFC, when the interval is 25 MVA. The results are
shown in Table 11. After that, the technology-cost curve of Scheme 4 is drawn, as shown in
Figure 10.

Table 11. The estimated costs and the technical scores of Scheme 4.

Parallel Capacity Series Capacity F1(i))/RMB F>())/RMB F({)/RMB Technical Score
2 x 50 MVA 1.33 x 108 5.40 x 107 1.87 x 108 0.4750
2 x 75 MVA 1.33 x 108 8.10 x 107 2.14 x 108 0.4781
2 x 100 MVA 1.33 x 108 1.08 x 108 241 x 108 0.4812
2 x 125 MVA 1.33 x 108 1.35 x 108 2.68 x 108 0.4841
50 MVA 2 x 150 MVA 1.33 x 108 1.62 x 108 295 x 108 0.4870
2 x 175 MVA 1.33 x 108 1.89 x 108 3.22 x 108 0.4898
2 x 200 MVA 1.33 x 108 2.16 x 108 349 x 108 0.4926
2 x 225 MVA 1.33 x 108 243 x 108 3.76 x 108 0.4951
2 x 250 MVA 1.33 x 108 2.70 x 108 4.03 x 108 0.4973
—O— Scheme 2
0.50 | ——Scheme 4
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Figure 10. Technology-cost curves of Scheme 2 and Scheme 4.

According to Figure 10, it is obvious that the performance of Scheme 2 is better than
that of Scheme 4. To sum up, for the strengthening of the Qujing Power Grid, Scheme 2 is
the best of the schemes formulated in this paper. Moreover, considering the trend of the
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curve, the second type of conductor in Table 7 is recommended for Scheme 2, which will
bring a total cost of RMB 283 million.

6. Conclusions and Future Scope

In this paper, an evaluation system is established to cover various safety and stabil-
ity issues, and some typical countermeasures for the problems faced by AC/DC hybrid
power grids are summarized. After that, a comprehensive evaluation method for AC/DC
hybrid power grids and their strengthening schemes is proposed. By combining the
multi-dimensional technical evaluation with the cost analysis, this method can give the
technology-cost curves of different strengthening schemes. These curves reflect the rela-
tionships between the technical scores and the costs. Finally, the comprehensive evaluation
method is implemented and verified in the case study of the Qujing Power Grid. The
findings of this paper are drawn as follows.

e  Once calculated, the technical score can reflect the stability and safety of a complex
AC/DC hybrid power grid in an all-around way.

e  Considering the technology-cost curves, the application values of different strengthen-
ing schemes can be easily judged for an AC/DC hybrid power grid.

e  The main problem faced by the Qujing Power Grid is that the thermal stability margin
of some lines may be insufficient in some single maintenance conditions. One of the
schemes to build new AC lines is considered the best for this regional power grid.

Considering the increasing variety and quantity of power electronic equipment in
China’s State Grid, it is a feasible future research direction to put forward indicators which
can reflect the influence of power electronic equipment more accurately. In addition, how
to calculate and consider the cost in more detail is also content that can be studied later.
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Abbreviations

The following abbreviations are used in this manuscript:

UPFC unified power flow controller

HVDC High-voltage direct current

VSsC voltage source converter

LCC line commutated converter

HMESCR  hybrid multi-infeed effective short-circuit ratio
MTDC multi-terminal direct current

RoCoF rate of change of frequency

MCDM multi-criteria decision making

AHP analytic hierarchy process

BWM best worst method

EWM entropy weight method

TOPSIS technique for order preference by similarity to ideal solution
MIIF multi-infeed interaction factor

STATCOM  static synchronous compensator

FACTS flexible AC transmission systems

RMB Renminbi (Chinese currency)
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Appendix A. Derivation of the Critical Clear Time of Fault

The detailed derivation of the critical clear time of the fault in Section 2.3 is given
below.

In the derivation, values with subscript 0 are values before the fault, and values with
superscript * are per-unit values.

Poy 0*1Qc1 0 PSS Poy0tQc0  PurtiQa A P, 4jQc, A P, +1Qc,
X=Xy Ty X+, 0.5, Xt Xy =Xy X FXpy FXpp X
EZd, E £0° E /3§, = E /6, E£0°
(a) (b) ()

Figure A1l. The circuit diagram of the two-area interconnected system. (a) Circuit before the fault
occurs. (b) Circuit of Region 1 during the fault. (c) Circuit after the fault is clear.

The circuit diagram of the two-area system before the fault occurs is shown in
Figure Ala. In this case, we have [29]:
Ei*Eé* sin 51_0

Pmi* — Pp1* = Pgo* = Al
ml D1 G1.0 xéﬂ* + X(’iz* + x11* + x12*+0.5X L jne ¥ (A1)

Here, Pry1 and Pp; are the mechanical power and damping power of G1, respectively.
We assume that the fault shown in Figure 3 occurs when t = 0. The circuit diagram of
Region 1 during the fault is shown in Figure Alb. In this case, we have:

P;1" =0 (A2)
Then, according to the rotor motion equations, we have [29]:

Tic1 d*6;

o A2 m1”° — Po1" — Pc1* = Pg1 0" (A3)

Here, 4, is the rotor angle of G1, and wy is the rated electric angular velocity of
the rotor.
If the fault is cleared when t = ¢, and the rotor angle of G1 at that moment is set as J1¢,

then we have: .
wnPc1 o

12 (A4)
2Tic1 !

o1 = 010+
The circuit diagram of the system after the clear of the fault is shown in Figure Alc. In

this case, we have:
E{*E}* sind;

= 7
X * X" X711+ XT2* + XLine™

*

Pc1 (A5)

Then, the acceleration area (51) and the deceleration area (52) of G1 can be obtained,
as shown in Figure A2a.
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(a) (b)
Figure A2. The acceleration area and the deceleration area. (a) Without the VSC-DC system. (b) With
the VSC-DC system.
As described by the equal area criterion, in the critical case (t¢ = tor, 61¢ = d1cr), the
two areas should be equal, i.e:
51cr ‘slh
/ PGy o*dd; = / (Pc1™ — Pa1.0")déy (A6)
(51_0 ‘slcr
As shown in Figure A2a, we have:
E/*El*siné E/*El*siné T
/% /*1 2* 1_(1 *: /% /*1 2* 1h* * 7 7<51h<7t(A7)
Xt xgp* + 11 4 x12*+0.5XLine Xg* + xgp* + X117 + X12* + XLine 2
Combining (A2)-(A7), we can get:
t o 2TIG1 -{COSf1 [COS 5lh+(‘51h7 15170) sin 511,\] — (5170}
o wn PG o* (
2 , A8)
S A T N s VR s vl TS
511’1 =T sim (x:ﬂ*+x£12*+XT1*+XT2*+O-5mee* sin 5170
If the active power absorbed by VSC1 from the AC system is adjusted during and after
the fault, (A3) can be modified as:
Tic1 d%6;
2. —— = Pg1 o* — AP, * A9
o AP G1.0 VSC1 (A9)
Here, APygc; is the increase in power absorbed by VSC1. This way, the accelera-
tion area and deceleration area will change, as shown in Figure A2b. Thus, (A8) can be
modified as:
- 2Tjc1 -{cosf1 [cos 81 /+(81n/— 61 o) sin 6y /] — 5170}
o wN(Pc1 o*—APysc1*)
. —1[(Pc10*—APysc1*)xy1” Al
61p! =1 — sin 1[( GLO E/*E?c’fl ) } (A10)
1 =2
xy1* = xly x4t A apine®
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