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Abstract

To deal with the high dimensionality and computational density of the Optimal Power Flow model with Transient
Stability Constraints (OTS), a credible criterion to determine transient stability is proposed based on swing curves
of generator rotor and the characteristics of transient stability. With this method, the swing curves of all generator
rotors will be independent one another. Therefore, when a parallel computing approach based on the MATLAB
parallel toolbox is used to handle multi-contingency cases, the calculation speed is improved significantly. Finally,
numerical simulations on three test systems including the NE-39 system, the IEEE 300-bus system, and 703-bus
systems, show the effectiveness of the proposed method in reducing the computing time of OTS calculation.
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1 Introduction

With the development of smart grid, the operation of
power system is close to its stability limit state fre-
quently. In the event of a contingency or a large disturb-
ance, large-scale blackouts or even the whole system
crashes would happen. However, Optimal Power Flow
with Transient Stability Constraints (OTS) can integrate
the economic and dynamic security of the system into
the same framework, which has become an effective tool
to get the safety of the system.

Lots of research work has been devoted to the classical
OPF [1-4]. However, OTS has become a challenge from
the model description to the design of algorithms [5, 6],
due to the transient stability constraints of ordinary dif-
ferential equations. In [7], the ordinary differential equa-
tions are differentiated into algebraic equations, while
the transient stability constraints are discretized into in-
equality constraints. As a result, the OTS problem is
solved by the conventional optimization method, but the
number of variables and equations are increased signifi-
cantly, resulting in long computation time and difficult
convergence. However, references [5, 8] are two classical
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articles dealing with OTS problems practically. The the-
oretical development in [5] is that dynamic equations
are converted to numerically equivalent algebraic equa-
tions. And in [8], OTS gets the same size of the OPF
problem by an equivalent transformation from differen-
tial equation constraints to the initial value constraints.

However, in the Jacobian matrix of OTS, a large num-
ber of dynamic sensitivity equations must be dealt with
in each iteration of the optimization process [9]. The dy-
namic sensitivity equation which describes the dynamics
of power systems is a set of differential algebraic equa-
tions (DAE) with the same size and can only be solved
by numerical integral methods with massive calculation.

The work of this paper is based on [8, 9], where a
credible criterion is proposed based on swing curves of
generator rotor and the characteristics of transient sta-
bility. High-performance science and engineering com-
puting [10], represented by parallel technology, has
become an important approach of increasing productiv-
ity in various industries [11-14]. By using MATLAB par-
allel computing toolbox, the OTS problem is solved
within reasonable computing resources with the com-
puting speed reaching to the practical or even online
level [15, 16] compared with the existing methods
proposed in [17-19].
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2 OTS model

2.1 Foundational model

Combined with the pre-contingence transient stability
constraints into OPF, the model can be described as:

1) Objective function is minimum active power loss of
power system.

=Y Pgi-> Ppi (1)

i€Sg €S,

min F(x)

Where Pg; refers to the active power output of i
power source; Sg is active power sources set;S,, is the set
of all nodes;Pp; is the active power load of i™ power
source.

2) Equality constraints.

There are two parts in this section, including power
flow equations and swing equations of generator.

a. Power flow equations.

n
Pgi—Ppi=V; Z YV cos(6;-6-ay) = 0
j=1

n
Qri—Qpi~ Vi Z YV sin(6i-6-a;) =0

j=1

€S,

(2)

Where Qg; refers to the reactive power output of i
power source; Qp; is reactive power load at bus i; V,, 6;
are the magnitude and phase of voltage at bus i separ-
ately; Y, a; are magnitude and phase of transfer admit-
tance between buses i,;.

b. Swing equations of generator.

S': region for g,(¢) > 9,,,.
&)

0 T

Fig. 1 Explanation of conventional transient stability constraints.
Whether the system transient stability requirement is satisfied or
not can be determined by calculating whether the sum of the
excess area of each generator’s swing curve is less than or equal
to zero
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For simplicity, a classic generator model is used in this
paper. The difference equation is as follows:

{ dé\,/dt = (:)()(a)i—l) (3)
dwi/dt = (—Dl'wi + PGi_Pei)/Mi

Where ; refers to the rotor angle of i generator; w;
is the rotor angular speed of i generator where w, de-
fines the synchronous; D; is damping value of i™ gener-
ator; M, stands for the moment of inertia of i

generator; P,; is electromagnetic power of i generator:

e,fEZE

]ESG

eij cos 8 -0; ) + B sin(&,'—(S,-)]

(4)

3) Inequality constraints.
a. Operating constraints:

P Gi <Pg; <PG1 iS¢
Qu<Qu=Qy  ieSg
V < V<V, S,
P SP Sﬁ,‘j iESCL (5)

Where Pgi,Pci, Qgis Qi are upper bound and lower

bound of active and reactive power sources; V;, V, Ej,l_’
i are upper bound and lower bound of voltage magni-
tude at bus i and power flow at line ij; Si, Sc; are react-
ive power sources set and lines set.

b. Stability constraints:

Stability criteria are as follows:

8<8;~8cor<é (6)

g

Omax
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/
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Z

Fig. 2 Explanation of improved transient stability constraints.
The point of the generator 1 represents the highest point
that deviates from the center of inertia in all the generators.
Once the generator 1 is constrained, the other generators,
including the generator 2 and the generator 3, naturally
satisfy the constraint conditions
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Fig. 3 Cycle decomposition diagram. That is, the parallel loops can be decomposed and processed by client and worker modes.
Client refers to a CPU kernel that performs and assignments parallel tasks. Worker refers to the other CPU cores that run parallel
code, and all workers work at the same time to achieve accelerated computing

Where §,8 upper bound and lower bound of rotor
relative swing are angle; dco; is inertia center angle,
which is defined as follows:

ng ng
dcor =Y Mibe/ Y M (7)
P -1

Where M, stands for the moment of inertia of the it
generator.

2.2 Transient stability constraints
The transient process of power system is described by
differential algebraic equations. The related transient sta-
bility preventive control problem is an optimization
problem with differential algebraic equations. Its general
form can be described as follows:

min F (x, ) (8)
s.t.h(xp) =0 9)
g<g(x0)<g (10)
&= FR(xf), ob = xo (11)
H(x) =0 (12)

Table 1 Summary of the three test cases

Cases  Number of  Objective Function lterations of ~ Computation
Generators/ of Conventional Conventional  Time(s)
Buses/Lines OPF OPF

NE39 10/39/34 618135 12 0.04

IEEE300 69/300/304 233.6095 17 0.28

C703 99/703/800  130.5660 18 057

(%) =0 (13)

Formula (8) is the objective function. Formula (9) is a
power flow equation. And formula (10) represents static
security constraints, including the voltage limit, gener-
ator output limit, etc. Formula (11, 12) represent transi-
ent stability equality constraints. And formula (13)
represents the transient stability inequality constraints
under each contingency.

In this paper, based on the functional transformation
technique, transient stability constraints (11-13) formu-
las are converted into a unique inequality equation.

The traditional time-domain simulation of transient
stability analysis considers that the rotor of the unit and
the center of inertia relative swing angle does not exceed
a given limit angle, which can be considered the system
run synchronously without loss of stability in the rolling
process.

The formula is as follows:

gi(t) = |6i(t)—6co1(t)|—6maxﬁo, i€Sg (14)

Whether the system transient stability requirement is
satisfied or not can be determined by calculating
whether the sum of the excess area of each generator’s
swing curve is less than or equal to zero.

Table 2 Test results of NE-39 system

Contingency Integration  Iterations  Objective ~ Computation
Line Step(s) Function Time(s)
Branch 8-9 0.01 12 618135 0.26

0.02 11 61.8131 0.14
Branch 21-22  0.01 18 61.8208 1.16

0.02 17 61.8201 057




Yang et al. Protection and Control of Modern Power Systems (2018) 3:20 Page 4 of 10
Table 3 Test results of IEEE-300 system g<g(x0)<g (19)
Contingency Integration lterations  Objective ~ Computation B
Line Step(s) Function Time(s)
& (xf ) <0 (20)

Branch 5-1 0.01 17 233.6095 127 m\m

0.02 16 233.6092 0.94
Branch 97-96 001 29 2336556 874 3 Parallel algorithm design

002 26 2336537 385 In order to simplify the calculation, this paper uses the

The swing curve of the i™ generator is shown in Fig. 1.
To maintain transient stability, there is:

T
Si:/h,»(x)dxso,ieSG (15)
0

And the formula (11-13) is transformed into formula
(15). However, when formula (15) is added as an in-
equality constraint, the convergence is not satisfactory
with low computational efficiency.

Therefore, based on the contents of Fig. 1, this paper
presents a simple and effective method to determine the
transient stability of the system under the given power
angel limit.

In the relative swing curve of all generator rotors,
there must be at least one point deviated from the high-
est point. If the point satisfies formula (14), the transient
stability condition of the system can be considered to be
satisfied. As is shown in Fig. 2.

The ¢, point of the generator 1 represents the highest
point that deviates from the center of inertia in all the
generators. Once the generator 1 is constrained, the
other generators, including the generator 2 and the gen-
erator 3, naturally satisfy the constraint conditions.

Assuming that the point is the ¢,, time of the i gener-

ator, the constraint expression can be obtained:
gi(tm) = |0:(tm)~Scor(tm)|~Omax <0 (16)

Formula (16) can be used as the transient stability in-
equality constraint instead of the formula (14). The
model after conversion is as follo6ws:

min F(xo) (17)

h(xo) = 0 (18)

Table 4 Test results of C-703 system

Contingency Integration  lterations  Objective ~ Computation
Line Step(s) Function Time(s)
Branch 10-442 0.01 49 1305784 326

0.02 51 130.5781 13.13
Branch 681-337  0.01 18 1305660 1.9

0.02 16 1305658 096

classical model of multi machine system and uses the
modern interior point algorithm to solve the formula
(17-20). In the model, Jacobi and Hessian arrays of for-
mula (18-19) can be obtained directly. However, the
Jacobi and Hessian array of formula (20) can be obtained
as follows:

%1, _ %4, 0%,
Oxg  Ox, 0Xp
82g tn azg 1, Oz, OXp,
8x02 N axtm2 8x0 axo

21
agtm 82 xtm ( )

ox tm ax()2

Where g, is an explicit expression for x;,, so dg, /0
x¢, and a2gtm /0x;, % can be derived directly. While x,,, is

not an explicit expression for xo, dx;, /dxo and 0%x;,/d

%02 can be calculated as follows:

(o) _ OF v, oF
dt, \oxg ) oxy, Oxy  OX

d_ *x;, B *F ox;, ox;, OJF *x;, 82_1-"
dt, \ Oxo% )  Ox,,2 oxg Oxg = Ox,, %% = x>
(22)

Formula (21) can be solved by any method that can ef-
fectively solve differential equations and the fourth-order
Runge-Kutta method is used in this paper. According to
the formula (21-22), for each contingency, the swing
curve of all the generator rotors can be calculated separ-
ately without affecting each other.

In solving the multi-contingency problem, each con-
tingency requires repeated calculations, which is the
most time-consuming place as well. As the size of the
system expands, the time in this place even occupies
more than 90% of the total computing time. Therefore,
aiming at the main time-consuming part of the program,
a parallel algorithm is designed in this paper to allocate
the tasks according to the expected multi-contingency.

A diagram for the proposed approach is shown in
Fig. 3. That is, the parallel loops can be decomposed
and processed by client and worker modes. Client re-
fers to a CPU kernel that performs and assignments
parallel tasks. Worker refers to the other CPU cores
that run parallel code, and all workers work at the
same time to achieve accelerated computing.

The parallel architecture of this paper relies on
MATLAB parallel computing toolbox. The key method



Yang et al. Protection and Control of Modern Power Systems

)

(2018) 3:20

Page 5 of 10

Rotor angle

| |
120 140 160 180 200

Time segement

Fig. 4 Swing curves in line 21-22 contingency of NE-39 system

is running parallel for-loops on workers within
contingencies.
And there are three main variables which should be

classified before the parallel for-loops.
1) Loop Index Variable

The loop variable represents the number of times the
loop is executed. The parallel strategy in this paper is
used in the expected multi-contingency.

2) Sliced Variable

The large variable array contains all contingencies can
be segmented into each worker by using sliced variable
in the implementation of the parallel for-loops program
i and therefore the data transmission between worker
and client is reduced. The array contains all the contin-
gency information is actually a contingency variable in
this paper.

3) Broadcast Variable.

Data arrays contains nodal admittance matrix, gener-
ator operating data and parameters are classified as

©)

broadcast variable which will be shared by all the
workers.

Multi-contingency OTS problem parallel computing
process is as follows:

1) First of all, the conventional optimal power flow
calculation is carried out without considering the
transient stability constraints of formula (20), only
the calculation of formula (17-19) are solved. Then
taking the optimal solution of the conventional
optimal power flow as the initial value, the transient
stability analysis is carried out to determine
whether the formula (20) is satisfied. If the optimal
solution is satisfied, the calculation is terminated;
otherwise, the next step is taken.

2) The initial values of the parameters under each
contingency are passed to each worker, and each
worker calculates the Jacobian and Hessian matrix
independently to complete the iterative calculation
of the interior point method.

3) In the iteration process, it's necessary to judge
repeatedly whether the solution of formula (20) and
formula (17-19) are satisfied. If both satisfied, the
calculation is terminated; otherwise, the calculation
process above is repeated.

120

Rotor angle

Time segement

Fig. 5 Swing curves in line 97-96 contingency of IEEE-300 system
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Fig. 6 Swing curves in line 10-442 contingency of C-703 system

4 Numerical results

4.1 Test systems summary

In this section, the NE-39 system, the IEEE 300-bus sys-
tem and 703-bus systems are used for simulation from
the aspects including computing time, speed-up and effi-
ciency. Furthermore, the simulations are run on 32
Cores 1.8 GHz with 16 GB of RAM. Set the simulation
time T = 2s, the integral step size At =0.01s or 0.02s, and
the swing angle limit is +100°. A numerical summary of
the three systems is listed in Table 1.

4.2 Simulation analysis of single contingency OTS
Formula (16) is used as transient stability constraint to
solve the OTS model (17-20). Test results of three sys-
tem are shown in Tables 2, 3 and 4.

From Table 1 to Table 4, the calculation results of con-
tingency lines of branch 8-9 in NE-39 system, branch
5-1 in IEEE-300 system and branch 681-337 in C-703
system including the objective function and iterations is
completely consistent with the conventional OPF calcu-
lation, which shows that the swing curve can meet the
condition of angel limit £100° under the transient stabil-
ity analysis without adjustment when the conventional
optimal power flow result is used as the initial value, also
called ‘inactive contingency’.

In the meantime, the calculation results of contingency
lines of branch 21-22 in NE-39 system, branch 97-96 in
IEEE-300 system and branch 10-442 in C-703 system

Table 5 Test results of NE-39 system under step 0.02 s

has a larger objective function and more iterations com-
pared with the conventional OPF calculation, indicating
that the swing angle of generators reaches the upper
limit when expected contingency are calculated, which
means that the contingency must be unstable without
constraints, also called ‘active contingency’. In order to
meet the requirements of transient stability, economy is
sacrificed properly, and more iteration is added to adjust
the system operation mode meanwhile.

The swing curves of three test systems are shown in
Figs. 4, 5 and 6.

4.3 Simulation analysis of multi-contingency OTS
Test results of three systems are shown in Tables 5, 6
and 7.

From Table 5 to Table 7, iterations of the NE-39
system and the IEEE-300 system changes from 17 to
55 and from 26 to 56 respectively and iterations of
the C-703 system changes little when considering
multi-contingency. In particular, with the same num-
ber of iterations, the calculation time increases ap-
proximate linearly as the number of contingency
increases, reflecting the good computational charac-
teristics of the model in this paper.

According to the results of C-703 system, when
considering three contingency, the results of object-
ive function is consistent with the results of the first

Table 6 Test results of IEEE-300 system under step 0.02 s

Number of [terations Objective Computation Number of [terations Objective Computation
Contingencies Function Time(s) Contingencies Function Time(s)

2 23 61.8367 1.1 2 26 2336813 7.2

3 27 61.8526 147 26 233.7066 9.78

4 40 61.8525 191 4 40 233.7571 13.27

5 38 61.8529 2.35 5 40 233.7573 17.46

6 55 61.8529 261 6 56 233.7573 20.14
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Table 7 Test results of C-703 system under step 0.02 s

(2018) 3:20

Number of [terations Objective Computation
Contingencies Function Time(s)

2 45 130.5781 15.14

3 51 130.5781 2149

4 55 130.5900 27.36

5 58 130.5900 33.56

6 60 130.5900 40.56

contingency which shows that the first contingency
plays a dominant position when considering the pre-
vious three contingency. The system adjustment
mainly aims to the constraints of the first contin-
gency which can meet the constraints of other con-
tingency as well. However, when considering 6
contingency, the 4th contingency becomes the dom-
inant contingency. Therefore, if the leading contin-
gency in the sets can be found, a great amount of
computation of OTS problem can be reduced effect-
ively, which can be another research goal in the
future.

The swing curves of three test systems are shown in
Figs. 7, 8 and 9.

4.4 Simulation analysis of parallel computing

4.4.1 Performance index

Speed-up refers to the ratio of computation time that the
same task running on a single-processor and parallel pro-
cessor system, which is used to measure the performance

Rotor angle

~

o

N
)
S

2

Rotor angle
=

Rotor angle

0 10 2 3 4 5 6 70 8 % 10
Time segement

Fig. 7 Swing curves in 6 contingency of NE-39 system
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of parallel programs. In the field of parallel computing,
the speed-up ratio is defined as

(23)

Where T; and T, refers to the serial execution time
and parallel execution time, respectively.

Speed-up can reflect the overall performance of the
program, but can’t describe the role of each processor,
so the concept of parallel efficiency is proposed:

(24)

q is the core number involved in the calculation, S, is
the speed-up ratio mentioned above.

4.4.2 Results and analysis
Benchmark results are shown in Table 8. Speed-up ratio
and parallel efficiency are shown in Table 9.

For all the test systems, it’s found that the speed-up ra-
tio increase with the number of contingency and the ap-
proach tends to perform better on large systems even up
to 7.28 times. It is also observed that the acceleration is
not proportional to the number of contingencies. This
phenomenon mainly has the following two reasons:

1) Communication Loss. As the size of the system
expands, parallel tasks may increase the number
of iterations and then the consumption of
communication operation time of total
computation time increased in a global iteration
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Fig. 9 Swing curves in 6 contingency of C-703 system

of the program’s global variables. As a result, the
parallel efficiency decreased with the increase of
contingency. In fact, in the same number of
contingencies, the smaller the system size, the
corresponding efficiency tends to be lower as
shown in Table 9.
Serial Calculation. The parallel method is used to
solve the coefficient matrix of the modified
equation merely, so the other process of the
algorithm still uses the serial solution. In general, as
the number of contingencies increases, the amount
of data required for serial computation is increasing

~
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as well, which is another reason the speed-up ratio
tends to be saturated.

Nevertheless, the speed-up ratio still shows a good up-
ward trend. It is shown that the parallel method of this
paper can adapt to the calculation and analysis of large
power systems, which can effectively reduce the comput-
ing time of OTS.

Furthermore, compared with the existing approach in
[17-19], for example, the computing time in 2 contin-
gencies in IEEE 300 system is 68.264 s. And it’s 5.94 s in
this paper.
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Table 8 Computing time of the parallel program under step

0.02 s

Number of NE39 IEEE300 C703
Contingendies Serial ~ Parallel  Serial  Parallel  Serial Parallel
2 1.1 1.52 7.2 594 15.14 11.69
4 191 1.59 1327 665 27.36 12.68
6 261 1.63 2014 774 40.56 14.00
8 3.77 1.86 2218 697 5326 1471
10 4.26 1.89 3243 801 79.89 17.94
12 501 1.94 4473 866 87.94 18.29
14 5.73 202 3768 807 10256 1898
16 6.89 2.14 4161 809 11285 19.34
18 7.28 2.19 4467 822 11496 1949
20 8.18 231 5354 842 13867  21.59
22 848 2.34 5598 942 16748 2418
24 9.76 237 7537 1071 17638 2425
26 9.87 244 76.8 1043 18411 25.00
28 1182 263 83.17 1099 18752 2584
30 1294 268 7512 10.56 19826  27.27
32 1392 287 8089 1113 20448  28.10

In addition, compared with the existing approach, the
proposed algorithm has the following advantages:

1) A stronger acceleration

The method proposed in this paper has better
acceleration effect, especially in larger systems or

(2018) 3:20
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more contingencies, which shows excellent calculation
performance.

2) More contingencies can be calculated

This algorithm can handle even more than 32 contin-
gencies. Theoretically, as long as the number of cores is
sufficient, more contingencies can be processed at the
same time and a higher speed-up ratio can be achieved.

3) Better convergence

The simulation data also shows that the algorithm has
strong convergence for any number of contingency.

4) Easy upgrading and extending

The parallel part of the algorithm is mainly based on
parallel computing technology. In hardware, without
changing the algorithm structure, the increase in the
number of cores and the frequency can easily achieve
the performance extension.

5 Conclusions

In this paper, the OTS model based on the criteria ac-
cording to the swing curves of generator rotor and the
characteristics of transient stability analysis is proposed.
Taking into account the existing computing power, a
parallel method based on MATLAB toolbox is used as
well. Tests results in three different systems shown that
the computing time of OTS is reduced efficiently

Table 9 Speedup and efficiency of the parallel program under step 0.02 s

Number of NE39 IEEE300 C703

Contingendies Speed-up Ratio Efficiency Speed-up Ratio Efficiency Speed-up Ratio Efficiency
2 0.73 0.37 1.21 061 1.30 0.65
4 1.20 030 2.00 0.50 216 0.54
6 1.60 027 260 043 290 048
8 203 0.25 3.18 040 362 045
10 2.25 023 4.05 040 445 045
12 2.58 022 517 043 481 040
14 2.84 0.20 4.67 0.33 540 0.39
16 322 0.20 5.14 0.32 5.84 0.36
18 332 0.18 543 030 5.90 033
20 354 0.18 6.36 0.32 642 0.32
22 362 0.16 594 0.27 6.93 0.31
24 412 0.17 7.04 029 727 030
26 4.05 0.16 7.36 0.28 7.36 0.28
28 4.49 0.16 7.57 0.27 7.26 0.26
30 483 0.16 711 0.24 7.27 0.24
32 4.85 0.15 7.27 0.23 7.28 0.23
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without obvious changes on the number of iterations
and the optimal solution.

The algorithm proposed in this paper is simple in con-
straint and good in convergence. The multi-core proces-
sors parallel computing adopted in this paper is basically
the same as the single CPU because of its hardware
structure, which can improve the computing capacity
without changing the hardware structure. Therefore, the
method is versatile and scalable and is not limited to a
specific algorithm or architecture.
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Transient Stability Constraints
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