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ABSTRACT In order to ensure the voltage security of the receiving-end power grid under both steady state
and N-1 faults, it is necessary to conduct an accurate dynamic reactive power reserve assessment to ensure
its normal voltage operation range at steady state. In other words, it’s to determine the power grid voltage
security region which is a transient stability constrained optimal power flow (TSCOPF) problem essentially.
However, it needs to consider a large amount operational snapshots and corresponding transient constraints
under each snapshot, which increases the computational burden heavily. To overcome this issue, this paper
proposes a calculation method for the voltage security region of receiving-end power grid through the
equivalence of the transient process. Firstly, based on the power grid partition and the matrix of graph theory,
the different snapshots are selected to obtain typical snapshots, and then for the typical snapshots sought, the
transient stability constraints under the fault are transformed into steady-state constraints. In other words,
the form is consistent with the steady-state equation but the impedance matrix parameters are equivalently
adjusted. In essence, it is equally to replace the constraints of the optimization problem under the premise of
ensuring that the consistency of the boundary conditions, so as to greatly accelerate the solution speed under
the premise of ensuring the accuracy of the solution, and the calculation cases made in the modified IEEE9
system and the modified IEEE39 system prove the effectiveness and reliability of the proposed method in
this paper.

17 INDEX TERMS The equivalence of transient process, voltage security region, receiving-end power system.

I. INTRODUCTION18

With the development of China’s economy and society,19

China’s demand for various energy sources, especially power20

energy, is also increasing. In order to fully alleviate the21

shortage of power energy in the eastern region and promote22

the consumption of new energy in the western region,23

China has built a number of large-capacity and long-24

distance transmission lines based on ‘‘three crosses and four25

straights.’’ However, the voltage security problems brought26

about by the ‘‘weak AC systems and strong HVDC’’ situation27

formed by the construction of such large-scale direct current28

transmission lines have become more prominent. To ensure29

The associate editor coordinating the review of this manuscript and

approving it for publication was Amedeo Andreotti .

the safe operation of the grid at the receiving end, the 30

security and stability of the grid voltage needs to be studied. 31

The ‘‘point-by-point method’’ is a common approach when 32

analyzing the security stability of the grid. The point-by-point 33

method calculates the current operating conditions based on 34

the grid parameters and the current operating state. Based on 35

the grid parameters and the current operating state through 36

tools such as power flow calculation, stability limitation 37

calculation or transient simulation, the point-by-point method 38

calculates state of the grid after a disturbance or fault occurs 39

in a given state and judge whether the current operating state 40

is ‘‘normal and safe’’ based on the calculation results. 41

The disadvantage of the point-by-point method is that 42

it can only determine whether the current state is sta- 43

ble/secure based on the calculation results, but cannot give 44
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the stability/security margin intuitively. Compared to the45

point-by-point method, the voltage security region/stability46

region (VSR) method [1]–[4], which has been developed47

since the 1960s. It can more clearly and intuitively portray the48

security state of the power grid and directly give the current49

state of the grid security/stability. This enables the security50

and stability of the power system to be under the monitor of51

the dispatcher at all times. The visualization of the security52

region can provide sufficient information for the dispatch53

operators, which is helpful for the dispatch operators to have54

sufficient understanding of the security and stability of the55

grid during operation. Definition of the security region, i.e.,56

the set of all operating points that can satisfy the corre-57

sponding constraints. When the grid topology parameters,58

the assuming faults/disturbances are given, the corresponding59

security regions are uniquely determined. When considering60

the system constraints of small interference stability, the61

literature [5] studied the approximate linear expression62

of the quiescent voltage stability region hyperplane that63

guarantees the static voltage stability of the system (i.e., the64

stability of the small interference voltage). When considering65

constraints such as large disturbances or system failures, the66

literature [6], [7] calculated dynamic security regions that67

guarantee proper operation after failure.68

Methods for studying voltage security regions can be69

generally classified into two categories: fitting method and70

analytical methods. The fitting method is usually a way71

to obtain an approximate linear expression for the security72

region hyperplane by generating a large number of operating73

points based on a given network topology and device control74

parameters and using different fitting tools. In addition75

to traditional optimization methods such as least squares76

fitting, artificial neural network methods can be used to77

fit. For example, the literature [8] and [9] used artificial78

neural network methods to fit the static and dynamic79

(transient) security region boundaries, respectively. Although80

the fitting method is simple and convenient and can be81

used for different kinds of security regions and different82

types of systems, it still suffers from difficulties such as83

requiring a large number of calculations and inconvenient84

online applications. In particular, using artificial neural85

networks, when the inherent parameters of the power system86

change (e.g., the system topology changes due to planning),87

a large number of calculations need to be performed again.88

Compared with the proposed method, the analytical method89

has the advantages of clear physical meaning and theoretical90

interpretability. For the static security region, the analytical91

method generally approximates the expression of the security92

region hyperplane by linearizing the power flow; for the93

dynamic security region, the approximate expression of the94

security region boundary is obtained by linearizing the state95

equation and approximating the values of the state and96

algebraic variables after the fault occurs.97

If voltage in the steady-state is not controlled before98

a fault within the voltage security region based on the99

assuming set of faults, once a fault occurs, the voltage100

of the system will rapidly fall outside the security range, 101

even leading to the voltage collapse of the power system. 102

Therefore, pre-plan evaluate the dynamic reactive power 103

reserve margin quickly and accurately before the fault occurs, 104

and determine the voltage security operating range (VSR) 105

of the N-1 fault to guarantee sufficient dynamic reactive 106

power reserve in advance during steady-state operation 107

are necessary to ensure the safe operation of the power 108

grids. For the voltage security region, the literature [10] 109

proposed a novel voltage security region calculation model 110

for distribution network and analyzed the boundary of the 111

voltage security region from multiple levels. In order to solve 112

the contradiction between the computational efficiency and 113

accuracy of the voltage security region, the literature [11] 114

proposed a generalized optimization model of the voltage 115

security region based on the topological characteristics of 116

the voltage security boundary. For the wind farm and 117

its system side, literature [12] proposed a robust voltage 118

security region calculation method for VSC-HVDC. For 119

large scale power systems with a high proportion of new 120

energy penetration, calculating a reasonable voltage security 121

region is an effective and promising method to prevent 122

cascading failures of wind farms. Therefore, the literature 123

[11] proposed a universal optimization model that can tracks 124

the boundary of the voltage security region. To a certain 125

extent, the balance between computational efficiency and 126

computational accuracywas achieved. Aiming at the situation 127

that the high proportion of distributed generators make the 128

operation state of the distribution network too complex, 129

the literature [13] proposed a hyperplane expression of the 130

boundary of the static voltage security region of the complex 131

power injection space. In order to deal with the difficulty 132

of calculating the voltage security region in the gathering 133

area of large-scale wind farms, the literature [14] proposed 134

an autonomous voltage security region calculation method 135

based on the step search algorithm, which realized the 136

voltage security region calculation of each wind farm and 137

the point of common coupling (PCC) substation. In order to 138

solve the problem of random increase of load demand and 139

mismatch of transmission line and generator structure in the 140

future, the literature [15] applied artificial neural network 141

to realize the online monitoring and controlling of system 142

voltage security under various faults, which enhanced its 143

flexibility. 144

And to solve the conservative issues and heavy com- 145

putation burdens of the traditional method, the literature 146

[16] proposed the concept of the autonomous-synergic volt- 147

age security region (AS-VSR) and corresponding dynamic 148

constraint coefficient pruning (DCCP) computation method, 149

which obtained accurate results in both linearized and 150

nonlinearized robust optimization problems. And to avoid 151

voltage collapse and operate more safely and reliably, 152

literature [17] proposed a novel improved particle swarm 153

optimization and recursive least square (IPSO-RLS) hybrid 154

algorithm. It can optimize the active power and reactive 155

power at the same time of getting the voltage security region. 156
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As for the power system with direct current, a new concept157

of a fault security region(FSR) is proposed [18] based on the158

description of the active power and exchanged reactive power159

of inverter station. In this way, the subsequent commutation160

failure can be prevented under the condition that the effect of161

varying active power and reactive power of LCC-HVDC on162

power systems is balanced.163

However, some challenges remain:164

(1) There are a large amount of operational snapshots in165

the power system, and there is still not a unified and reliable166

method for how to select the typical snapshots that is most167

similar to operating snapshots of the actual system.168

(2) The transient constraints of the original TSCOPF169

problem contains a large number of differential and algebraic170

equations, and the direct solution with electromechanical171

transient simulation software such as PSD-BPA has high172

computational complexity and long calculation time, which173

is difficult to meet the requirements of the scheduling time of174

5 to 15 minutes in China’s power system.175

(3) In the traditional method, when dealing with transient176

constraints, the differential equation is differentiated into the177

original optimization problem, but the final solution is greatly178

affected by the step size. When the step size is small, the179

solution accuracy is higher, but the solution time is too long.180

However, when the step size is large, the solution accuracy is181

low, and sometimes it is difficult to meet the needs of normal182

dispatching of the power system.183

Therefore, in order to solve the above challenges, this184

paper proposes a voltage security region calculation method185

suitable for power grids. The main contributions of this paper186

are as follows:187

(1) First, for the situation that the complex power grids188

havemany operational snapshots that are difficult to deal with189

directly, make preliminary adjustments and simplifications190

according to the geographical division of the power grid, then191

determine the basic snapshots based on the matrix of graph192

theory, and finally define the relevant indicators to screen out193

the key snapshots with small transmission margin and large194

transmission capacity.;195

(2)Establish the original TSCOPF problem, simplify its196

complex transient constraints by transforming its original197

short-circuit fault into a permanent ground fault with constant198

ground impedance through the equivalent waveform of the199

dropping area. The basis of equivalence is to ensure the200

consistency of voltage security boundaries. After this, change201

different snapshots and solve the corresponding constant202

ground impedance value (critical impedance).And then use203

L-M fitting method to find the relationship and solve its204

analytical expressions between critical impedance and the205

initial operating state of the system, substitute it into the206

power flow equation to form equivalent transient constraints,207

and finally replace the transient constraints with them to solve208

the original optimization problem. The result of numerical209

cases analysis proves that the proposed method is more210

convenient than the traditional TSCOPF method, and it is211

effective and reasonable.212

FIGURE 1. The research framework of this paper.

And the main contributions of this paper are as 213

follows: 214

1)Firstly, optimize the end nodes to ensure the active 215

power flow in the same direction between regions. Then by 216

the matrix operation of graph theory, determine the typical 217

snapshots. 218

2)Secondly, construct the primitive tscopf model based on 219

the AC/DC power system. Then convert the equations of 220

transient process into steady form which is similar to the 221

equations of the power flow and construct equivalent model. 222

3)Finally, make a result comparison between primitive and 223

equivalent model. 224

II. A TYPICAL SNAPSHOTS SEARCHING METHOD BASED 225

ON THE POWER GRID GEOGRAPHIC PARTITIONING 226

ALGORITHM AND THE MATRIX OF GRAPH THEORY 227

In this paper, aiming at solving the problems of a large 228

number of nodes in the original power grid, complex topology 229

and difficulty in real-time online monitoring, a typical 230

snapshot searching method based on the grid geographic 231

partitioning algorithm and the matrix of graph theory is 232

proposed. 233

A. GEOGRAPHICAL ZONING AND OPTIMIZATION OF THE 234

POWER GRID 235

The actual grid has a large number of nodes and a complex 236

structure, which is difficult to analyze directly. Therefore, 237

it needs to be partitioned according to the geographical 238

attributes of the station, which means that nodes with the 239

same location characteristics are divided into the same 240

partition. However, this geographic division principle has 241

some drawbacks when dealing with the boundary nodes of 242

each partition, for example, the boundary nodes or end nodes 243

will be divided into different partitions because of the long 244

distance between them and the upstream nodes. Therefore, 245

to address the limitations of the previous method, the end 246

nodes can be further optimized. When the end nodes are only 247

connected to their parent nodes, the end nodes are shrunk to 248

the partition where the parent nodes are located, and when 249

the parent nodes are dendritic nodes, the shrinkage continues 250

to ensure that the active power flow in the same direction 251

between regions. And the flow chart are as follows: 252
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FIGURE 2. Partition optimization flowchart.

B. TYPICAL TRANSMISSION SNAPSHOTS253

DETERMINATION BASED ON THE MATRIX OF GRAPH254

THEORY OPERATION255

Based on the above optimization and adjustment of the256

geographical partition, we need to search for transmission257

snapshots composed of corresponding lines and determine258

typical snapshots by commutating the security margin.259

According to the relevant principles of graph theory and the260

characteristics of the transmission snapshots, above questions261

are converted to search for the minimum cut set of the power262

grid partition topology graph. And the steps in Table 1 aim263

to convert the power grid partition topology graph into the264

adjacency matrix and then the path matrix, finally search for265

the transmission snapshots by a series of matrix operations.266

And the specific operation steps are as follows:267

C. DETERMINATION OF TYPICAL SNAPSHOTS268

After the n basic snapshots are determined earlier, the269

snapshots with large transmission capacity and small security270

margin can continue to be filtered out as typical snapshots,271

and the screening steps are as follows:272

First, the current flow of the ith snapshot of the system is273

normalized:274

P′i =
pi −min

j
{Pj}

max
j
{Pj} −min

j
{Pj}

j = 1, 2, . . . , n (1)275

Let the limit transmission power of the ith snapshot bePmax
i276

and then the transmission capacity margin of the snapshot is277

Mi.278

Mi =
Pmax
i − Pi
Pmax
i

(2)279

TABLE 1. Flowchart of a typical transmission snapshot.

As the heavier the snapshot of power flow, the smaller 280

the security margin, the greater the importance of the 281

corresponding snapshot, so the importance of the snapshot 282

index can be defined as follows. 283

Ii = P′i − 1n(Mi) (3) 284

III. PRIMITIVE AND EQUIVALENT MODELS FOR 285

TRANSIENT PROCESSES 286

After screening out the critical snapshots according to 287

the snapshot importance index, the next step can be the 288

calculation of the voltage security region of each bus under 289

the critical snapshot. To solve the voltage security region 290

under N-1 faults at a certain snapshot, it is essential to solve 291

a TSCOPF (Transient Stability Constrained Optimal Power 292

Flow) problem, which is first explained in its specific form 293

as follows. 294

For a complicate AC power system, the specific model 295

used and its equations are as follows. 296

a) The generator is used in the four-order model as follows: 297

δ̇ = 2π f (ω − ω0) (4) 298

ω̇ =
1
M
(Pm − Pe − D (ω − 1)) (5) 299

Ė ′q =
1
T ′d0

(
Vf − E ′q −

(
Xd − X ′d

)
Id
)

(6) 300

Ė ′d =
1
T ′q0

(
−E ′d −

(
Xq − X ′q

)
Iq
)

(7) 301
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In the above model, δ̇ means the derivative of power angle302

of the generator, f means the frequency of the power system,303

ω and ω0 means the angular frequency and its reference value304

of the generator. ω̇ means the derivative of angular frequency305

of the generator, Pm means mechanical torque, Pe means306

electromagnet tongue, D means the damping coefficient of307

power, Ė ′q means the derivative of quadrature axis transient308

potential, Ė ′d means the derivative of direct axis transient309

potential.310

b) The AVR is used in the model as follows:311

V̇m =
1
Tr
(V − Vm) (8)312

V̇rx =
1
Ta

(
Ka

(
Vref − Vm − Vry −

Kf
Tf
Vf

)
− Vrx

)
(9)313

V̇ry = −
1
Tf

(
Kf
Tf
Vf + Vry

)
(10)314

V̇r =

Vrx , (Vr min ≤ Vrx ≤ Vr max)

Vr max, (Vrx ≤ Vr min)

Vr min, (Vrx ≥ Vr max)

(11)315

V̇f = −
1
Te

(
Vf
(
1+ Se

(
Vf
))
− Vr

)
(12)316

P = VId sin (δ − θ)+ VIq cos (δ − θ) (13)317

Q = VId cos (δ − θ)− VIq sin (δ − θ) (14)318

E ′q = V cos (δ − θ)+ RaIq +
(
Xd − X ′d

)
Id (15)319

E ′d = V sin (δ − θ)+ RaId −
(
Xq − X ′q

)
Id (16)320

In the above model, δ means the power angle of the321

generator, Id means the current of direct axis, Iq means322

the current of quadrature axis, Ra means the resistance of323

the armature winding, Xd means the direct axis reactance,324

X ′d means the direct axis transient reactance,Xq means the325

quadrature axis reactance, X ′q means quadrature axis transient326

reactance.327

c) The load is used in the model as follows:328

P = VIr sin θ + VIm cos θ (17)329

Q = VIr cos θ − VIm sin θ (18)330

V sin θ + E ′r = X ′Im − RsIr (19)331

V cos θ + E ′m = −X
′Ir − RsIm (20)332

In the above model, X ′ means transient reactance, the333

parameters with subscript r means rotor-related parameters,334

the parameters with subscript m means parameters related to335

iron loss and the parameters with subscript s means stator-336

related parameters.337

The above is a model for a purely AC system, if there is DC338

feeding in in the power system, the following model needs to339

be added.340

d) The detailed control system of HVDC are as follows.341

IodDC =


IodDC0,

(
VDC ≥ V th1

DC

)
IodDC0 − KD

(
VDC − V th1

DC

)
IodDC min,

(
VDC ≤ V th2

DC

)
,

342

(
V th2
DC ≤ VDC ≤ V

th1
DC

)
(21)343

cos γ0 =

√
2πXC IDC
3TDCVCS

+ cosβb (22) 344

cos γ =

√
2πXC IodDC
3TDCVCS

+ cosβa (23) 345

In the above model, KD means gain coefficient, γ means 346

extinction angle, β means conduction angle. 347

VDC =
3
√
2

π
TDCVCS cos

(
γ +

µ

2

)
cos

µ

2
(24) 348

IDC =

√
2

ωXC
VCS sin

(
γ +

µ

2

)
sin

µ

2
(25) 349

PDC =
3

πωXC
V 2
DC sin (2γ + µ) sinµ (26) 350

QDC = PDC tanϕ, cosϕ = cos
(
γ +

µ

2

)
cos

µ

2
(27) 351

⇒ F0
DC,i

(
VDC,i,VCS,i,QDC,i,PDC,i, γi, µi, ϕi, IDC,i

)
352

= 0 (28) 353

In the above model, VDC means the DC voltage, IDC means 354

the DC current, PDC means the direct active power, QDC 355

means the direct reactive power, ϕ means the power factor, 356

and µ means the angle of commutation, γ means extinction 357

angle. 358

With the above model, the optimization problem shown in 359

the following equation can be established(29, 31).If direct 360

current exists, the optimization can be summarized as 29, 361

30 and 31. 362

max
1Qg,

N∑
i=1

(
U0,max
i − U0,min

i

)
363

s.t. PGi − PLi = Ui

j=n∑
j=1

Uj(Gij cos δij + Bij sin δij) 364

QGi − QLi = Ui

j=n∑
j=1

Uj(Gij sin δij − Bij cos δij) 365

PGimin ≤ PGi ≤ PGimax, QGimin ≤ QGi ≤ QGimax 366

Uimin ≤ Ui ≤ Uimax 367∣∣δi − δj∣∣ < ∣∣δi − δj∣∣max (29) 368

F0
DC,i

(
VDC,i,VCS,i,QDC,i,PDC,i, γi, µi, ϕi, IDC,i

)
= 0 369

γi ≤ γi ≤ γi, 370

µi ≤ µi, 371

VCS,i ≤ VCS,i ≤ VCS,i 372

QDC,i ≤ QDC,i ≤ QDC,i (30) 373

ẋ = f (x, y, u) 374

0 = g(x, y, u) (31) 375

However, if the original optimization problem is solved 376

directly, the computational model is complex and the solution 377

time is long, which is difficult to meet the requirements 378

of the actual power system for the speed of the voltage 379

security region’s calculation. Therefore, we consider convert- 380

ing the original TSCOPF problem into a SCOPF(Stability 381
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FIGURE 3. Transient isometric procedures.

Constrained Optimal Power Flow) problem, converting the382

complex differential and algebraic equations constraints in383

transient state into a steady-state constraint (the same form384

as constraints of the steady-state power flow and constraints385

of variable upper and lower limits, but with different physical386

meaning), and converting the original transient fault into387

an equivalent permanent ground fault under the premise of388

ensuring the same boundary conditions of the voltage security389

region, thus greatly speeding up the solution speed while390

ensuring certain accuracy. It is simplified as the concrete form391

as follows.392

max
1Qg,

N∑
i=1

(
U0,max
i − U0,min

i

)
393

(29), (30)394

Z = R+ jX = f (P0,Q0,V 0) (32)395

As shown in the above figure, the left figure is the voltage396

waveform in the transient process, U0 is the minimum voltage397

allowed in the system specific time after fault removal.398

According to relevant standards, for the voltage 0.4s after399

fault removal, this value is generally taken as 0.85.Set short-400

circuit faults to the system and adjust its related parameters401

until the voltage just reaches 0.85 after fault clearing. Write402

down the voltage dropping area S1 at this time as the403

boundary conditions, as shown in the above figure 3.404

Next step is to change nodal admittance matrix corre-405

sponding to the location of the original system fault to keep406

equivalent with the original fault. In fact, it is to set the407

permanent ground fault and change the ground impedance408

until the voltage dropping area S2 is equivalent to the409

mentioned fault to reach the same boundary conditions,410

as shown in formula (31). And the waveform on the right411

side of Figure 3 is an ideal model, which is based on the412

assumptions that the initial value after the voltage dropping413

is equal to its steady-state value (idealized processing,414

the actual fluctuation is very small).According to different415

degrees of system strength and weakness as well as the416

different configuration of each component parameter within417

the system, the dropping area can be defined differently, and418

the way it is defined in this paper is shown in figure 3.419

According to a number of fault simulations and related420

standards in the power system,we can compute S2 according421

to the location,the lasting time of the fault and S1 mentioned422

TABLE 2. L-M data fitting algorithm steps.

above, etc. After the calculation is completed, we can 423

determine the equivalent failure lasting time tr and in this 424

paper we set the value of tr is 0.4∼0.5 s according to the 425

severity of the fault. After getting S2 and tr , we can get the 426

critical voltage U1 by S2 divided by tr , as shown in formula 427

(31).And this step achieves to calculate the voltage dropping 428

areas in normal transient process and then transform it into the 429

voltage dropping area in equivalent transient process. Finally, 430

we can get U1 as the reference for the severity of permanent 431

ground fault. 432

After getting the critical voltage U1 corresponding to the 433

permanent ground fault, change the grounding impedance for 434

simulation at the same fault location and continuously adjust 435

the value of the grounding impedance until the corresponding 436

buses’ voltage reach the critical voltage, write down the 437

value of the grounding impedance at this time as the critical 438

impedance, change the system operating state so that it runs 439

on different typical snapshots, we can get different values of 440

the critical impedance. 441

S2 = f (S1)⇒ U1 =
S2
tr

(33) 442

Z = R+ jX = g(P0,Q0,V 0) (34) 443
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FIGURE 4. Modified IEEE 39 node system.

TABLE 3. Detailed fault information of modified IEEE39 system.

TABLE 4. Critical impedance matrix (Q1, Q2, Q3 are the reactive power
output of three typical reactive devices selected).

To obtain the approximate quantitative relationship444

between the critical impedance and each control variable in445

the steady-state operation of the system, the L-M data fitting446

algorithm is used to process the obtained data. The specific447

steps are shown below.448

IV. CASE STUDY449

Case 1: In order to verify the accuracy and feasibility of450

the proposed method, it was verified by modified the IEEE39451

FIGURE 5. The relationship between the critical impedance and the
output of reactive power.

TABLE 5. Comparison of voltage security region calculation results
before and after transient equivalence of PV nodes of IEEE39 system
under a typical snapshot.

test system, in which the topology is shown in Figure 4 and 452

its specific fault parameters are shown in Table 3. 453

As can be seen from the above figure, the compu- 454

tation of voltage security region after transient equiv- 455

alence is significantly faster compared with the direct 456

transient simulation, and the overall error is still within 457

an acceptable range, although the calculation results are 458

conservative. 459

For different typical snapshots, the above figure shows the 460

error of the given calculation method. In Figure 7, we can 461

conclude that the calculation method is greatly influenced by 462

the kind of snapshots and there are much difference between 463

low limit and high limit. 464

Case 2: For the power system with direct current, it was 465

verified by modified IEEE9 test system, in which the 466

topology is shown in Figure 8 and its specific fault parameters 467

are shown in Table 6 and its specific parameters are shown in 468

Table 7. 469

Figure 9 shows the comparisons of the voltage security 470

region computation results in two different ways for the 471

modified IEEE9 system. In this figure, the solid lines 472
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FIGURE 6. The voltage security region of modified IEEE39 system.

FIGURE 7. The calculation error of different snapshots in modified IEEE39
system.

TABLE 6. Detailed fault information of modified IEEE9 system.

represent the voltage security region in transient simulation473

and the dashed lines represent the voltage security region474

in transient equivalence method previously mentioned. What475

is more, the blue line means the upper limit of the voltage476

security region and the red line means the lower limit of477

the voltage security region. The comparisons between the478

two different ways indicate the accuracy of the proposed479

method.480

For the modified IEEE 9 system with double-infeed DC,481

the result of voltage security region in transient simulation482

FIGURE 8. Modified IEEE9 system.

TABLE 7. The parameters of IEEE 9 double-infeed HVDC test system.

FIGURE 9. The voltage security region of modified IEEE9 system.

and transient simulation are shown in Figure 7. We can 483

conclude that the error between transient simulation and 484

transient equivalence is no more than 0.01. 485

95090 VOLUME 10, 2022



B. Li et al.: VSR Calculation Method of Receiving-End Power System

FIGURE 10. The calculation error of different snapshots.

For different typical snapshots, the above figure shows the486

error of the given calculation method. In Figure 10, we can487

conclude that the calculation method is greatly influenced by488

the kind of snapshots.489

V. CONCLUSION490

In order to overcome the problems of a large number of491

differential equations, high computational complexity and492

long computation time in the traditional solution method493

of TSCOPF problem, this paper proposes a method of494

calculating the voltage security region of power grid based on495

transient process equivalence, including the typical snapshot496

searching method based on grid geographic partitioning497

algorithm and graph theory matrix and the voltage secu-498

rity region calculation method based on transient process499

equivalence. On the one hand, the typical snapshots with500

large operating capacity and low security region can be501

screened out from a large number of snapshots, and then the502

complex differential equations in the transient process can503

be converted into algebraic equations similar to the power504

flow equations on the basis of boundary equivalence for505

the screened typical snapshots, and then the relationship506

between the critical impedance and the system operating507

state can be expressed in analytical form by L-M fitting508

method, and the original transient equations can be replaced509

by similar power flow equations. The validity and reliability510

of the proposed method can be proved by solving the voltage511

security region problem before and after the simplification.512

From the final calculation results, it can be concluded513

that:514

1) The calculation results of the voltage security region515

after transient equivalence are within the allowable range of516

errors and take less time.517

2) However, the calculation range of the voltage secu-518

rity region after transient equivalence is smaller and the519

calculation results are more conservative, which may be520

caused by certain errors in the fitting process of the critical521

impedance and reactive power output of reactive equipment,522

or may be caused by certain rounding errors in the calculation523

of the critical impedance in the transient process. What’s 524

more, it may have relationships with different operational 525

snapshots. 526

3) For the modified IEEE9 system and the modified 527

IEEE39 system, we can conclude that the range of voltage 528

security region in transient equivalence is smaller than that 529

in transient simulation. And the modified IEEE39 system is 530

purely an AC system and the factors that need to consider 531

are less than that in hybrid AC-DC systems, which results in 532

smaller errors to a certain extent. 533

In future studies, the relationship between the error of the 534

voltage security region calculation result and the different 535

errors and operational snapshots will be considered, so as to 536

further optimize the solution accuracy. 537
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