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12 Abstract: Considering the fault "N-1" checksum and the power flow, the single-phase power flow

13 model is further transformed into a three-phase power flow model, and the asymmetry of the
14 three-phase power flow is measured by the three-phase unbalance factor. The calculation model is
15 linearized by the second-order cone relaxation and the Big-M method. At the same time, the load
16 response and distribution network reconstruction are used to improve the reliability of the power
17 supply network to cope with the power failure. The relationship between power supply capability
18 and power flow constraints, main transformer capacity and distributed power parameters is
19 analyzed by IEEE 33-node three-phase power distribution system. The feasibility of the proposed
20 model and the accuracy of the second-order cone relaxation are verified by numerical examples,
21 which provides a technical reference for distribution network planning.

22 Keywords: distribution network; total supply capacity; second-order cone relaxation; power flow
23 calculation; load response; Big-M method; three-phase unbalance degree

24

25  1.Introduction

26 The total supply capacity (TSC) of distribution network refers to the maximum load supply
27  capacity within a certain power supply range based on interconnections of main transformers when
28  meeting the “N-1” guideline and actual operation constraints [1]. TSC characterizes the power
29  supply reliability of distribution network, and the accurate calculation of it is conducive to the
30  planning and refined load management of distribution network in line with the increasing load
31  demand.

32 At present, the research on the calculation of power supply capacity has experienced three
33  stages in its development process [2-3]. In the first stage, the power supply capacity was evaluated
34 based on the substation capacity and capacity-load ratio. However, the effect of the subordinate
35  network on the power supply capacity had not been considered at this stage, and the calculation
36  results cannot reflect the power supply requirements precisely. The second stage is the initial stage
37  that considered the substation capacity and the power transfer capability of network at the same
38  time, but only the feeder load was taken into account in the evaluation of power transfer capability,
39  which may lead to deviation. And the third stage is the precise theoretical modeling stage of power
40  supply capacity [4], taking into account the “N-1” guideline, substation capacity and power transfer
41  capability of network. Reference [5] proposed a calculation method of power supply capacity based
42 on interconnections of main transformers and “N-1” guideline. Considering the two points that
43  mentioned above, the calculation method of power supply capacity considering the contact capacity
44 and the short-time overload problem of the main transformers was proposed in reference [6], which
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45  can help to improve the accuracy of calculation results. Based on power flow calculation, reference [7]
46  established an TSC model considering the voltage drop and network loss, which considers the
47  interconnections between feeders and the “N-1” fault of main transformers and feeders at the same
48  time. The model and the calculation method can be applied to the field of the operation in
49  distribution network.

50 In recent years, with the development of smart grid and power distribution automation, the
51  proportion of some equipment that access to distribution network has been increasing, such as
52  distributed generation (DG) and flexible load, which has certain impact on the planning and
53  operation of distribution network. This phenomenon should be considered in the calculation of
94 power supply capacity, and some studies have considered the impact of the above factors in the
95 calculation process. Taking the maximum expected value of the load amplification factor under the
56  typical DG output scenario as the optimization goal, reference [8] established a calculation model of
57  TSC, which considers the site selection of DG and network reconfiguration. The calculation results
58 show that the access of DG is beneficial to the improvement of TSC. Reference [9] established a
59  two-layer optimization model for TSC considering the uncertainty of DG output. In this model, the
60  economic operation of the active distribution network is considered, but the “N-1” safety guideline
61  is not included in the constraints. In reference [10], the TSC model including users grading and
62  interaction between demand-side and grid was established. The load in demand-side response is
63  considered as interruptible load and emergency load, and simulation of the paper shows that the
64  interaction between users and grid can improve the TSC of distribution network. It can be seen from
65  the above research status that both DG and flexible load can play a role in improving TSC, but few
66  studies have considered the relationship between them in the calculation model of TSC.

67 One problem that should also be considered when calculate TSC is that after the equipment
68  such as DG and flexible load are connected to the distribution network in phase, the original
69  three-phase asymmetry of the distribution network will be more serious. If the single-phase
70  equivalent model in the previous study is continuously used in the analysis of the TSC, the
71 calculation results will be out of the actual situation of the distribution network and might also lead
72 toalarge deviation [11-13]. Therefore, the three-phase asymmetry of the distribution network must
73 be fully considered.

74 In summary, based on the mixed integer second-order cone optimization method, the
75  following solutions are proposed by combining the three-phase power flow calculation model
76  proposed in [16]:

77 1. Fully consider the three-phase asymmetry of the distribution network, establish a mathematical

78 model of each asymmetry factor, and accurately calculate the TSC of the distribution network
79 through the three-phase power flow calculation method and the simulation of “N-1" fault.

80 2. Use the distribution network reconfiguration model to enhance the flexibility of TSC, and
81 transform the nonlinear model established by the Big-M method into a mixed integer model
82 according to the method of [20]. At the same time, based on the actual situation, set the
83 minimum load demand for all load nodes and add part of the unimportant load into the
84 regulation range of load response.

85 Through the simulation of the improved IEEE 33-node three-phase distribution system, the

86  effectiveness of the proposed model and scheme was confirmed.

87 2. Three-Phase Power Flow Model

88 According to Kirchhoff's law, the sum of the power that flowing into the node is equal to the

89  sum of outflows in distribution network. Therefore, for any node j, the three-phase active and

90  reactive power can be described as:

01 {Zl’f =P+ Ploc + Py
297 =+ Qe + Qs

92 o gpe {A, B, C} refers to phase A, B and C;

M
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93 . P? and Q7 refer to the three-phase active power and reactive power of the load demand at

94 node j, respectively;
% . > P’ and ZQJ‘" refer to the net injection quantities of three-phase active and reactive power,
96 respectively;
97 . P?,. and QY refer to the three-phase active power and reactive power of the DG atnode j,
98 respectively;
9 . P?, and Qf, refer to the three-phase active and reactive power input by the substation to
100 node j, respectively.
101 For the radial distribution network, the power flow formulas in the form of distflow [14] can be

102  described as shown in formula (2).

> (P -y )+ B = 3 P

ieu(j) kev(j)

103 > (Q-wyag)+ X=X Q; @)
)

icu(j) kev(j
(V7)Y =(VO) =2(r7 B +x5Q0) +((r))* +(x7)*)-(I7)?
104 o  u(j) refers to the set of the head nodes of branches with j as the end node in the distribution
105 system;
106 e  ©(j) refersto the set of the end nodes of branches with j as the head node;
107 P? and Qf refer to the three-phase active and reactive power flowing on branch i,

108 respectively;
109 . r; and x] refer to the three-phase resistance and reactance of branch ij, respectively;

110 . P? and Qf refer to the three-phase active and reactive power flowing on branch jk,

111 respectively;

112« V? and V7 refer to the three-phase voltage amplitudes of node i and node j, respectively;
113 The second-order cone relaxation I is the current amplitude of branch ij, which can be
114 calculated by formula (3).

P?)? +(Q%)
115 (I9)* = M 3)
ij (Viw )2
116 There are some non-convex terms such as quadratic terms and negative quadratic terms in the

117 power flow formulas that mentioned above, which will make the optimization problem with power
118  flow constraints difficult to solve. The solution methods of this problem mainly include seeking local
119  optimal solutions, approximate linearization and convex relaxation for power flow constraints
120  [14-15]. Among those methods, the convex relaxation technique is widely applied to ensure the
121  efficiency of the algorithm and the optimality of the solution. Therefore, for the above-mentioned
122 power flow formulas, the second-order cone programming (SOCP) method has good applicability
123 [16]. Replace the variables in formula (2) and formula (3) as follows:

vy, =(VIy
124 P2Y +(Q0) (4)
if,,-,- :(137)2 :w
UZ,i
125 The second term in formula (4) can be further relaxed and converted into a standard
126  second-order cone type:
127 lepe 207 g, —og 11| <ig, +o2, 5)

128 The final SOCP form of the power flow formulas can be described as:
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> (Br-izyy )+ 2P = 3 B
icu(j) kev(j)
QF—if x2)+ > Q7= > Q4
129 i;)( i 2 J) Z j k;v(:j) ik (6)
¢ _ P _ » pe 20? ?)2 ?\2\;9
UZ,]' - ’02,1' 2(7‘1) IJI] +xijQij )+((r1] ) +(xl]) )12,1']'
li2py 207 g, —og 1| <if, +o5,
130 3. Factors Affecting Three-Phase Asymmetry of Distribution Network
131 Distribution network contains a large number of asymmetric lines and loads, which makes it

132 possess the characteristic of three-phase asymmetric. After the flexible load and the DG that operate
133  in a non-full-phase state connected to the distribution network, the asymmetry characteristic
134  appears to be more significant. In the above situation, if the traditional single-phase equivalent
135  model is still used in the analysis, a large error will result. Therefore, in order to comprehensively
136  evaluate the power demand of users and accurately calculate the TSC of distribution network, it is
137  necessary to analyze the typical factors of three-phase asymmetry and introduce the concept of
138  three-phase unbalance factor to describe the unbalance degree of distribution network.

139  3.1. Three-phase Asymmetric Load

140 The asymmetry of three-phase load is the main cause of three-phase unbalance in power system.
141  The asymmetry of load mainly comes from the uneven distribution of single-phase load of power
142 users in the system [17]. When calculating the TSC of distribution network, the equivalent of a
143 three-phase load to a single-phase model will not accurately assess the actual demand of each phase
144 load, so the load conditions of each phase should be considered separately.

145  3.2. Three-phase Asymmetric DG

146 When a single-phase DG (such as single-phase photovoltaic generator, single-phase wind
147  turbine, etc.) is connected in distribution network, the output of each phase is usually not completely
148  equal due to the uncontrollable factors such as geography and climate, which will make the
149  distribution network that is originally not a fully one more asymmetrical [18]. When analyzing a
150  distribution network containing DG, the influence of DG on the three-phase unbalance should be
151  fully considered. This paper refers to [16] to equivalently treat the DG into PQ types.

152 3.3. Three-Phase Unbalance Factor of Node Voltage

153 The degree of three-phase asymmetry of distribution network is described by the voltage
154  unbalance factor, which can be described as follows [19]:
|"/Z(p _ "/iavg
155 A = (7)
! V'avg
156 o V7 refers to the voltage amplitude of phase ¢;
157 e« V™ refers to the average value of the three-phase voltage amplitude.
158 In Section 2, the node voltage amplitude can be replaced according to formula (4), and the
159  following formula can be obtained:
¢ _ A8
29 = |Z)2,i Uy,i
2,i av:
160 v ®)
avg _ zv;i
Ui T T 4
’ 3
161 Define ¢ as the maximum value of voltage unbalance factor. When the condition 17, >¢ is

162  satisfied, the condition A’ > ¢ must also be satisfied. The specific derivation process is shown in the
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163  Appendix. Therefore, the variables in the voltage unbalance factor can be replaced by the relaxed
164  variables in the SOCP-type power flow formulas, as shown in the first term of formula (8).

165 4. Calculation Model of TSC

166  4.1. Objective Function

167 The objective is given by
168 Max z Z p? )
@ iedy
169 Max|(Y D PP +4Y > > 191"r,) (10)
@ zelDB no@ i
170 e P’ refers to the active load demand;
171 e @ refers to the set of all nodes;

B
172 e ¢ refers to the weight of the loss factor in the objective function.

173 The meanings of the formulas are as follows:

174 e« Equation (9) refers to the maximum active load supplied by the entire distribution network.
175 e Inorder to consider the influence of network loss on the power supply capacity and minimize it,
176 the formula (9) is converted into the formula (10).

177 The “N-1” guideline means that when any power supply component fails alone, the system
178  continues to supply power to the original load. It should be noted that the line fault has less impact
179  on the TSC than the substation fault. Therefore, only the substation to perform “N-1” needs to be
180  verified.

181  4.2. Constraints

182 19100 = (1700 (11)

183 Z ( p;at(n) 12 ) 1 ) Z pote Z ij't(n) (12)
icu(j) keo(j)

184 D P = PP 4 Pr Y 4 PO (13)

185 z (Qgrt(n) Izw,; n)xw) ZQW ) _ Z Q(ﬂ H(n) (14)
ieu(j) kev(j

186 QM =Q + QI + QI (15)

187 e I3, refers to the current squared term of line ij. Use this auxiliary variable instead of the

188 quadratic term to eliminate the nonlinear variables;
189 e nn=123L N, ) refers to the serial number of the substation, and N, __ refers to the total

190 number of substations;
191 e  t(n) refers to the node number corresponding to the substation 7;

192 o P7Y and Q7)Y refer to the active and reactive input power of DG atnode j, respectively;

193 o P and Y Q'™ refer to the active and reactive input power of the substation at node j,

194 respectively.
195 Equations (12) - (15) are the balance constraints of active and reactive power at nodes in power
196  flow constraints. The balance formula of the power at node consists of three parts: the first part is the
197  power flow of line ij, the second part is the power flow of line jk, and the last part is the node
198  input power flow. It should be noted that in the case of failures of each substation, the load of the
199  node is constant.

200 P? <0,Q° <0 (16)
201 PO > 0,Q04) > 0 (17)
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202 P™ >0,Q7%™ 20 (18)
203 Equations (16) - (18) represents the flow direction of power. The symbol is positive when the
204 power flows to, and it is negative when the power flows out the node.
205 VoA = (Vo) (19)
206 VI = VIO =23 P+ xQp ) + (1)) + (x))IE” (20)

2
@,tn)\2 @,tn)\2
207 Igie = LB+ Q)Y (21)
2,if 1ot
2,i

208 “[23]«@@) 2Q;;J,t(n) I;ﬂ;{j‘(n) _Vz(/,};t(n) ]T “2 < I;,i;(n) +V;1ff(n) (22)
209 o VP replaces the quadratic term of V.
210 According to the power flow constraints for branch in the form of distflow, the branch should

211 satisfy equations (20) - (21). According to the form of the second-order cone, the formula (21) can be
212 deformed into the formula (22).

213 Vizél[)(:) = Vbase (23)
214 (‘/i:p,min )2 < qu:t(n) < (Vi(p,max )2 (24)
215 0< I;,i;(n) < (I:;:,max )2 (25)
20 [ varss, 2

217 o V™ and V™" refer to the maximum voltage limit and minimum voltage limit of node i,

218 respectively;
219 e« 7™ refers to the maximum allowable current of branch ij ;

220 e S_ refersto the maximum capacity of the substation;
221 eV, refers to the reference voltage of the distribution network.
222 In the formulas that mentioned above, formula (24) indicates the range of voltage values for all

223  nodes; formula (25) indicates the range of current values for all branches; formula (26) indicates the
224 capacity of the substation.

225 P,.‘/”T”(") =0,i=Hn) (27)

226 7 =0,i=t(n) (28)

227 Equation (27) and equation (28) indicate that when a substation fails, the substation of the

228  corresponding node has no input power.

229 017" <S7M, 57 €{0,1}, j e @ (29)

230 VP 2 =M(1=S%)+ V2 = 2(r?Po™ 4 x2Q0" ™) 1 ((r?)? +(x0)* )12 (30)
/] ij /1 7oy U] gl b Z

231 Ve < M1=S8%)+ Ve, =2(r PP 4 x0Q0 ) 4 (1) +(x0)?) 24 (31)
. i . ,

232 e S’ refers to the state of the circuit breaker on the line. When S’ =0, it indicates that the circuit
ij ij

233 breaker is open, and when S? =1, the circuit breaker is in the connected state.
ij

234 o M refers to alarge enough value.

235 Equation (29) is processed by Big-M method, which can transform nonlinear problems into
236  mixed integer linear programming. When the circuit breaker is disconnected, equation (20) is no
237  longer applicable. Equations (30) and (31) transform the equation relationship into two inequality
238  relations. When S; =1, the two inequalities are equivalent to the original constraint (20); when

239  S$” =0 aslongas M is sufficiently large, there is no limit between the voltages across the line.
ij

240 o’ e{0,1}, Yo" =N___ (32)

iedp icdp
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@, min @, t(n) @, max
241 o’ Bl <Pl <0l Pl (33)
(p @, min @,t(n) o @, max
242 Ql DG < ie®;, DG < O-ielDB i,DG (34)

xed) B

243 . o’ refers to the investment decision variable of DG. When G_‘”w =1, it indicates that DG is

icbp

244 access to the node.

245 e« N__ refers to the total number of DG invested.

246 The input power of the DG is also processed by Big-M, as shown in equations (33) and (34).

247 A0 = ‘VA 0 et (35)

248 AP < |V s (36)

249 2610 — ‘VC A _ s ) (37)
VA.'t (n) + VB:t(n) + cht(n)

250 V;,\i/g,t(n) — 2,i Zé 2,i (38)

251 Max(/IiA”(“) , /"LiB 4 /IZ.C’““)) <A (39)

252 o MO 2P and AS'™ refer to the voltage unbalance factor of each phase of the node;

253 o V8™ refers to the upper limit of the unbalanced factor.

254 In the above formulas, equations (35) - (38) refer to the calculation process of three-phase
255  unbalance; formula (39) means that the imbalance of the voltages of the respective phases cannot
256  exceed the allowable upper limit.

257 PP <-AP’ (40)

7 joneed

258 . A, refers to the proportion of load demand reduction, and the value of it ranges from 0 to 1.

259 5. Simulation and Analysis

260 The simulation is programmed by the MATLAB platform and the Cplex solver in the Yalmip
261  platform is used for optimization. The development environment is MATLAB R2014a. The test
262  system's processor parameters are Intel(R) Core(TM) i5-4200H CPU clocked at 2.8GHz, memory is
263 4GB, and the operating system is Windows?7 64bit.

264 Take the IEEE 33-node three-phase asymmetric power distribution system as example. The
265 specific line parameters and the minimum load demand of each load node are detailed in [22]. The
266  reference voltage of this system is 12.66 kV, and the lower limit of the node voltage is 0.9 p.u. The
267  maximum capacity of the substation is 7 MVA, the maximum allowable current of the feeder line is
268 0.7 kA, the upper and lower limits of the distributed output are 0.1 MVA and 1 MVA, respectively,
269  and the circuit breaker access positions are line 2-3 and line 4-5. The three-phase unbalance is
270  allowed to be 10%.

271 In a traditional distribution network, a single power supply generally supplies power to all
272  loads. When a power supply fails, all load nodes will face a significant risk of power outage.
273  Therefore, the distribution network with high reliability requirements generally uses dual power
274 supply or multiple power supply for important loads. When a single substation fails or is
275  overhauled, the load facing the risk of power outage can be transferred to other substations to
276  improve the reliability of the system. Based on the above considerations and ease of research and
277  analysis, the IEEE 33-node system of the distribution network has been modified appropriately, and
278  nodes 1, 18, 22, 25 and 33 are set as substation access points, as shown in Figure 1.
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279
280 Figure 1. The IEEE 33-bus distribution network

281  5.1. The Influence of the Node Voltage Allowable Lower Limit and Substation Capacity on TSC

282 The relationship between TSC substation capacity and TSC is shown in Figure 2. Due to the
283  limitation of the maximum current I__ allowed by the line, when the substation capacity reaches a

284  certain value, it has no effect on the promotion of TSC. By observing the curves of three different
285  trends, it can be found that the maximum current allowed by different lines will change the upper
286  limit of the influence of the capacity of the substation. In a certain range of substation capacity, the
287  maximum allowable current change of the line has no effect on the TSC.

80 T T T T T T T _
Tee =0 3KA JOES Sio
co — . — 7__=0.5kA T
L _ 4
— — I, =07kA -
_—
.-
S 40| 1
S
>
20 h
O 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8
Substation Capacity (MVA>D
288
289 Figure 2. Impact of substation capacity on TSC
290 The relationship between the switching states of circuit breaker and the node voltage lower
291  limit values is shown in Figure 3.
292 In Figure 3, the ordinate indicates the node number corresponding to the faulty substation, and

293  the five substations correspond to five bar graphs. When the circuit breaker is closed, the
294  corresponding position in the bar graph is a rectangle. When the circuit breaker is disconnected, the
295  corresponding position in the bar graph is a straight line. Figure 3 is divided into six parts based on
296  the phase and breaker number. Figure 3 shows that all circuit breakers are closed when the lower
297  voltage limit is lower, because the lower voltage lower limit allows the nodal load to obtain the
298  power supply to the farther substation. For example, when line 4-5 is in the connected state, node 5 is
299  able to obtain the power supply to the substation at node 18 and node 33. This effect is more
300  pronounced as the substation capacity is smaller.

301 Conversely, when the lower voltage limit is higher, the substation has to select a load with a
302  closer distance. At the same time, once the circuit breaker is opened, the voltage relationship
303  between the two ends of the circuit breaker is no longer limited, which further alleviates the
304  hindrance of voltage constraints to the improvement of power supply capacity. Therefore, most of
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305  the circuit breakers are in the open state. Taking node 5 as an example, the voltage loss is smaller
306  from node 5 to node 22 and node 25 compared to node 5 to node 18 and node 33, which makes the
307  closure of circuit breaker 1 more advantageous and TSC boost. Similarly, when the substation of
308 node 22 and node 25 fails, the circuit breaker is also in a closed state when the minimum allowable
309  voltage value is large. In summary, when the distribution network responds to changes in the
310  allowable value of the lower voltage limit, the presence of the circuit breaker makes the TSC upgrade
311  more flexible.
s 33 s s 33—
& 5 25 i 825 ,,,,,,
S & 22 S F22 ——
S 8 18 p— S 818 m—
27 | ———————————— 2 7 | ——————
09 095 1 105 11 09 095 1 105 11
lower voltage limit (p.u.) lower voltage limit (p.u.)
(A1) (A2)
F 030 me— ‘ 750 m—
§ 52 m & o
% 18— % 18 ——
31— 7 | E—
09 09 1 105 11 09 095 1 105 11
lower voltage limit (p.u.) lower voltage limit (p.u.)
- (B1) - (B2)
2 _ 33— ‘ 3 _ 33— ‘
£ 5 22 s £ 522
2 3 18 p— 2 516 —
3 —————— ;| ——
09 095 1 105 11 09 095 1 105 11
lower voltage limit (p.u.) lower voltage limit (p.u.)
312 (C1) (C2)
313 Figure 3. Relationship between voltage lower limit and circuit breaker status
314 Figure 4 shows the optimization results of the TSC under the constraints of the substation
315  capacity and lower voltage limit. Figure 4 shows that the TSC analysis can provide guidance for the
316  planning and design of substation capacity in the distribution system based on the corresponding
317  voltage constraints in order to make more efficient use of the capacity of the transformer. Figure 4(b)
318  and Figure 4(c) show that as the lower voltage limit increases, the TSC gradually decreases. When
319  the voltage lower limit is below the critical value, the TSC is substantially unaffected.
320 It should be additionally noted that the higher the voltage lower limit represents the higher the
321  requirement for voltage quality, but it does not mean that the voltage level must be used as a
322  decision variable in the actual planning. In actual situations, it can be decided according to different
323  design requirements.
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=
O
&
imit Co. 11 4
lower voltage limit (p.u.) * 1.2 2 Substation Capacity (MVA)
(a)
70 70 ]
N
60 ~
< c 60 :§
S 50 P = 50 ~
40 = 40 [
/
37 5 6 7 8 0508509005 1 10511115
Substation Capacity (MVA)  lower voltage limit (p.u.)
324 (b ()
325 Figure 4. Synergy relationship between TSC and substation capacity and voltage lower limit
326  5.2. TSC Analysis Taking into Account Single-Phase DG Access
327 The case of single-phase DG access is considered to highlight the effects of three-phase
328  asymmetry. The relationship between the upper limit of DG output and TSC is shown in Figure 5.
20
No DG supply m
S 73} —¥=— Constrained 15 =
s =—©— Unconstrained :
570 a8
= = = Constrained =
07 o - P
Unconstrained P 110
64 o F il p
61 L !----. - - -' - ==
P - - - - - -
58 i - -I
- - -' i 5
> 06 0.8 1
329 Upper limitof DG output (MVA)
330 Figure 5. The impact of the upper limit of DG output on TSC
8 p PP P
331 Figure 5 is a double ordinate form that can be divided into two parts. The first part is to evaluate

332  the TSC after a single-phase distributed power access system. The second part shows the TSC
333 benefits of DG, which is shown in the lower part of the figure. Both parts give a comparison of the
334  presence or absence of three-phase unbalance constraints. In order to highlight the asymmetry of the
335  distributed power supply, only the distributed power supply of phase A is considered. Figure 5
336  shows that after accessing the distributed power supply, the TSC has a significant increase and
337  brings a power supply capability that exceeds the sum of the maximum output of the distributed
338  power supply. This is because the distributed power supply can take advantage of short-distance
339  transmission and make up for the power loss caused by the failure of each substation. It can directly
340  transmit power to users facing the risk of power outage without receiving power from other
341  substations remotely. However, with the increase of the upper limit of DG output, the benefits
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brought by DG are no longer obvious, and the growth trend of TSC is basically the same as the
increase of the maximum output of DG. This shows that the extra distributed power output will no
longer supply power to remote loads, but only increase the power supply potential of the DG access
node.

A detailed observation of Fig. 5 reveals that after the addition of the three-phase unbalance
constraint, TSC is limited by the asymmetric variation of the three-phase current distribution caused
by the access of the single-phase distributed power source. With the upper limit of DG output, the
growth trend of TSC considering the three-phase unbalance constraint is roughly the same as that
without considering the constraint. This is because the remaining distributed power output is
limited by the imbalance constraints, making it impossible to supply load of remote nodes through
the line transmission. Eventually, only the load on the access node can be selected for supply.

Assuming that there are only eight alternative DG access nodes, the simulation results shown in
Figure 6 are obtained by controlling the number of access points of the distributed power supply,
wherein the maximum output of each distributed power supply is 1 MVA.
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Figure 6. The impact of the upper limit of DG on TSC

The relationship between the upper limit of the number of DGs and the average output of DG is
shown in Fig. 7. The ordinate of Figure 7 represents the average power supply benefit from each
distributed power source. This benefit is obtained by the relationship between the extra TSC and the
number of DGs.

L1
[

Constrained
Unconstrained

N W b

=

Average benefit from
DG (MVA)

o

1 2 3 4 5 6 7 8
Number of DG

Figure 7. The relationship between the upper limit of DG quantity and the average output of DG

Figures 6 and 7 show that, in particular, when the three-phase unbalance constraint is not taken
into account, the distributed power source brings the power supply capability to a quantity that
exceeds its own maximum output sum. The power supply capacity gain of the station is also
gradually reduced as the number of DG units increases. In the power grid structure, the distributed

d0i:10.20944/preprints201911.0280.v1
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368  power flow distribution of some distributed power sources overlaps, so that in the case of partial
369  faults, these distributed power supplies maintain lower power output in order to avoid line power
370  crossing. In addition, after accounting for the three-phase unbalance constraint, the average power
371  supply capability gain from the distributed power supply is roughly equal to the upper limit of the
372  distributed power output. Since the optimization trend of the model is to obtain more power supply
373  capability, the DG output that cannot flow have to be absorbed locally.

374 The relationship between three-phase unbalance and TSC is shown in Figure 8. Figure 8 shows
375  that as the allowable value of the three-phase unbalance is increased, the TSC gradually rises and the
376  rising trend is slower. Combined with the analysis of Figure 6 and Figure 7, it can be seen that
377  because the DG is limited by the three-phase unbalance degree, it can more flexibly compensate for

378  the power failure loss caused by the distribution network failure.
80.5 w w w w —
80
79.5
79

763 4 5 6 7 8 9 10

379 three-phase unbalance degree allowable value (10 3’

380 Figure 8. TSC and three-phase unbalance degree allowable value relationship diagram

381  5.3. TSC Analysis Taking Into Account Load Response

382 For the sake of analysis, only the distribution network of phase A is studied. The distribution of
383  load output at each point of phase A is shown in Figure 9.
384 The histogram in Fig. 9 shows the load distribution of each node, the white column indicates the

385 load distribution after considering the load response, and the black portion indicates the load
386 distribution without considering the load response, where nodes 7, 8, 29, 30 and 31 are controllable
387  load node. When the load demand of the controllable load nodes is reduced, the power supply of
388  some nodes is greatly improved, and the overall power supply capacity in phase A is increased from
389  21.8 MVA to 22.1 MVA. This shows that the power distribution system can improve the power
390  supply capability of some nodes and the overall network through load shedding under the premise
391  of meeting security constraints.
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393 Figure 9. Distribution of load output of each node in phase A

394 5.4. The Influence of the Proportional Coefficient on TSC and the Verification of the Accuracy of the SOCP

395 Figure 10 shows that as the coefficient increases, the TSC and system network losses decrease.
396  The simulation results show a higher level of network loss compared to the method of [21]. This is
397  because the load distribution in the literature [21] is mostly at the front end of the network and does
398  not require long-distance transmission of power. However, in order to meet the load requirements of
399  each node in this paper, the supply of power has to be transmitted by long-distance lines, which
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400  results in an undesired network loss. Figure 10 provides guidance recommendations that help to
401  trade off between choosing a larger TSC and a smaller network loss.
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403 Figure 10. Network loss coefficient and relationship between TSC and network loss

404 5.5. TSC Result Compared with Other Method

405 The infinite norm of the second-order cone relaxation error vector defining the branch is as
406  follows [16]:
(Pr) +(Q)°
_ 2 N i
407 Gap = (I7) VY (41)
408 Figure 11 shows that as the network loss coefficient increases, the line average current and

409  second-order cone error of the system gradually decrease. This shows that by controlling the

410  objective function, the error of the second-order cone relaxation can be effectively adjusted.
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412 Figure 11. Network loss coefficient and average current and error relationship

413 Establish a network model as shown in Figure 12 according to the method in [2]. The TSC
414  obtained by this method is 105 MVA, and the result is significantly larger than the calculated result
415  when the power flow distribution is taken, and exceeds the sum of the capacities of all the
416 transformers. This result indicates that the node voltage, branch current, and three-phase unbalance
417  constraints all have critical limitations on TSC.
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419 Figure 12. Schematic diagram
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420 5. Conclusions

421 1. Compared with previous studies, this paper incorporates the three-phase power flow model

422 into the calculation of maximum power supply capacity. The three-phase power flow
423 calculation model can complete the “N-1” check on the basis of satisfying the certain
424 three-phase unbalance of each phase. Considering the asymmetric distributed power output
425 and load demand, the impact of substation capacity, voltage limit and DG parameters on TSC is
426 more comprehensively evaluated, which provides more reference for the planning of
427 distribution network.

428 2. The circuit breaker and load response enable the distribution network architecture to flexibly
429 upgrade the TSC, enabling the distribution network to meet load demands in complex fault
430 conditions.

431 3. The results of the maximum power supply calculation meet the accuracy requirements. After
432 the second-order cone relaxation, the power flow error range is within the allowable range, and
433 the optimal solution is the critical point on the main transformer “N-1" safety boundary, which
434 satisfies the power flow constraint condition.
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441  Appendix A

442 Suppose the three-phase voltages of anode are V, ,V, and V.

., respectively, and there must
443 be a maximum value, a minimum value, and an intermediate value. According to the definition of

444 the three-phase unbalance degree, formula (A1) and formula (A2) are defined, and V, refers to the

t

445  three-phase unbalance factor.

v. -v ||V -V IIV. -V
446 Vt = max | min av , m av , max av (Al)
| Vav Vav | Vav |
V. +V +V
447 y  =—mn__m_max :;“ max (A2)
448 According to formula (A1), the relationship between the variables can be known:
449 V = max |Vm1'n B Vuv , Vmax B Vuv (A3)
' | av Vav |
450 Vmin — Vav — | 3‘/min —1= ‘ 3 -1 (A4)
v Vo Vo +V V.oV
av min m max 1+ +
451 Vmax — Vav — | 3‘/rnax 1= ‘ 3 -1 (A5)
v [V + Vo 4V, Vow . V.
av, min m ax min + m + 1
Vrnax max
V

452 (g Voo > 5 (A6)

Vmin Vmin
453 1< (_me iV +1)<3 (A7)

VmaX Vmax
454 When the voltage is squared, the following formulae can be derived according to the above

455  formulae:
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2 2 2 2
vf:maxu oo ,|Vmaxvj"w J (A8)
2 _ Vn21in + Vn21 +Vx121ax (Ag)
av - 3
Ve, -vel | eve 3 ~ A10
Tve TR T e o
1+ 2 +V2.
ve-vel | ave, 3 ~ All
v v, e v (41D
V2 +— +1

2

max

and

2

max_ >,
> =

min

2

min

min

min

Vi < Vina , the following formulae
2 1%

2 \% \%
T4—m g _max)>(]y_m 4 mx)>3 Al2
( Vrrzlin Vrf\in ) ( Vmin Vmin ) ( )
" 2 V. 1%
(Vrf\ax + riax + 1) S (VmaX + Vmax + l) S 3 (A13)
According to (A4), (A5), (A10) - (A13), the following formulae can be derived:
_ 2 Y72
Vmin Vav < |Vmin Vav ( Al 4)
| Vav | | Vai |
2 2
Vmax B VHU S | Vmax — av (A15)
Vllv | | Vai
Finally we can draw conclusions:
vizV, (Al6)

It can be seen from the above derivation that the voltage imbalance expressed by the quadratic

term satisfies the constraint condition, and the originally defined voltage imbalance degree certainly
satisfies the constraint condition.
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