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1. Introduction

Intelligent substation as the physical basis of smart grid, will go through the
smart grid construction process [1]. With the continuous development of social
and economic progress, all walks of life power users of the basic requirements of
the power system has been to a more secure, more reliable, more economic
change, substation as a particularly important part of the power system, and the
most important energy transmission point in the distribution equipment [2].
Whether the substation planning and design is reasonable and whether it can
adapt to the violent fluctuation of the load and meet the load development de-
mand in the next few years is extremely important. Therefore, the optimization
analysis and evaluation technology of the substation access system is an impor-
tant content in the power system planning research.
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In paper [3], the safety of the typical access system scheme of the two substa-
tions is compared. In paper [4], the main technical scheme of the typical design
of 220 kV and 110 kV substations and the technical characteristics of each mod-
ule are analyzed. In paper [5] According to the principle of minimizing the cost
and maximizing the efficiency of the project, and achieving the goal of mini-
mizing the life cycle cost of the project in the whole life, while ensuring the qual-
ity of the design, and realizing the maximum economic efficiency and the max-
imum social benefit of the project construction. At present, at home and abroad
in the substation program design method, in addition to the economic compar-
ison phase of the introduction of life cycle cost (Life Cycle Cost, LLC), and not
much improvement [6] [7].

In this paper, we use the security region method, which can give the relative
position of the current operating point in the domain to characterize the security
and stability margin of the whole system [8] [9]. By the stability margin infor-
mation, the weak link of the system is obtained. Based on the boundary coeffi-
cient of the security region of the node, the auxiliary decision making scheme for

the substation access system is provided.

2. Construction of Static Voltage Security Region

The mathematical description of the static security region is as follows: For a
given network topology, the static security region is a set of all system operating
points in the decision space that satisfy the power flow equation f(x)=y and
the static security constraint g(X) <0. The mathematical expressions of the

static security domain in the decision space:
Qg ={y[f()=y,9(x) <0} (1)

x denotes the state variable vector of the system, including the voltage phase
angle of the generator and the load bus and the voltage amplitude of the load bus,
Y denotes the complex power injection vector of the bus, and f is deter-

mined by the system network structure.

2.1. Node Power Injection Equation Linearization Processing

Assuming that the system has n — 1 nodes and nb branches, where node 0 is the
equilibrium node, there are g + 1 generator nodes; G is used to denote the set of
generator nodes except the equilibrium node; L is the load node A set of all
branches.
According to the node power injection equation:
P =GyVi’ —ViV, (G; cos 6, + By sin ;) o)
Q; =-B\’ —VV, (G, sin g, — B, cos 6, )
Using the method in paper [10] to linearize the node power injection equation.
Written in matrix form:
P=-GV + B¢
3)
Q=BV +G¢
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In the formula, G is the real part of the admittance matrix, B is the im-

aginary part of the admittance matrix, and all are constants.

2.2. Static Voltage Security Region

The decision space of the static voltage safety domain defined in this paper in-
cludes the active power injection of the node and the reactive power injection of
the load node, and increases the voltage amplitude of the generator node.

In general, the power system operates in a small neighborhood of the point (V
=1, 0 =0), and the mapping from the V — 0 space to the P — Q space is mapped
one by one. Therefore, in the V — 8 space, the inverse mapping of the Equation
(2) exists in a neighborhood of the run point (V =1, 6 = 0).

Assume that the system has N+1 node, where node 0 is a balanced node and
has § PQ nodes. The set of PV nodes is denoted by G, and L is the set of PQ

nodes. The Equation (3) can be written as:
AQ A B C| AP
AV |=|D E F | AQ, (4)
AV, G H || AQ

In the formula, Where the PV node and the PQ node are separated. A, B, C, D,
E, F, G, H and I are the block matrix, the order is nxn, nx(n—g), Nxg,
(n-g)xn, (n-g)x(n-g), (n-g)xg, gxn, gx(n-g), gxg.

According to the Equation (4):

AVg =G-AP+H-AQ, +1-AQg (5)
AV, =D-AP+E-AQ, +F-AQ, (6)

From the Equation (5), Equation (6) can be obtained:
AV, =(D-F-1™"-G)-AP+(E-F-17"-H)-AQ,_+F-17"-AV, (7)

u® is the upper limit of the voltage amplitude of the load node. u/ is the
current voltage of the load node. P°, Q° and V.’ denote the corresponding
value in the current operating condition. The row vector s consists of the ma-

trix (D—F-17"-G) and F-1" in Equation (7).

uP —u’ =s-[(P-P°)",(Q-Q°), (Vs —Ve)'] (8)
The above equation can be organized as:
2 aR+ 2 fQ+2 AV, =1 ©)
ieGuL iel icG

Thus, the static security region of the upper limit of the load node voltage can
be defined as:

Q=P QT V)| X aR+ X AQ + XAV <D (10)

ieGuL ieL ieG
Similarly, the static safety region of the lower limit of the load node voltage
can be defined as:

=T QT VD Y aR+ X AQ+ YAV, 21 (1

ieGuUL ieL ieG
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The static voltage safety region of the whole system is the intersection of the
static voltage safety region where the upper and lower limits of the voltage of all

nodes are satisfied.

Q=9 nQS"  (ieLUG) (12)
3. Strategy of Auxiliary Planning for Intelligent
Substation Access

This paper uses the stability margin of the security region to quantify the system
security level, to find the node that is closest to the security region boundary
under the current operating conditions. This paper presents the optimized index
of substation access (OISA), and describes the auxiliary planning strategy of

substation access system in detail.

3.1. Stability Margin and Safety

The calculation equation for the stability margin of the load node j is as follows:

srmjzl—[ 3 P +ZﬂiQi+Zi,Vij(jeL) (13)

ieGuUL el ieG

srm; value is positive that the system is safe, the greater the value that the
distance from the node’s security region boundary farther, the greater the stabil-
ity margin.
The equation of the stability margin of the system (SRM):
SRM =min(srm;)(j € L) (14)

3.2. Auxiliary Planning Strategy of Substation Access

According to the optimized index of substation access (OISA), forming appro-
priate planning.
OISA=|o;P|+|8Q (i € L) (15)

The specific method is as follows:

1) The stability margin analysis of the system is carried out to find the node with
the smallest stability margin, meanwhile, obtaining the corresponding domain
boundary coefficient information of the node;

2) Sorting the optimized index of substation access(OISA), the larger the index
value of the node, give priority to the node into the substation;

3) Replace the PQ node with the PV node in the position obtained in step 2);

4) Recalculate the security region of different schemes and the corresponding
system stability margin. By comparison, the optimal access scheme is ob-
tained.

Auxiliary planning strategy of substation access’s flow chart, as shown in Fig-

ure 1.

4. Template

The following is an example of the IEEE 118 node system. The system has a total
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According to the network
data to calculate the power
f1ow

Get the corresponding
information of the running
point

C onstructa static vo ltage
Security region

v

Obtain the system
stability margin, and
the margin
corresponding node

Sorting the optimized index
of substation access(OISA)
and forming planning
schemes

v

L— M odify the netw ork data

v

Compare the stability
of different schemes

v

Get the most
reasonable solution

Figure 1. Auxiliary planning strategy of substation access’s flow chart.

of 55 PV nodes, 63 PQ nodes, and node 69 is the balance node. The voltage con-
straintis V, €[0.9,1.1]. IEEE 118 node system, as shown in Figure 2.

According to the current power system network topology data, and the cor-
responding constraints, in the decision space of the system, obtain the corres-
ponding static voltage security region in the current situation. Select the two-
dimensional cross-section of the security region boundary corresponding to load
node 9 on P11 and Q11.As shown in Figure 3.

In this paper, different load levels were selected for stability margin analysis.
The results are shown in Table 1.

From the analysis of Table, the system load increases, the system's stability
margin decreases. As the installed capacity of the system is sufficient, the in-
crease of load has little effect on the system stability margin. The current oper-

ating point is closest to the security region boundary of BUS 9.
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Figure 2. IEEE 118 node system.

security region boundary corresponding to load node 9 on P11 and Q11
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Figure 3. Security region boundary corresponding to load node 9 on P11 and Q11.

680 N‘ Scientific Research Publishing

3



G.Yietal.

According to the information on the security region boundary of BUS 9,
Sorting the optimized index of substation access (OISA). Part of the data shown
in Table 2.

For analysis of OISA, in the Table 2, it is advisable to put substations at node
11 and node 13. Option 1: Substation is installed at load node 11; Option 2:
Substation is installed at load node 13.

In the case of input substation parameters consistent, the stability margin
analysis for Option land Option 2 is shown in Figure 4.

From the table can conclude that, access substation in the BUS 11 and BUS 13
can improve system stability margin. However, BUS 11 access substation’s effect

of Stability margin improvement is more obvious.

The margin information of different access scheme
0.049

0.0485
0.048
0.0475
0.047

0.0465

0.046 No substation BUS11 access BUS13 access

station access substation substation

Figure 4. The margin information of different access scheme.

Table 1. System stability analysis with different load levels.

The margin value corresponds

Total system load (MW) Stable margin value to the load node number
4242.0 0.047 BUS 9
4666.2 0.0466 BUS9

Table 2. The coefficient of Node 9 security region boundary t, and OISA sorting infor-

mation.
variable Bound'ary Variable variable Bound.ary Variable OISA value
coefficient  value (Pu) coefficient value (Pu)
QIl1 0.05017 -0.253 P11 -0.0147 -0.77 0.023990201
Q13 0.04302 -0.176 P13 -0.0141 -0.374 0.01284962
Ql6 0.04106 -0.11 P16 -0.0163 -0.275 0.009007075
Q7 0.04241 -0.022 pP7 -0.016 -0.209 0.004270041
Q20 0.04425 -0.033 P20 -0.014 -0.198 0.004230664
Q17 0.0434 —-0.033 P17 -0.0167 -0.121 0.003456626
Q2 —-0.0009 -0.099 P2 —-0.0145 -0.22 0.003085325
Q14 0.04026 -0.011 P14 -0.0152 -0.154 0.002787811
681
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5. Conclusion

In this paper, the direct construction method of static voltage safety domain is

proposed. For the first time, the idea of “domain” is applied to the auxiliary

planning of intelligent substation. This paper presents a set of complete intelli-

gent substation access system program auxiliary planning method.
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