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The total accommodation capability curve (TAC curve) can completely describe the DG accommodation capa-
bility of a distribution network. The urban distribution network generally adopts the security constraints under
N-1 criterion, but the formulation of the TAC curve in the existing studies only considers the network constraints
under normal operation conditions considering N-0 criterion. To fill this gap, this paper develops a TAC curve
model considering security constraints under N-1 criterion in distribution networks. The model is based on
alternating current (AC) power flow because the problem of voltage override after DG integration cannot be
ignored. Then, the solution and plotting method of the TAC curve are proposed. The method is based on the DC
power flow model combined with voltage calibration correction, which is easy to solve and accurate. Finally, test
systems are used to verify the proposed model and method. The rules between the N-1 TAC curve and the N-
0 TAC curve and the main factors affecting the TAC curve are analyzed. The application of the TAC curve to

planning is also provided.

1. Introduction

The future distribution network will face great challenges from low
carbon requirements. The electrification of traffic and heat is expected
to happen in the distribution network, which will greatly increase the
peak power demand. Apart from the power supply from the main grid,
low carbon distributed generation (DG) such as wind turbines and
photovoltaic panels are increasingly integrated into the distribution
network. However, the high penetration of DG will bring great chal-
lenges to the secure operation of distribution networks. In particular, it
may cause reverse power flows [1] and the node voltage violations [2] in
distribution networks. Due to the density of buildings in urban distri-
bution networks, DG often needs to be installed in a high density in a
limited space, resulting in the impact of a high penetration of DG inte-
gration on urban distribution network being particularly obvious.
Hence, the research on the complete and accurate evaluation of the
maximum allowable power output of DG in a distribution network has
attracted attention [1].

Existing studies generally use "accommodation capability" to char-
acterize the ability of a distribution network to integrate DG, which is
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defined as the maximum allowed DG power output under certain se-
curity constraints of the distribution network [3]. There are two main
methods to calculate the accommodation capability of a distribution
network: the optimization-based method and the power flow-based
method. The optimization-based method obtains the accommodation
capability of DG through establishing the optimization models [4,5].
However, due to the complexity of the methods, the optimization-based
methods are difficult to formulate a unified accommodation capability
model under different DG integration scenarios. The power flow-based
method obtains the DG accommodation capability by gradually
increasing the DG output and examining the security constraints via
power flow analysis. Following the process, the maximum DG output
that does not violate the security constraints of the network is finally
obtained as the system accommodation capability [6,7]. However, these
studies did not consider the impact of the connected location of the
load/DG on the results. The optimization-based method and power
flow-based method are accurate, but their results normally reflect the
accommodation capability of DG under limited selected scenarios,
which cannot describe the overall picture of the accommodation capa-
bility of the distribution network.
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The total supply capability curve (TSC curve) based on the distri-
bution system security region (DSSR) in [8] provides an alternative to
address this problem. DSSR is a collection of all operating states in a
distribution network that meet security constraints under certain crite-
rion such as N-0 or N-1 criterion [9]. All operating states within the
boundaries of the DSSR are secure, while the operating states outside the
boundaries are insecure. The TSC curve consists of the load values at all
security boundary points of the DSSR. A security boundary point is a
critical security point of a distribution network on a certain load dis-
tribution [8]. Therefore, the TSC curve fully considers all load distri-
bution scenarios. Literature [10] further implemented the security
region methodology to active distribution networks with high DG
penetration. On this basis, literature [11] proposes the total accommo-
dation capability curve (TAC curve), which is composed of the sum of
DG output of all DSSR security boundary points. A security boundary
point is the critical security point of a distribution network on a certain
DG and load distribution [11]. Therefore, the TAC curve completely
describes all DG and load distribution scenarios. However, the existing
TAC curve only considers the operation constraints under normal con-
ditions (i.e. security constraints under N-O criterion) and does not
consider the security constraints under N-1 criterion.

Constraints under N-1 criterion are considered in distribution net-
works, particularly for urban distribution networks with high reliability
requirements. The N-1 criterion ensures that the distribution network
can still operate normally when one component of a distribution
network fails [12]. Consequently, it is important to ensure the reliable
power supply to the consumers. However, the consideration of N-1
criterion will significantly increase the amount of computation. To our
knowledge, only literature [13] and [14] have studied the accommo-
dation capability of distribution network to DG under N-lcriterion.
Literature [13] proposes a model for a novel concept of maximum
capability boundary (MCB), which establishes a new version of AC
power flow constraints by reconstructing the admittance matrix
considering the N-1 criterion. However, this model is complex since the
calculation of this model is based on AC power flow constrains and
cannot consider all scenarios of DG integration. Literature [14] con-
siders the N-1 criterion and adopts a hybrid algorithm to calculate the
accommodation capability of the system. The algorithm continuously
reduces the solution space through the mixed Benders decomposition
and dichotomy, and then alternately iterates until the optimal solution is
obtained. However, this algorithm is computationally complex, easy to
fall into local optimal solution, and cannot fully describe the accom-
modation capability considering N-1 criterion.

In summary, the existing TAC curve does not consider N-1 criterion,
whereas the conventional accommodation capability model considering
N-1 criterion cannot fully describe the accommodation capability. In
order to solve these problems, this paper proposes a TAC curve model
that considers N-1 criterion. The main contributions are as follows:

1) A security region-based TAC curve considering N-1 criterion is
innovatively developed. It can describe the whole picture of the
capability of distribution networks for DG accommodation. The
proposed TAC curve can be used in DG/load access planning, dis-
tribution network wire replacement planning and operation of dis-
tribution networks, which can improve the capability of distribution
network to accommodate DG.

2) A method for solving the TAC curve is established. For high
computational efficiency, the method firstly uses the DC power flow
model to obtain the DG security boundary, which is formed by the
critical values of DG output that just breach the boundary. AC power
flow simulation is then used to verify and correct the boundary
points for the formulation of the TAC curve.

Two rules of TAC curve are found. Firstly, it shows that N-1 TAC

curve is lower than the N-O TAC curve or remains unchanged. Sec-

ondly, it is found that the accommodation capability reflected in the
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TAC curve is positively correlated with the downstream load of the
bottleneck feeder segment.

The rest of this paper is organized as follows. Section II introduces
the concepts and models of security regions, and security boundaries of
distribution network which refers to the boundary formed by operating
states with critical security. Section III establishes the TAC curve model
considering N-1 criterion. Section IV further provides the method of
solving the TAC curve model. Section V validates the methods through
case studies and discusses the role of the TAC curve in the planning and
operation of distribution networks. Section VI concludes this paper.

2. Preliminaries

The section first provides the security criteria in distribution net-
works, whereas the concepts of security regions and security boundaries,
which are obtained based on these security criteria, are introduced
subsequently. These concepts are important for modelling and plotting
the TAC curve in Section III and IV.

2.1. Security and security constraints for distribution network

The TAC curve considering N-1 security criterion needs to meet both
the N-0 and N-1 security criteria. Before going through the N-0 and N-1
criteria in distribution networks, the definitions of the operating state
and the state space for distribution networks are first provided for
clarity.

2.1.1. Operating state and state space

The operating state is a set of independent variables that can
uniquely determine the system state in the security analysis. The oper-
ating state W is then expressed as:

_ [[S11:S12, --Sics --Stal"

= (€)]
{ [Spc1, Spcz; ---Spays wSDGm]T

2

Whpe

where W can be divided into two parts: Wi, which summarizes the
power load connected at different nodes, and Wpg, which represents all
the DG injections. For conciseness, the nodes connected with power load
are defined as load nodes, while the nodes with DG generation are
defined as DG nodes. In (1), Spy is the outflow power of the xth load
node, and n is the number of load nodes; Spgy is the injected power of the
yth DG node, and m is the number of DG nodes. The power at the load or
DG node is all based on the apparent power amplitude, which stipulates
that the power flowing from the grid to the load is positive, and the
negative sign only indicates the opposite direction. Appendix A presents
a list of symbols for this paper.

The operating state of the distribution network varies with different
nodal power load/generation. The state space O is defined as the set of
all possible operating states, which is expressed as:

@{w

where the superscript max represents the maximum value.

(2

0<S,<S™Vvl<x<n }

753‘8; < SDGy < O.Vl < y <m

2.1.2. N-O criterion and constraints under N-O criterion

N-O criterion requires that under the normal operation of the dis-
tribution network, the power flows through the power lines and the
substation transformers do not exceed their capacities, and the voltage is
sustained within a reasonable range.

The N-0 criterion of the operating state W during normal operation
of the distribution network is:

3
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where Cy is the node voltage variation constraints; AV= [AV;, AV,,AV,,

..AVpm] is the vector of the node voltage offset; C. is the component
capacity constraints which consider the bi-directional power flows; Sg=
[Sg,1, SB,2,..SB,j>...Sp,] is the vector of the magnitude of the line flows;
St=[S1,1, ST,2, ---ST,>-..ST}p] i5 the vector of the power flows through the
substation transformers.

2.1.3. N-1 criterion and constraints under N-1 criterion

N-1 criterion refers to when a single component fails, the system
isolates the fault through switching operation, makes the faulty
component out of operation, and transfers the non-fault segment to meet
the capacity and voltage constraints of the component after the transfer.

This paper only considers the faults on power lines. Since the
research target of is to calculate the accommodation capability of the
distribution network, the fault component does not include DG.

The N-1 criterion of distribution network operating state W is:

{ AV(k) € C¥!
(

S5 (k). Sz(k)] € € )

The components that quit operation due to their faults or system
faults is represented as y, ; where AV(k) represents the vector of the node
voltage offset after y,quitting operation; C) ' is the node voltage vari-
ation constraints considering N-1 criterion; Sg(k) represents the vector
of the line flow after y, quitting operation; St(k) represents the vector of
the power flow through the substation transformer after y,quitting
operation;C?’l is the component capacity constraints considering N-1
criterion.

2.2. Security region and security boundary for distribution network

The accommodation capability curve is plotted by the strict security
boundary points of the distribution system security region, so it is
necessary to introduce the security region and security boundary of the
distribution network.

2.2.1. Distribution network security region

The distribution system security region is the set of all operating
states in the state space that meet the security constraints [15]. After DG
is integrated into the distribution network, if the load of the distribution
network is approaching its maximum carrying capacity, N-1 criterion
sometimes might be looser than N-0 criterion. Therefore, the N-1 secu-
rity region model needs to consider both N-0 and N-1 criterion [10].

Currently, the distribution network security region is mainly applied
to urban distribution networks. In the urban distribution network, ca-
pacity violation will lead to serious faults. Compared with AC power
flow, DC power flow can highlight the main contradiction in the security
of capacity constraints [9], so the DC power flow model is adopted. The
mathematical model of the distribution network security region is
shown in Eq. (5).

Qpssrnvo = § — Cpj < Spyj= (1+7)

XEQL‘

Qpssant = Qgéwm
Qpssr = { Cpssrno M 2pssrN1
- oy < Spy(0)= (147)

DSSRN1 xeQk

Bij(k)

VjEB*l[I,ﬁVl[IkG\P
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D> St Y Sooy(k) | <csj

yeQDG

Electric Power Systems Research 243 (2025) 111508

cp,j is the capacity of the power lines, B is the set of all power lines; r
is the network loss coefficient; Qf jandﬂgfrespectively represent the set
of all load nodes and DG nodes downstream of line j in normal operation;
Sg,j is the vector of the power flow on the jth line in normal operation;
QY oS the security sub-region after the jth feeder segment fails; Sg,j(k)
represents the vector of the power flow on the jth line after y; quitting

ey l//nf};

QL J(k>andggﬁk>respectively represent the set of downstream load nodes

operation; W is contingency set, ¥ = {y/l, v Wi

and DG nodes of line j aftery; quitting operation.

Qpssrindicates the distribution system security region considering N-
1 criterion, which is constructed by taking the intersection of the secu-
rity region considering N-O criterion Qpsspno and security region only
considering N-1 criterion Qpssrn1; Qpssrn1 is constructed by taking the
intersection of the security sub-region ngSSRNl'

Qpssrya considers the following operations after a fault occurs: After
isolating the faulted feeder segment, the service to the upstream of a
faulted feeder segment will be restored by opening the first switchable
component upstream to the faulted segment, and the service to the
downstream will be restored through back feed via closing a normally

cgj <Spilk)= (1 + )(erszL

Byj(k)

open tie switch. —

Zyegnc Sy ( k)) < cgjin Eq. (5) indicates that after the transfer, the

downstream load and DG of the feeder segment must meet the feeder
capacity constraints, which reflects the operation state after the opera-
tion of the feeder fault is completed.

For the convenience of calculation, given the matrix form of Eq. (5),
as shown in Eq. (6):

Qossr = {W|—e"! < (1 +7)[Al T ARG x W < eV} ()

whereA}1is a load coefficient matrix considering both N-0 and N-1
security constraints; AN 'is a DG coefficient matrix considering both N-
0 and N-1 security constraints. ¢V ~lis a constant vector formed by the
component capacity value considering both N-0O constraints and N-1
security constraints.

2.2.2. Distribution network security boundary

The security boundary consists of boundary points with critical se-
curity [16]. Critical security, referred to as criticality, means that for a
secure operating state, there is at least one load increase, the new
operating state will be insecure.

Depending on whether strict criticality is met, security boundaries
can be divided into strict and non-strict security boundaries [16]. The
accommodation capability curve points are composed of strict security
boundary points [17].

Strict criticality in the distribution network refers to the condition
where, for a certain secure operating state, any load increase alone
causes the system insecure [18]. The mathematical description of strict
criticality is:

(5)

B,j(k)
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An operating state W = [S1,S,, -+, S,]T is located on the security
boundaryQpgsg, i.e. W € Qpgsr. The j load is increased to form a new
point W =[Sy, -, Sj + &+, 5] T where € is an arbitrarily small positive
number. If for Ve > 0 andj € {1, 2, ---,n}, there is W & Qpgsg,then the
operating state W is strictly critical.

The strict security boundary (referred to as the security boundary in
the rest of the paper) is defined as the set of all operating states with
strict criticality [16]. Similar to TSC [19], TAC (which describes the
accommodation capability of the distribution network) should select a
strict boundary where any increase or reduction in DG output would
cause system insecurity.

2.2.3. DG security boundary

In the security boundaries, the boundaries formed by the critical
value of DG output crossing the boundaries are termed as DG security
boundaries [11]. DG security boundary can be further classified into
upper DG boundary and lower DG boundary.

The upper DG boundary consists of all operating states with DG
growth criticality [20]. DG growth criticality means that any DG growth
in output will cause the system to violate security constraints. Its
mathematical definition is:

W € Qpssr
W' = Wy, Spct, ---Spay + €, ---Spom| & Qpssr @
vy € {1,2,..m},lime—~0"

where m is the number of DG nodes, W, is the load part of W, and Spgy is
the injected power at the y DG node. Given a secure operating state W
with the security region, W’ represents a new operating state formed by
adding a small value ¢ to one DG power injection in W (e.g. Spgy in (7).
This formula shows that if any new operating state W’ generated in this
way lies outside the security region, W has strict DG growth criticality.

In the same way, the lower DG boundary comprises all operating
states with DG reduction criticality [20]. This content will not be
repeated here.

3. The TAC curve model

The TAC curve describes the capability of a distribution network to
accommodate DG, that is, the maximum allowable DG output. In pre-
vious study [11], the TAC curve under N-O criterion was proposed.
Referring to the formation of the TAC curve under N-O criterion in [11],
this section formulates the TAC curve considering N-1 criterion. Spe-
cifically, the points on the TAC curve are formed by DG security
boundary points. By using the serial number regarding the DG security
boundary points as the horizontal coordinate and the total DG output at
the boundary point as the vertical coordinate, the total accommodation
capability curve is formed in order from small to large, which is termed
as the TAC curve for brevity.

As stated in the last section, the DG security boundary can be clas-
sified into the upper DG boundary and the lower DG boundary. Based on
their boundary points, the upper TAC curve and the lower TAC curve can
be modeled respectively. In this study, the TAC curve models are ob-
tained based on AC power flow, which are detailed as follows.

3.1. The upper TAC curve model

The serial number of the upper DG boundary points is taken as the
horizontal coordinate, and the total DG output of the boundary points is
taken as the vertical coordinate. The curves are plotted in order from
small to large. The mathematical model of the upper TAC curve
considering the N-1 criterion is shown in Eq. (8).
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[Val(Wpea)| < [Val(Wpgas))|

—e = (1 +r)[AL T Ajge] x W,

et < (141 [AN Al X Wo < e
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AVpin <Ay x W < AV

AViin < Au(k) X W, < AVmaX,Vy/k cvy
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C¥;é* = ((17 |Val(wDGa)D
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where o is the serial number of a boundary point.|Val(Wpg,)|represents
the total DG output of a boundary pointW,. A}, AN:-land c)~'are
equal load coefficient matrix, DG coefficient matrix, and constant vector
considering N-0 and N-1 criterion, respectively. AN..}, AN:1 and ¢.Tare
respectively without equal consideration of load coefficient matrix, DG
coefficient matrix, and constant vector considering N-0 and N-1 crite-
rion. || —ANGe|' means that the largest value among the sums of each
column of the matrix is selected. Since the elements in the matrix are all
greater than or equal to 0, || — AN;l||' < Ois used to indicate that every

column in AN;! has an element that is not 0, that is, the equality con-
straints cover all DG variables. Si min is the vector of node valley load,
and Si, max is the vector of node peak load. St min<Wiq<S1,max means
that the node load should be between the peak and valley of the node
load curve. Ay is the voltage offset coefficient matrix in normal opera-
tion, Ay is the voltage offset coefficient matrix after the compo-
nentyquitting operation, and the determination method of the
elements in the two matrices is shown in Appendix C. AVpinandA Viax
refer to the lower voltage limit and the upper voltage limit, respectively.
The upper TAC curve describes the DG accommodation capability of
the distribution network that meets the N-1 criterion with various dis-
tributions of load and DG, that is, the maximum allowable DG output.
The fluctuating characteristics of uncontrolled DG do not affect the TAC
curve because the model considers the range of DG output variation.

3.2. The lower TAC curve model

Similar to the upper TAC curve model, the lower TAC curve model is
established. See Appendix B for the specific process.

The existing distribution network planning principle requires that
feeder load does not exceed the feeder capacity, and all loads are
completely powered by substations. Thus, the lower TAC curve in the
existing distribution network is generally constant at 0, this paper fo-
cuses on the upper TAC curve.

4. The TAC curve model solution and plotting method

The TAC curve model is solved and plotted based on a sampling al-
gorithm [8]. The DG boundary is continuous, so the number of boundary
points is infinite. A finite number of points representing the whole curve
is generated and sorted through sampling, avoiding randomness and
disorder of the acquisition of boundary points. The TAC curve solution
and plotting process are shown in Fig. 1. The detailed calculation pro-
cess is described in Appendix C.

5. Case study
5.1. Simple test systems
Single tie-line is the most basic structure of distribution network, and

it is the basis to explore the distribution network with more complicated
contact relations and more diversified load transfer paths. To study the
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* - -
Steps 1 and 2: Determine the state space of the solution
State space . - . -
uniform sampling Generate N operation points W; in the state space with a
t fixed sampling step size ¢
Step 3:

Construct N-1 ‘

Construct the distribution system security region
considering N-1 security constraints

security region
-

ZY

Step 4:
Boundary point
solution

Y
Obtain N; upper DG boundary points W;
considering N-1 security

Jj=Lik=0
v
N Do all nodes of W; meet the N-1 voltage
Step 5: constraint, i.e., satisfy Egs. (C6) and (C7)?
Boundary point Y
voltage check
Obtain N, boundary points satisfying
N-1 voltage constraint
Calculate the total DG output at
reserved boundary points one by one
Step 6 and 7: v
Sort and number Arrange and number the reserved boundary points in ascending order
to draw N-1 . . .
according to the total DG output to obtain the curve points
TAC curve

¥

Take the serial number of curve points and the total DG output as
horizontal and vertical coordinates to draw the N-1 TAC curve

End

Fig. 1. The TAC curve solution and plotting process.

TAC curve under N-1 criterion, distribution network structures with
power transfer capability through closing the normally open tie switches
are designed as in Fig. 2. To study TAC curves with different DG and load
distribution, three cases with different access locations of DG and load
are designed. The detailed information is as follows:

Casel: DG units are connected to one feeder, and the end of the
feeder is the load node.

Case2: DG units are connected to one feeder, and the end of the
feeder is the DG node.
Case3: DG units are connected to both feeders.

The system parameters of the above three cases are shown in Table 1.
The system parameters of these three examples are the same in the
study.

Table 1
Parameters of the case networks.

| B1 B2 B3 B4 B5 B |
A
e 051 Y o2 R Y o
(a) Case 1
| Bl B2 B3 B4 B5 B6p |
TN
oo Y % o M Y o oy
(b) Case 2
| BL B2 B3 B4 BS5 B |
}@f X A X FZM
e D+G | R R Y D+G2 et
(c) Case 3

B scctional switch [T tie switch

Fig. 2. The structures of three case networks.

System parameters

Parameter values

Voltage level 10kV

Feeder Type LGJ-185
Capacity of each section 7.0MVA
Length of each section 1.0 km

Substation transformer Capacity 40MVA

Power load Power range [0,7.00] MVA
Power factor 0.90

Power generation from Power range [-7.00,0] MVA

each DG unit Power factor 0.95

Slack bus Location The root of the feeder
Assumed voltage 1.0 p.u.

Voltage fluctuation range [0.93, 1.07] p.u.

The network loss coefficient r 2%
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5.2. The TAC curve calculation and plotting

According to the method in Section IV, the calculation process of
Casel is as follows:
Step 1: According to the DG and load power ranges, the state space is:

@Z{W‘ogsugmm,\ﬂgxgs } ©

—7MVA < Spgy <0VI <y <2

Step 2: Take a sampling step of 0.2MVA, sample at equal intervals in
the state space, and generate a uniformly distributed set of operating
states WIN = 365:60,466,176) to be determined.

Step 3: Use the DC power flow model Eq. (5) to construct the N-1
security region expression of Casel (See Appendix D).

According to Eq. (6), the expression of security region considering N-
1 criterion for Casel is converted into the coefficient matrix of DG
output AN;!. and load output AN 1. Constant vectors are generated using
the maximum power of DG or load nodes (See Appendix D).

Step 4: The coefficient matrix obtained in step 3 and the operating
state W determined in step 2 are substituted into Eq. (7). The 443,556
operating states that meet Eq. (7) and are located at the upper DG
boundary are screened out from the set of operating states and denoted
as W’.

Step5: Substitute W’ into equationsAVpy, < AV = A, X
W < AVpaxand AVpin < AV(k) =Ay(k) x W < AVpay, Vi € Pfrom Eq.
(8), and for 10 kV distribution network,AVpinandAVpaxare —7 % and 7
%, respectively [6]. As a result, the 61,435 boundary points are deleted
because they don’t meet the voltage constraints; and the 382,121
boundary points meet the voltage constraints. Their detailed data,
maximum voltage offset, and corresponding nodes are shown in
Table D1 and Table D2 in Appendix D.

Step 6: Calculate the total DG output at the reserved operating states,
sort and number them according to their size. Plot the N-1 TAC curve
with the sorted serial number as the horizontal coordinate and the total
DG output as the vertical coordinate, as shown in Fig. 3.

To distinguish from the TAC curves in this paper, the TAC curve
considering N-O criterion are termed as TACO curve [11]. In order to
compare the TAC curve and the TACO curve, the TACO curve is calcu-
lated using the method provided in [11], and the data are summarized in
Table D3 in Appendix D. The results of the TAC curves and the TACO
curves for the three case distribution networks are compared in Fig. 3.

As shown in Fig. 3:

i) The TAC curve varies from 7MVA to 14MVA. The reason is as
follows:

When DG1 and DG2 are connected to the same feeder segment and
there is no load downstream of the feeder segment to help accommodate
DG, the sum of outputs of DG1 and DG2 must meet the capacity
constraint of the feeder segment by 7MVA. In this situation, the

Electric Power Systems Research 243 (2025) 111508

minimum value of the TAC curve is 7MVA.

When there is a 7MVA load downstream of the feeder segment which
is connected to DG1 and DG2, the load can help accommodate DG to
meet the capacity constraint of the feeder segment. In this situation, the
maximum TAC curve is 14MVA. In particular, 14MVA is the theoretical
value, and the access load will be <7MVA in practice, for example, if the
access load is 5SMVA, the maximum TAC curve is 12MVA.

ii) The TAC curve is lower than the TACO curve. The reason is as
follows:

Firstly, the fault of the feeder segment causes the load to transfer,
thus increasing the reverse power flow and limiting accommodation
capability. Fig. 3(a) corresponds to Casel. When Casel operates nor-
mally, branch B1 has the largest reverse power flow. After the failure of
B4, the load L3 transfers to feeder F2, the downstream load of branch B1
is reduced, and the reverse power flow will further increase, thus
limiting the accommodation capability and making the TAC curve
decrease compared with the TACO curve.

Secondly, the fault of the feeder segment causes DG to transfer, thus
increasing the reverse power flow and limiting accommodation capa-
bility. Fig. 3(c) corresponds to Case3. When Case3 operates normally,
branch Bl and B6 have the largest reverse power flow. When B1 or B6
fails, the reverse power flow of the feeder transfers to the other feeder
through the tie line, and only one side of the feeder is borne by the
reverse power flow. As a result, the reverse power flow constraint of the
feeder will be more stringent, so that the TAC curve will decrease
compared with the TACO curve.

iii) In some situations, the TAC curve and the TACO curve are a
horizontal line. The reason is as follows:

As shown in Fig. 3(b), since DG1 and DG2 are connected to the feeder
segment B2, and there is no load downstream of B2 to help accommo-
date DG, the sum of outputs of DG1 and DG2 must meet the capacity
constraint of the feeder segment by 7MVA, so the maximum TAC curve
value can only be 7MVA. In addition, the distribution network with the
structure of Case2 will not have the situation that the reverse power flow
of the feeder segment will further increase due to the load transfer after
failure, thus limiting the accommodation capability, that is, the N-1
criterion constraint is not more stringent than the N-O criterion
constraint, so the TAC curve is almost unchanged compared with the
TACO curve.

It should be noted that the volatility of DG output does not affect the
TAC curve, because the TAC curve only reflects the maximum output
range of DG under the criterion constraint, and the volatility of DG
output is reflected in the change of the operating state of the system.
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Fig. 3. The TACO and TAC curves of the three cases.
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5.3. Rules about the TAC curve
1) Rules between TAC curve and TACO curve

Fig. 3 shows that the TAC curves of all cases are lower than the TACO
curves or remain unchanged compared with TACO curves. The reason is
that TAC curve must meet both N-0O and N-1 criterion constraints. When
the N-1 criterion constraint is more stringent than the N-O criterion
constraint, the TAC curve is lower than the TACO curve. When the N-1
criterion constraint is no more stringent than the N-O criterion
constraint, the TAC curve remains the same as the TACO curve.

5.3.1. Influencing factors and rules on TAC curve

Network structure, voltage regulation measures, feeder load, etc.,
may affect the TAC curve of the distribution network [20]. However,
network structure and voltage regulation measures of the established
distribution network are usually unchanged. Therefore, this paper
studies the influence of the power load on the TAC curve.

Literature [20] proposed that under normal operation, TAC curve is
only related to the downstream load of the bottleneck feeder segment.
Considering N-0 criterion, the bottleneck feeder segment is the one that
carries the maximum reverse power flow of DG. When the reverse power
flow through it reaches the upper limit of the capacity, the output of any
DG cannot be increased, and the distribution network reaches the limit
state of the accommodation of DG [20].

Firstly, it is necessary to define the bottleneck feeder segment
considering N-1 criterion. In this paper, the feeder segment, which has
the greatest limitation on the accommodation capability in all operating
states, is defined as the bottleneck feeder segment. Casel is used for an
example to explain the definition of bottleneck feeder segment under N-
1 criterion, see Appendix E.

The TAC curves of Casel, Case2, Case3 are shown in Fig. 4.

Table 2 shows the bottleneck feeder segment and downstream load
number of each case, considering N-1 criterion. Since each load is the
same, the number of loads reflects the size of the load.

As can be seen from Fig. 4 and Table 2, the accommodation capa-
bility of Case2, Casel and Case3 increases successively, TAC curve in-
creases successively, and the downstream load of the bottleneck feeder
segment increases successively. Therefore, the general rule of influence
of feeder load on TAC curve can be obtained: The accommodation
capability of TAC curve is positively correlated with the downstream
load of the bottleneck feeder segment. The reason for the rule is that:
Increasing the load downstream of the bottleneck feeder segment will
reduce the reverse power flow through the bottleneck feeder segment,
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Fig. 4. The change of TAC curves of 3 cases.
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Table 2
Bottleneck feeder segments and number of downstream load nodes of each case
considering N-1 criterion.

Case Bottleneck feeder segments Number of downstream load nodes
Casel B1, B4 1

Case2 B2, B4

Case3 B1, B6 3

thus increasing the DG output limit, which is the operating state of the
TAC curve, and therefore improves the accommodation capability of the
TAC curve.

Similarly, TACO curve also satisfies this rule, and the specific analysis
process is shown in Appendix F.

5.4. Applications of the TAC curves

5.4.1. Planning of DG integration

TAC curves can determine the DG accommodation margin at the
current operating state. The DG accommodation margin is how much
DG output can be further integrated in the existing distribution networks
[20].

For example, in Casel, an operating state W= [1.4,0.2,1.2, —2.6,
—4.8]. In order to calculate the accommodation margin considering N-
0 criterion [11], the TAC upper limit curve data considering N-O crite-
rion in Table D3 (Appendix D) is consulted from the data of the oper-
ating state W, and the curve point is Wy=[1.4,0.2,1.2,—3.8,—5.8].
Consequently, the accommodation margin considering N-0 criterion is:
My=W;p-W=|—3.8-(—2.6)|+|-5.8-(—4.8)|=1.2 + 1.0 = 2.2MVA.

By referring to Table D1 in Appendix D using the data of operating
state W, it can be seen that the N-1 TAC curve point corresponding to
operating state W is W3=[1.4,0.2,1.2,—3.2,—5.2]. As a result, the ac-
commodation margin considering N-1 criterion is: M1=W-W=|-3.2-
(~2.6)|+|—5.2-(—4.8)|=0.6 + 0.4 = 1.0MVA.

In practical application, the accommodation margin can provide a
reference for the planning of DG integration in the distribution network.
The accommodation margin considering N-1 criterion is 1.0MVA, which
means that considering the N-1 criterion, the two feeders in the Case 1
distribution network can also accept a maximum of 1.0MVA of new DG
power based on the operating state. If the security constrain is relaxed
and the accommodation margin increases without considering N-1 cri-
terion, the distribution network can allow new DG power up to 2.2MVA.

5.4.2. Planning of load integration

Based on the positive correlation between the TAC curve and the
downstream load size of the bottleneck feeder segment, it can be used to
guide the new load integration in practice. The TAC curve is improved
by increasing the downstream load of the bottleneck feeder segment
with a new integrated load.

For example, in Casel, the new integrated load increases the
downstream load L1 of the bottleneck feeder segment considering N-
0 and N-1 criterion by 2.0MVA. Following the steps presented in Section
V., Part B, the TAC/TACO curves for Case 1 after increasing L1 can be
calculated and plotted, as shown in Fig. 5. The detailed data is shown in
Tables G1 and G2 in Appendix G.

Fig. 5 shows that increasing the downstream load L1 of the bottle-
neck feeder segment improves both TACO and TAC curves. The average
accommodation capability of all operating states on the TAC curve after
increasing L1 is 10.47 MVA (detailed data is in Table G1 in Appendix G),
and the average accommodation capability of all operating states on the
TAC curve before increasing L1 is 9.33 MVA (detailed data is in Table D1
in Appendix D). The difference between 10.47 MVA and 9.33 MVA is the
average value of the TAC curve increased by 1.14 MVA after increasing
L1. Similarly, the average value of TACO curve increased by 1.0 MVA
after increasing L1. The reason for the increase in the average values of
the TAC/TACO curves after increasing the downstream load of the



J. Xiao et al.

15 ® ex-TAC @ ex-TACO e post-TAC e post-TACO

— — —
Do w >

Accommodation
capability/ MVA
= =

6 1 1 1 1
0 100000 200000 300000 400000

Fig. 5. Effect of the downstream load of the bottleneck feeder segment in-
creases on the TAC curve of Casel.

bottleneck feeder segment is as follows:

Increasing the downstream load of the bottleneck feeder segment
reduces the reverse power flow through the bottleneck feeder segment,
thereby increasing the DG accommodation limit (for a detailed analysis,
see Section 2 of Part C). In Case 1, the downstream load of the bottleneck
feeder segment is L1, so increasing L1 by integrating new loads can
improve TAC/TACO curves.

Increasing the TAC curve by increasing the downstream load of the
bottleneck feeder segment can improve the accommodation capability
and load rate of the system simultaneously. In the actual project, this
measure can be implemented in power supply service expansion
involving new load access.

5.4.3. Guidance of the replacement of distribution network wires

The bottleneck feeder segment is an important factor limiting the
TAC curve. In practical application, the TAC curve can be improved by
upgrading the bottleneck feeder segment by replacing the conductor.

For example, in Casel, bottleneck feeder segments B1 and B4 are
upgraded from 7MVA to 8MVA according to Table 2 and Table F1.
Following the steps presented in Section V., Part B, the TAC/TACO
curves for Case 1 after the expansion of bottleneck feeder segments B1
and B4 can be calculated and plotted, as shown in Fig. 6. The detailed
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Fig. 6. Effect of bottleneck feeder segment upgrading on the TAC curve
of Casel.
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data is shown in Tables G3 and G4 in Appendix G.

Fig. 6 shows that expanding the capacity of the bottleneck feeder
segment improves TAC/TACO curves. The average accommodation
capability of all operating states on the TAC curve after the expansion of
bottleneck feeder segments B1 and B4 is 9.83 MVA (detailed data is in
Table G3 in Appendix G), and the average accommodation capability of
all operating states on the TAC curve before the expansion is 9.33 MVA
(detailed data is in Table D1 in Appendix D). The difference between
9.83MVA and 9.33MVA is the average value of the TAC curve increased
by 0.5 MVA after the expansion. Similarly, the average value of the
TACO curve increases by 0.81 MVA after the expansion. The reason for
the increase in the average values of the TAC/TACO curves after
expanding the capacity of the bottleneck feeder segments is as follows:

The capacity of the bottleneck feeder segment is a main factor
limiting the TAC/TACO curve. The TAC/TACO curve can be improved by
replacing the conductor to expand the bottleneck feeder segment. The
bottleneck feeder segments of Casel are B1 and B4, so the TAC/TACO
curve can be increased by replacing the conductor to expand the ca-
pacity of B1 and B4.

In engineering practice, this method can be implemented in the
replacement of wires in the reconstruction project and the accommo-
dation capability of the system can be increased by replacing the
bottleneck feeder segment with a larger capacity.

5.5. IEEE-RBTS-BUSA4 test system

The modified IEEE-RBTS-BUS4 distribution network is used to verify
the proposed model and method. Parameters, network structure and
TAC/TACO curves of the case are shown in Appendix H. The calculation
performance of the simple cases and IEEE-RBTS-BUS4 case is shown in
Table 3.

It can be seen from Table 3:

With the increase of network size, although the time to solve TAC
curve increases significantly, it remains acceptable. The reasons are as
follows: (i) There are infinitely many TAC curve operating states, and
the proposed algorithm can obtain a finite number of sampling points
that can represent the complete TAC curve operating states through
sampling. With the increase of network size, the proposed algorithm
increases the number of sampling points, so the calculation time has
increased. (ii) At present, TAC curves are mostly used in distribution
network planning, and the priority is to ensure curve accuracy rather
than calculation time.

For larger cases, decouple dimensionality reduction technique can be
used [21], in which identifies and decouples feeders that are not elec-
trically connected after an N-1 fault. As a result, the high-dimensional
security region of the original network is divided into multiple
lower-dimensional security regions, which significantly reduces the
computational complexity.

6. Conclusions

This paper proposes a TAC curve to describe the capability of a
distribution network to accommodate DG. The proposed TAC curves can
completely and accurately evaluate the maximum allowable DG output
within the distribution network. Due to the high security requirements

Table 3
Computational performance of different scale cases.
Case Number of TAC Curve
d
nodes Calculation Number of operating
time/s states
Simple test 5 900.36 382,121
system
IEEE-RBTS- 42 2460.85 642,567
BUS4
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for urban distribution networks, this paper proposes the TAC curve
considering N-1 criterion, and fill the gap that the existing research on
the TAC curves only considers N-0 criterion. The main contributions are
as follows:

1) The TAC curve model considering N-1 criterion and its solution
method are proposed. The TAC curves are generated based on the
analysis of the operating states on the DG security boundary. To
obtain the DG security boundary, the DC power flow model is used
first. The AC power flow simulation is then used to verify and correct
the boundary points due to the prominent problem of voltage
violation after DG integration.

Two rules of TAC curve are found. Firstly, the N-1 TAC curve is lower
than the N-0 TAC curve or remains unchanged compared with the N-
0 TAC curve. Secondly, the power load is a main factor that affects
the TAC curve. It is found that the accommodation capability re-
flected in the TAC curve is positively correlated with the downstream
load of the bottleneck feeder segment.

In engineering applications, the proposed TAC curves can be used for
the planning of DG and load integration. Additionally, they can
provide guidance on upgrading the bottleneck feeder segments,
rather than the segments across the whole network, to improve the
accommodation capability with lower cost.

2

—

3

g

This paper is an important supplement to the TAC curve model
proposed in previous studies. In the future, we will further investigate
other forms of the TAC curve, design of DG access planning scheme and
other aspects.
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