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Abstract—To secure power system operations, practical dis-
patches in industries place a steady power transfer limit on crit-
ical inter-corridors, rather than high-dimensional and strong
nonlinear stability constraints. However, computational com-
plexities lead to over-conservative pre-settings of transfer limit,
which further induce undesirable and non-technical congestion
of power transfer. To conquer this barrier, a scenario-classifica-
tion hybrid-based banding method is proposed. A cluster tech-
nique is adopted to separate similarities from historical and gen-
erated operating condition dataset. With a practical rule, trans-
fer limits are approximated for each operating cluster. Then, to-
ward an interpretable online transfer limit decision, cost-sensi-
tive learning is applied to identify cluster affiliation to assign a
transfer limit for a given operation. In this stage, critical vari-
ables that affect the transfer limit are also picked out via mean
impact value. This enables us to construct low-complexity and
dispatcher-friendly rules for fast determination of transfer lim-
it. The numerical case studies on the IEEE 39-bus system and a
real-world regional power system in China illustrate the effec-
tiveness and conservativeness of the proposed method.

Index Terms—Transfer limit, transfer capability, power trans-
fer inter-corridor, cluster, cost-sensitive learning, banding, pow-
er system operation.
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NOMENCLATURE

A. Sets

B Set of buses

C Set of contingencies

c Set of clustering centers

D Set of loads

E Set of historical operations and empirical ex-
treme operations

E; Operation set belonging to the ;" cluster (or
operation set corresponding to the ;" transfer
limit band)

G Set of synchronous machines

J Set of operation clusters (or set of transfer
limit bands)

K Set of power transfer inter-corridors

L Set of lines

T Set of dispatch time

W Set of renewable power plants

B. Parameters/Indices

& Vector containing power angle and speed of
generators

Y Vector containing bus voltage and phase

T, T, Time before and at fault clearance

T, Tgy Tend Transient period, start time of transient pro-
cess, and end time of transient process

A A security upper bound for absolute values of
generator angular differences, which is usually
set to be 180° or 360° in practice

¢ Structural parameters of neural network ap-
plied in mean impact value technique

Iy, Transfer limit of the s" inter-corridor involv-
ing transmission lines i and j

N Security margin of the s" power transfer inter-
corridor

€ A set threshold to ensure safe operation of

power transfer inter-corridor
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Penalty weights on equality and inequality
constraints of economic dispatch model

Conductance and susceptance between bus i
and bus j

Number of clusters
Number of neurons in the /" layer

Number of collected operations/scenarios used
for cluster analysis

Dimension of input, which is formed by pow-
er system operating variables

Active and reactive loads of the D" loading
bus

Transfer limit of the s™ inter-corridor, which
corresponds to the m™ operating cluster

Lower and upper bounds of active generation
of the g" generator

Net active and reactive injections at bus i

Lower and upper bounds of ramp rate of the
g" generator

Lower and upper bounds of active power flow
from bus i to bus j corresponding to branch /

Forecasted active output of the w" renewable
power plant

The minimum and maximum power genera-
tions of the w" renewable power plant

Lower and upper bounds of reactive genera-
tion of the g" generator

Dimension of output (note that it is also the
number of inter-corridors, i.e., x=|K|)

Quantity of effect of the i" operating variable
on the transfer-limit banding

Mean impact value (MIV) quantity of effect
of the i" operating variable effect on transfer-
limit banding

Endogenous quantity of effect of the i" operat-
ing variable on transfer-limit banding

Element in row i and column ; of the cost-sen-
sitive matrix

A normalization factor

of Transfer-limit Decision

Vector of power angle of each synchronous
generator

Vector of speed of each synchronous generator
Vector of nodal voltages

Vector of nodal phase angles

Power angle of the /" generator at time stamp
¢t during occurrence of contingency ¢

The minimum and maximum values of power
transfer of the k" inter-corridor over insecurity
scenarios

The minimum and maximum values of power
transfer of the k" inter-corridor over security
scenarios

Lower and upper transfer limits of the & inter-
corridor

The minimum and maximum values of power
transfer of the &" inter-corridor over insecurity
scenarios in the j" cluster

~

P The minimum and maximum values of power
transfer of the k™ inter-corridor over security

scenarios in the j" cluster

k.sej>~ ksej

Transmission power in the i" scenario through
the k" inter-corridor (P,(i) <0 stands for the
reverse power flow)

Post-fault security state under contingency c
of the i" scenario (S.(i) =0 denotes that the
scenario owns insecurity risk)

D. Variables of Economic Dispatch

I l./.,x( 1) Transfer limit of the /™ line at dispatch time-
stamp ¢

P(1) Power generation of the g" generator at dis-
patch timestamp ¢

P.(1) Power generation of the w" renewable power
plant at dispatch timestamp ¢

AP (1) Power curtailment of the g" renewable power
plant at dispatch timestamp ¢

P, (1) Power flow through the /™ line at dispatch

timestamp ¢, whose sending bus and receiving
bus are the i" bus and the ;" bus, respectively

1. INTRODUCTION

ENEWABLE energy penetrated power systems are prin-
Rcipal energy carriers under low-carbon concerns. How-
ever, the volatility and uncertainty of renewable energy
make power system operating conditions more complex and
bring tremendous challenges to efficient operation in critical
inter-corridors [1], where dispatchers must always monitor
interconnected power transfers and control them within trans-
fer limits [2]. However, the strong nonlinearity and high di-
mensionality in the determination of the transfer limit cause
a significant computational burden; thus, in practice, the lim-
its are typically preset to be conservative values a year
ahead. To ensure sufficient security and stability margins,
practical computations were performed under the most ex-
treme operating conditions. However, this may lead to over-
conservative operations and underutilization of the capacity
of the transmission lines. Moreover, the true transfer capabili-
ties are dynamic with varying operations. With a higher pen-
etration of renewable energy, power transfer security features
a stronger variability in time. Therefore, an accurate and effi-
cient control method is required for inducing flexible trans-
fer limits.

Thus far, the analysis of critical interconnected power
transfer capacity has become a popular research topic. Vari-
ous algorithms have been presented, and typical physics-
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based methods can be classified into four broad categories:
repeated power flow (RPF) [3], [4], continuation power flow
(CPF) [5], optimal power flow (OPF) [6], and sensitivity-
based methods [7], [8]. Both the RPF and CPF determine
the power transfer capacities by progressively increasing the
interconnected power transfers until any security constraints
are violated. These are easier to implement than the other al-
ternatives. However, these methods have several limitations.
As shown in [3], the power transfer growth path is defined
manually, which means that the search direction for the
transfer capacities is subjectively and partially determined,
and the most conservative operation is difficult to determine.
The OPF develops a mathematical optimization model to de-
pict the transfer capacity calculation, and the model is
solved using optimization algorithms [6], [9], [10]. For ex-
ample, in [10], a transient stability-constrained OPF is used
to calculate the total transfer capability of tie lines. Thus, a
more global search for extreme operations is enabled, and a
more accurate and conservative transfer limit can be found,
compared with the RPF and CPF. However, [11] indicates
that the OPF is time-consuming and has poor convergence
when multi-contingency is considered. To address this issue,
sensitivity-based methods have been proposed in [7] and [8].
Such methods apply local linear features to simplify the non-
linear dynamics involved in the transfer limit; thus, they are
more efficient and exhibit better convergence than the other
methods. However, the accuracy is sacrificed. Notably, a ge-
neric challenge for the OPF family is that precise physical
modeling is indispensable, which is typically of high dimen-
sionality and complexity for dynamic security verification.
In conclusion, none of the aforementioned methods are avail-
able for practical power systems involving tremendous dy-
namic components, particularly when highly penetrated re-
newables induce time-varying operations.

Ahead of online dispatch, dispatchers typically consider
the most conservative among a gathered scenario set of trans-
fer capacities as a fixed transfer limit. However, end-to-end
computations from operating conditions/scenarios to transfer
capabilities are computationally intensive even though the en-
tire process is executed offline.

Reference [12] shows that traditional physics-based mod-
els may not compromise computational efficiency, complexi-
ty, and overconservativeness. A new idea upon data-driven
techniques has been widely used to provide fast and precise
computation of transfer capabilities. For instance, [13] pro-
vides a linear regression model for the total transfer capabili-
ty computation, where second-level efficiency is enabled. De-
spite data-driven methods enabling real-time transfer limit
awareness, research is required on generalizability and engi-
neering applicability, as there is a knowledge gap to prove
the scalability, interpretability, conservativeness, and general-
izability of a trained data-driven model. From the perspec-
tive of engineering, a better alternative is to use data-driven
methods to assist power system operations indirectly. There-
fore, clustering techniques are preferred for power-engineer-
ing applications [14], [15]. In [14], typical operating scenari-
os and their pivotal patterns are identified using clustering
methods. It was concluded that power system operations
vary with the season, weather, and events. Previous research
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highlighted that clustering methods do not directly engage in
operating decisions; instead, they attempt to render general-
ized and reliable patterns to assist decision-making and bridge
controllable variables and the concerned dispatch objectives.

Inspired by the analysis, this paper develops a scenario-
classification hybrid-based banding method for power trans-
fer limits. Notably, this paper does not deal with end-to-end
computations from operating conditions to transfer capabili-
ties; instead, a pragmatic way to determine the transfer limit
is studied. Our method clusters numerous historical and gen-
erated operating data points to finely partition power sys-
tems into multiple typical scenarios or subspaces, each of
which has a conservativeness-dominated transfer limit. Then,
a cost-sensitive classifier is used to bridge the transfer limit
and operating conditions and enable real-time and direct on-
line optimization of the transfer limit. The main advantages
of the proposed method are as follows.

1) It fixes the poor convergence and computationally cum-
bersome nature of traditional impractical methods, but still
provides a global search method. Compared with the exper-
tise-based method used in power industries, it enables more
precise decisions.

2) By customizing the cluster number, the proposed meth-
od enables a degree of freedom that compromises the conser-
vativeness and economy of inter-corridor operations. In addi-
tion, to assign transfer limits to each cluster, we bridge the
transfer limits and operating conditions such that the transfer
limits become controllable and can be optimized to release
the power transfer potential of the inter-corridors.

3) By incorporating a classification method with cluster-
ing, real-time and direct decisions regarding the transfer lim-
it can be made. This can provide efficient control informa-
tion for flexibly regulating the transfer limit. Interestingly,
no sample imbalance issues exist, because the decision mod-
el is built on balanced clustering labels.

For better readability, the key ideas of the traditional and
proposed methods for deciding and operating power trans-
fers are compared, as shown in Fig. 1. The traditional meth-
od intends to find an overconservative transfer limit set
throughout the entire operating space of power systems, re-
sulting in unnecessary curtailment of power transfers. The
proposed method first settles massive operating subspaces to
characterize the entire space intact, and then finds a conser-
vative transfer limit set for each of the subspaces. Thus, we
enable secure operations in each subspace, and the transfer
limit increases from the perspective of the global operating
space.

II. KEY IDEA OF PROPOSED METHOD

A. Traditional Transfer Limit Determination

Transfer capabilities of inter-corridors are constrained by
transient stability, N—1 security, voltage security, etc. These
constraints place a heavy computational burden on the deter-
mination of the transfer capability.

However, transfer capabilities are time-varying and opera-
tion-dependent indices, and they must be updated along with
operations such that a precise security situation and a latent
increase in power transfers can be realized.
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Ideal operating space with full
features of power systems

Security
boundary
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\_region /
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Ideal method

v'Precise security boundary

v'100% operational information utilization

x Intractable computational complexity

x Usually too ideal to fully observe power grids

Reduced operating space with only
features of critical inter-corridors

Conservative . .
boundary v'Low computational complexity
{ x Poor utilization of operational information
Y x Imprecise and over-conservative security
Inseparable boundary

region x Qverconservativeness

Current method

Subspaces upon
clustering features

f_)%

& | K

\
Smaller inseparable region

Proposed method

v Moderate computational complexity

v Less conservativeness

v'Balance between conservativeness and
utilization of inter-corridors

? Need to design applicable transfer limit
constraints

(a)
Execute offline transfer Old Execute online security
limit computation 1 ;- constrained dispatch upon
a year/season ahead the transfer limit set
Definition of typical
operational subspaces Over-conservative transfer
according to experts’ | limit constraints to ensure
experiences and seasonal secure operations of
patterns of load and power systems
renewable profiles
Manual computation of Uncontrollable “hard” |
transfer limits for the given | constraints on power | |
subspaces’ with the aid of transfers of inter-corridors | | :
experts’ experiences
| More precise production || / Bridging transfer limits |~
of subspaces and operations
v Still be conservative in v Controllable transfer
each subspace limit bandings
Execute offline transfer New| Execute online security
limit computation i<~ constrained dispatch upon
a year/season ahead the transfer limit set
Usgi(\),if(ﬁ_iﬁzafﬁr;;gs)igﬁgely Conservative transfer limit
constraints to ensure

| operational space into b L
: subspaces according to b
similarity criterion

security in each operational
subspace of power systems

Transfer limits of inter-
i|corridors picked for each given ||
subspace by the designed
conservativeness criterion

Controllable multi-banding
transfer limit constraints to | |
release potential of power
transfers of inter-corridors

Fig. 1. Intuitive illustrations of contributions of proposed method. (a) Com-
parisons among ideal method, current method, and proposed method. (b)
Key ideas of traditional and proposed methods.

The current research implies a key compromise between
precise awareness and fast calculation of transfer capabili-
ties. To solve this issue, dispatchers prefer to conduct fixed
transfer limits that come from a conservative operation-mode
analysis a year ahead. Figure 2 presents an intuitive illustra-
tion of the sketch map of traditional transfer-limit decision
method. Because the determination for transfer capability
holds nonlinearity and nonconvexity owing to the inclusion
of stability constraints, it is unrealistic to determine the trans-
fer capability for each possible operation. Instead, transfer

capability computations will only be performed on a few typ-
ical operating modes. Among these transfer capabilities, the
minimum will be decided as a fixed transfer limit. In the giv-
en example, four transfer capacities are calculated, and in
practice, dispatchers will set their minimum to deal with on-
line dispatches and constrain power transfer. Therefore, the
transfer limit corresponding to the most conservative ex-
treme scenario is picked up, and it implies that, all opera-
tions with power transfer larger than this limit will be
deemed as insecurity in an online dispatch process. In Fig.
2, the dashed boxes represent the subspaces corresponding
to different typical scenarios via clustering techniques, while
the solid circles represent the operating conditions in the pro-
cess of searching for transfer limit.

P &/
Insecurity
,,,,,,,,,,,,,,,,,,,, Security
Py,
€ ) Extreme scenario; (O) Typical scenario
--—> Search path for transfer limit; —-- Transfer-limit decision

Fig. 2. Sketch map of traditional transfer-limit decision method.

Remark: although the concept of transfer limit appears to
be similar to that of transfer capability, there is still a differ-
ence. Transfer capability is a dependent variable on operat-
ing conditions; thus, it is not pragmatic in a realistic online
dispatch because of its time-consuming computation. In-
stead, dispatchers compute transfer capabilities offline over
several empirical extreme scenarios and deploy the most con-
servative scenario to set a fixed transfer limit on a critical in-
ter-corridor. This process is offline, and in an online dis-
patch, the security constraints on the inter-corridors are re-
duced to steady transmission power constraints whose
bounds are the determined transfer limits. Therefore, to pre-
vent confusion, we distinguish between the transfer capabili-
ty and transfer limit, i.e., the transfer capability refers to the
true varying power transfer constraint of an inter-corridor,
whereas the transfer limit is a constant limit that is set in ad-
vance. The latter is a major concern.

As shown in Fig. 2, dispatchers typically start from sever-
al typical scenarios to search for the most extreme operating
scenarios based on expert experience. This idea is intended
to determine the most conservative transfer capability for de-
termining the transfer limit. The lowest power transfer at
Point A is selected as the transfer limit. All operations in
which the power transfer is below this limit are secure. In
addition, because the method is executed offline, the prob-
lem of inefficient online calculations is resolved. Because
the search for extreme operations is a computationally inten-
sive optimization problem with extremely complicated stabil-
ity and security constraints, its implementation in real-world
power system is difficult. Instead, a more pragmatic method
based on the Monte Carlo method is preferred. Suppose that
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all historical operations and their search extreme operation
scenarios are included in a single operating dataset. The de-
termination of transfer limits in the positive transmission di-
rection is equivalent to finding the smaller value between
the minimum power transfer of all insecure operations and
the maximum power transfer of secure operations. We can
mathematically represent this via (1), where (1a)-(1c) denote
the process when the power transfer is in the positive direc-
tion, and (1d)-(1f) represent the condition when the power
transfer is in the negative direction.

P, =min(P,,.P,.) VkeK (1a)
Py = gilei% P(i)
st P(i)20 VkeK (1b)

S(i)=0 VeeC
Py, = max P,(i)
st. P (i) >0 VkeK (Ic)
S(i)=1 VceC

P, =max(P,,.P,,) VkeK (1d)

Py = max P(i)
st. P(i) <0 VkeK (le)
S.(i)=0 VceC

Pk“ve = 19,2% Pk(l)

st. P (i) <0 VkeK (1)

S(i)=1 VceC

where overline and underline denote power transfer with pos-
itive and negative directions, respectively. The security verifi-
cation, i.e., S.(i), should embody static, dynamic, and N—k
securities. Although our method is compatible with all securi-
ty validation, only static security, N—1 security, and tran-
sient angular stability are considered for the sake of simplici-
ty. This enables us to focus on the innovative design of the
proposed model. The security verification models are as fol-
lows.

A=[o,0]
(2a)
=[r.0]
0=h(XY)
/1"=f1(/1’;y) TSTST, (2b)
/Y:fZ(‘/l/;y) T:STg‘[cnd
|0:=01 | <A VijeGeeCie[nrn] (0

where h(-), f, (), and f, (-) represent the power flow equations,
differential algebraic equations (DAEs) during and after fault
occurrence, respectively. The security criterion is a practical
engineering index. It constrains the angle difference between
any two generators to be below a predefined threshold,
which is typically set to be 180° or 360°. Here we use the
180° criterion. Because massive temporal intermediate vari-

ables are introduced, (1) is highly complex. This supports
the argument that transfer-limit computation is time-consum-
ing.

After solving (1), we can use (3) to constrain the online
dispatches.

P <P<P, keK (3)

However, applying the transfer limits determined by con-
ventional method (1) may result in the discarding of some
security conditions with high-power transfers. Many security
conditions are screened out of the security domain because a
nonlinear correlation between power transfers and security
conditions jumbles security and insecurity operations near
the security boundary. Only sufficiently conservative transfer
limits can be determined, which triggers a significant waste
of secure operations.

In conclusion, traditional engineering methods undoubted-
ly lead to overconservative transfer limits such that unneces-
sary obstruction of power transfer is induced. However, it
still offers the advantages of fast online decisions and securi-
ty guarantees. This paper intends to exploit both traditional
engineering methods and existing data-driven methods to
meet the demands of practicality and higher availability of
inter-corridors.

B. Proposed Banding Method

Over-conservative transfer limits are derived from the
elimination of operating domains where security and insecu-
rity conditions coexist. To address this issue, we intend to
utilize the unavailable security conditions. Specifically, the
proposed solution is to divide the operating scenario set E in-
to several clusters, followed by the same determination meth-
odology as in (1) to set the transfer limits for each cluster.
To produce these clusters, we introduce unsupervised learn-
ing (UL). The UL can assemble quantities of similar operat-
ing conditions into one cluster and divide the original strong
nonlinearity into pieces of linearity or poor nonlinearity,
such that there can be a straightforward relationship between
power transfers and security in the operating space created
by a cluster. In other words, in one cluster, we can approxi-
mate a security boundary in the power transfer coordinates.
This allows us to determine the transfer limits for each clus-
ter. The specific formulation is given in (4).

P, =min(P,.P,.,) VkeKjel (4a)

min P, (i)

kis.j Viek,jel

st. P(i)>0 VkeK (4b)

S(i)=0 VceC

Pk.,se,j = V[E}Ea,:?EJPk(Z)
st. P(i)20 VkeK (4¢)

S(i)=1 VceC

i =max (P P (4d)

kisj>" ksej

) VkeK, el
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= max P,(i)

ki) T yieE jel

st. P(i) <0 VkeK (4¢)

S(i)=0 VceC

P

ksej — min P, (i)

VieB,jel
st. P (i) <0 VkeK
S(i)=1 VceC

(49

The remaining symbols are the same as those in (1).
We can then provide the inter-corridor transfer constraints
in an online dispatch, as shown in (5).

PSP <P, jeB.keK )

Constraint (5) intuitively shows that the proposed method
transforms the old single limit in (3) into a finer transfer lim-
it rule with |J| bands. Comparing the proposed model (4)
with model (1), this idea permits a wider exploitation of se-
curity operations near the security boundary to maximize the
use of inter-corridors.

III. CLUSTER AND CLASSIFICATION COMBINED ONLINE
BANDING METHOD FOR POWER TRANSFER LIMIT

A. Cluster-based Offline Power Transfer-limit Banding

Operational data should be prepared prior to transfer-limit
banding. This can be achieved by using good point-set sam-
pling (GPS) over a parametric space and by collecting histor-
ical data. Specifically, we utilize existing operating limits to
establish such a space, and the GPS is deployed in this
space. Therefore, the input features are defined as: {active/re-
active outputs of generators including synchronous genera-
tors and wind generators, active/reactive loads, terminal volt-
ages, overall active loads}. Note that the on/off conditions of
the generators are implicit in the power outputs (i.e., 0 de-
notes an off condition), and all inputs can be directly ob-
tained. To simplify, the inputs are denoted by x € R"*” and
outputs by y € R"**. In addition, the overall transfer-limit de-
cision task for all inter-corridors is separated into x subtasks
whose output is y, (i=1,2,...,x), and in the subsequent de-
scription, y represents y,. Here, a subtask refers to the deter-
mination of the transfer limit for a specified inter-corridor.
We deploy our method on each inter-corridor. Therewith, x=
|K]|.

Following the above idea, the UL was first introduced to
produce several operating scenario clusters. The database for
learning originates from historical operations and generates
unseen unstable or extreme operating conditions (i.e., set E),
which are composed of critical operating variables formed as:

x= [x,;xz;...;x.;...;xn] Vx, e R, xcE (6a)

i

X,= [Pg,Qg,PD,QD, Vg,sum(PD)] Vge GNW,DeD
(6b)

C:[cl;cz;...;cj;...;ck} Ve, e R, ¢;cxk=|J| (6c)
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The collected data were subjected to unsupervised learn-
ing. This paper uses the K-means++ algorithm to produce
clusters to band-transfer limits, as K-means++ improves clus-
tering accuracy and convergence compared with practical K-
means. K-means++ executes the following process.

1) k centers C= [Cl,o;cz,o;"';ck.o} are arbitrarily initial-
ized, where the second subscript denotes the number of itera-
tions.

2) Starting from the i" center, all data points closer to c,
than others ¢; (j#1i) are enfolded into the corresponding clus-

ter.
3) For each cluster i=1,2,...,k, the center is set as C;:
1 . . .
=7 zx, where ‘CI.| is the number of points in the
' ‘Cz xe(C,
cluster.

4) Iterations are counted, and 2) and 3) are repeated until
C, (i=1,2,...,k) remains unchanged.

The proposed framework aims to identify the cluster to
which an unseen operation belongs. Therefore, the clustering
result is a target for real-time classifiers. For a given operat-
ing scenario, the cluster assignment is set as the classifica-
tion label. We can obtain:

y={ili=1,2, ...k} (7)

Remark: in future, we will combine classification methods
to enable real-time cluster attribution identification. Once the
cluster to which an online operating condition belongs is de-

termined, the transfer limit for the condition can be obtained
by matching the associated transfer limit value of the cluster.

B. Identification of Critical Decision Variables

It is computationally inapplicable to involve all the param-
eters or variables in transfer-limit banding. Therefore, the
critical variables must be identified. The mean impact value
(MIV) method is used to determine barriers. The MIV first
uses data to train neural networks (NNs). The responses of
the NNs resulting from the perturbations of each input are
then used as indices to determine the significance of the in-
puts. Therefore, a strong and robust NN structure is re-
quired. Thus, a multi-layer NN is used in this paper. As
multi-label classifiers generally use Softmax layers to pro-
vide the probability of each label, which is a regression task,
MIV method is available.

The mathematical model is given as:

Ole(Ml(x))
0,=5(M,(0,))

: ()
0. =5(M, (0,.,))
(15¢(x)=(9(05,1)

¢'= argmin | y—@*(x) | + 4, ©
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v?””/:mean(tp”"([xl, cnx, (L+0), ...,xp]) -
qy»([xl’.__’xa(l_g),.__,xp])) a=1.2,...p (10)

where M and & are the affine function and activation func-
tion of the neural network, respectively; O, is the output of
the i" hidden layer; @’ is a compact representation for the
NN; and ¢ stands for the parameters of the NN. In addition
to the exogenous analysis of the MIV, the endogenous im-
pacts of NN structures should also be considered. The hyper-
parameters of NNs contribute to the learning of in-depth pat-
terns of outputs versus inputs. Therefore, we propose a feed-
forward method. For the multilayer NN structure provided in
(8), the contributions from the i" neuron in the /" layer to
the /" neuron (/+1)™ layer can be calculated using (11)

and (12).
M, (0,).0
o - 2 M0).0) (an
var(/\/l’,+1(0,))
U= [ujl.;iu—z] e R™mrm (12)

where the subscript indicates the two adjoining layers, and
the superscript denotes the locations of specified neurons in
the two layers. cov(’) and var(") are the calculation functions
of covariance and variance, respectively.

In the deployment feedforward process of (13), the influ-
ence of the i" input on the output can be quantified.

L-1

Endo __ —

vire=Tu o, 0p=x., (13)
=0

By integrating (10) and (13), the importance of the i" in-
put is finally obtained using (14).

Endo
v, = 7 ! i=
where © denotes the elementwise multiplication.

By considering variables whose MIVs are above a given
threshold, the critical variables that impact the transfer-limit
banding are filtered. A compressed feature group can accu-
rately and efficiently represent the operating patterns. More-
over, it 1S much easier to know the control variables to be
regulated and the extent to which they must be. For simplifi-
cation, we continue to use x to denote the compressed input
features.

L2, ...p (14)

C. Classification-based Online Transfer-limit Decision

After identifying the critical decision variables, unseen op-
erations are categorized into clusters, with only the principal
features informed. Thus, the inputs for online transfer-limit
decisions are prescribed as variables screened by the MIV,
and the output is the cluster numbers. Each cluster corre-
sponds to a single transfer-limit banding level. To ensure the
conservativeness of the banding, we determine the banding
level according to (15).

m= argmax ®% (x) (15a)
1.2,...k

r,=pP., Vsek (15b)

Here I, is introduced to s1mp1ify the later model illustra-

ij,s
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tion, and it is the same as the above transfer limit symbol in
(1), (3), (4), and (5). @* (x) is the trained classifier and cal-
culates probabilities that operation x may locate in a cluster.
Using the argmax operator, (15a) finally determines to which
cluster x pertains. Here, m is a cluster. Subsequently, (15b)
assigns the corresponding transfer limit to x. For a better un-
derstanding, the traditional method and proposed method of
calculating the online transfer limit are visualized in Fig. 3.
The traditional method conducts the most conservative trans-
fer capability corresponding to the most conservative ex-
treme operating scenario to steer online dispatch, such that
all operations run beyond the limit are discarded. Instead,
the proposed method determines transfer limits for each typi-
cal cluster of operations. An extra transfer limit profile is in-
troduced for Cluster 1. In this regard, the operations that are
discarded in traditional implementation are reused, which are
located between the two dot-dashed lines.

l Traditional method ‘
‘ Offline

B Unavailable scenario
@ Available scenario
--Offline decided limit boundary

P

8]

: © Extreme scenario
: O Typical scenario
1 => Search path for transfer limit

Onlinei

Insccurityi

[ ] L] :

maSaginy T
*%¢ <><><> ** i

Security |

: & 8 :
[ Proposed method ‘
Offline

W Unavailable scenario
¢ Available scenario '
—-Offline decided limit boundary :

i Extreme scenario
i O Typical scenario
. —> Search path for transfer limit

Online

P P, 4 ;
o8 &/ Insecurity

‘ ey i g Cluster 1 ‘ ;

: _4,6 [Cluster 2 aInsecurity 4

A‘O’Ovo »ITransfer limit VSecurity Security |
decision 1
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, {Jﬁf, Pg‘
Fig. 3. Comparative diagram of traditional method and proposed method.

Figure 3 shows that the traditional method applies the
most conservative transfer limit, such that there are numer-
ous unnecessary scenario discards. More than half of the sce-
narios are set as unavailable, but not all of these unavailable
scenarios are insecure. The proposed method establishes fin-
er transfer-limit rules for reusing these scenarios. Instead of
setting a bottom limit for all the operations, the proposed
method provides a limit for each typical operating cluster.
This benefits the original unavailable scenarios being reacti-
vated such that the availability of inter-corridors is improved.

Equations (4) and (15) indicate that the minimum power
flow over an unstable operating cluster is the transfer capa-
bility in this scenario. This is supported by the important evi-
dence that there exists a practical hyperpolyhedron-sketched
dynamic security region composed of prefault power genera-
tion coordinates. In other words, the endogenous stability
boundary of a specified power system enables us to approxi-
mate the local security boundary for each operating cluster.
In this analysis, to implement (4) and (15), the stability con-
ditions must be known and collected during data preparation
in Section III-A.
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Several methods have been developed to achieve this
goal. Because data are prepared offline, which means that ef-
ficiency is not demanding, precision is valued more than
speed at this stage. Therefore, we conduct a time-domain
simulation (TDS) to infer the transient stability. TDS applies
numerical computation to capture the trajectories of DAEs
instead of finding an analytical solution [16]. This fits well
with solving large-scale and high-order DAEs, and is thus
compatible with precise transient stability analysis.

In practice, a critical demand is that the decision must be
sufficiently conservative to ensure secure operation. This is
also the pivot point that a classifier for transfer-limit band-
ing should follow. Therefore, we introduce a cost-sensitive
learning technique. The cost-sensitive learning in [17] is ad-
opted. The cost-sensitive matrix is predefined following a
conservative prior; that is, if the trained learner is blurred to
determine the transfer limit among several bands, the priori-
ty will be to set the minimal limit. This also refers to the
concept of false-negative risk prevention, as it is known that
errors in online classification always exist, even if the perfor-
mance of the classifiers has been augmented offline to the ut-
most extent. In this premise, we preset the learning bias as:

@,=P,,/P,, (16a)
v,=|! =1 16b
T 1+101gw,; else (16b)

(D U A

Y Y. . Y

ST 7 (160)
)]H”l Y\.]I|2 1

where the columns and rows correspond to the predicted and
true labels, respectively. Equations (16a) and (16b) indicate
that if the predicted transfer limit is larger than the true val-
ue, a significant penalty will be weighed on the training
loss; otherwise, the loss will be maintained. This strategy al-
lows the classifier to make conservative decisions and reduc-
es the risk of false negatives. Finally, the matrix (16c) direct-
ly affects the learning loss.

To highlight the essence of this paper, details of the cost-
sensitive learning process are ignored.

D. An Optimization-based Showcase for Cluster and Classifi-
cation Combined Banding Rules

It is expected that the over-conservativeness issue is fixed
to some extent because a finer transfer-limit banding rule ac-
tivates more security operating modes that are discarded in
the previous single-transfer limit. The next step is to flexibly
tune the operation such that the transfer potential of the criti-
cal inter-corridors can be used. Classification-based deci-
sions provide a straightforward and fast way to determine
how the transfer limit varies with operations as well as con-
trol information, but no nonlinear operation is required. This
is useful for dispatching tasks. In this paper, we instantiate
an optimization-based showcase to justify the entire work-
flow.

An economic dispatch model is then devised, where the
intention is to optimize power system operations under strict
power transfer security constraints. This model is given

by (17).
min kz al S (P(n)+ > c(ap
t=k+1 geG weW

C(P,)=a,P2+b,P +c,
C,(AP,)=c, AP,
s.t. PIM<P (1) <P

AP;,mn<Pg(t+ 1) —Pg(t) <AP;‘nax

Qmin<Q (t) <Qmax

PI(0) = V() SV (0)(Geos(0,,)+ B,sin@,)) =0
Qll,“/(t) — V,-(l‘)z Vj(t)(Gi/Sin(eg'j,t)_Bijcos(eiisf)) =0
Pln/(t) P(Jen( ) —P[Lwd(t)

anj(t) QGen( ) _ Qflaad(t)

vmn(e) <vit) < ()

Pi(t) <Py (1) <Pii(1)
0<AP, (1) <P (¢)
PEe(t) 0<PI(t) <P™(t)
PI(t) P(e) 2 Pr (1)
P, (t) =Pl (t) —AP,(t)
P (1) <P, (1) <Py™(1)

P(1) =

(17a)
n:(t) éPg/_.c(t) _Fg/,x(t) <—e€ (17b)
VgeGkeT,ijeBlelLweW,sekK (17¢)

In (17b), I'; (¢) is also a variable which is decided by op-

erations. Back to Sections III-A and III-B, we know that
once the cluster to which current operation belongs is found,
I'; (1) can be identified via (4) and (15).

Because this paper demonstrates the effectiveness of en-
hancing the utilization of power inter-corridors via the pro-
posed data-driven banding method for power transfer limit,
we do not focus on a detailed optimization algorithm design.
Here, a distributed genetic algorithm (DGA) is proposed to
solve model (17). Using simplified model (17) as (18), the
DGA-solving model can be denoted as (19).

min f (x)
st h(x)=0 (18)
g(x)<0
P(x)=f(x) +uh(x) +pp(g(x)) (192)
0 y<0
P1)=1, oo (19b)

where f(x), 7(x), and g(x) are the compact forms of the
objective, equality, and inequality constraints in (18); P(x)



YI et al.: A SCENARIO-CLASSIFICATION HYBRID-BASED BANDING METHOD FOR POWER TRANSFER LIMITS OF CRITICAL INTER-CORRIDORS

is the transformed optimization objective with penalties.
p( y) is a function of accumulating inequality constraint vio-
lations, i.e., for the constraints g(x)<0, the portion that ex-
ceeds 0 is included in penalty function P (x).

The implementation process of the proposed method is il-
lustrated in Fig. 4. We take a new K-means++ based transfer
limit decision scheme at the offline stage, for uncovering
more available power transfer potential of inter-corridors.
The K-means++ naturally provides a controllable transfer
limit set by introducing its cluster affiliation conditions,
which will be further accelerated and reduced by cost sensi-
tive learning. At the online stage, this controllable transfer
limit set is seamlessly incorporated with economic dispatch
to realize the utilization optimization for inter-corridors.

Perturbation to extreme

o e}rlzifitgrrlixclaglata || operation augment || Supplementary
P (stochastic sampling) operational data
[ [ I
v
Clustering to decide typical operational modes (K-means++)
¢ i y
Operational | | Operational | | Operational
cluster #1 cluster #i cluster #k

! [ I
v

Transfer limit decision rules (conservative-dominate) |
T

¢ v ]

Transfer limit| |Transfer limit| | Transfer limit
for cluster #1 || for cluster #i | | for cluster #k

! [ I
¥

Online measurements Decision of cluster affiliation and

(load/wind/.../forecasts) | match transfer limit (if-then rules)

| Decision of security of inter-corridors (power transfer constraints) | 3

15 it securd? N Optimization of inter-corridors’
* operations (optimizer)

,,,,,,,,,,,,,,,,, Y | Onlinestage |

End

Fig. 4. Implementation process of proposed method.

IV. NUMERICAL RESULTS

A. Test Systems and Generation of Data Samples

The proposed method is tested using a modified IEEE 39-
bus system [18]. A wind farm with a rated power output of
500 MW is set on Bus 17. For the settings of the transient
stability verification and TDS, the fault type is set as three-
phase short-circuit fault of the critical power transfer inter-
corridors. For a given operating condition, contingency in-
volves the set faults on intact grid and the grid with N—1 oc-
currence. The sampling space for the generation of genera-
tors and active loads is the nominal output range and 80%-
120% of the baselines. As for the generators’ terminal volt-
ages, 0.95-1.05 p.u. is selected. The reactive loads vary with
the active loads to maintain their corresponding constant
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power factors. Following the above sampling procedure,
16000 samples constitute the training set, 2000 samples are
used as the validation set, and 10350 samples are used as
the test dataset. Each sample is composed of a 63-dimension
input vector and a cluster affiliation label.

B. Cluster-based Banding Method for Power Transfer Limit

To visualize the banding process for power transfer limit,
we provided five different scenarios, including deciding the
transfer limit via the most conservative criterion and banding
limit by 3, 5, 10, and 20 levels, respectively. The results are
shown in Fig. 5, where different colors and types of marks
denote features from distinct clusters.

3
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Fig. 5. Outcomes of proposed cluster-based banding method. (a) 3-cluster

banding. (b) Transfer-limit decision with 3 bands. (c¢) 5-cluster banding. (d)
Transfer-limit decision with 5 bands. (¢) 10-cluster banding. (f) Transfer-
limit decision with 10 bands.

As shown in Fig. 5, because numerous features are in-
volved in clustering, it is impossible to directly visualize the
clustering outcomes in a 2-dimension space. Thus, we intro-
duced #-distributed stochastic neighbor embedding (z-SNE)
to embed the original 63 dimensions into a 2-dimension
space [19]. Figures 5(a), (c), and (e) are obtained using the #-
SNE. It can be observed that, along with an increasing num-
ber of clusters, a finer typical scenario partition is enabled.
This is a notable conclusion; however, it induces an interest-
ing byproduct. Figures 5(b), (d), and (e) show that higher
maximal transfer limits result in finer clustering. In detail,
the maximal transfer limits for 3, 5, and 10 clusters are
13.59 p.u., 14.35 p.u., and 15.22 p.u., respectively. For non-
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clustering and 20 clusters scenarios, they are 12.62 p.u. and
16.30 p.u., respectively. From this data, we can conclude
that more clusters can positively impact the utilization level
for inter-corridors. Theoretically, the ideal case involves asso-
ciating each operating condition with a transfer limit. This
roadmap has been previously outlined in [18]. However, we
find that because the precise transfer-limit computation mod-
el is overly complicated and has strong nonlinearity, such
that the time consumption of offline data preparation is too
costly, it is too difficult to practically implement one-to-one
transfer-limit decisions for each operation. Fortunately, the
proposed method can be considered as a compromise be-
tween traditional over-conservative decisions and ideal meth-
ods. In the proposed method, although more clusters can pro-
mote greater utilization of inter-corridor power transfer, an
increased scale of the learning dataset is required. Therefore,
careful consideration of the tradeoff between learning and
operating efficiency is necessary. We find that a range of 10-
20 clusters is sufficient to securely improve the utilization of
inter-corridors; however, it is not a theoretically optimal
choice. As this issue is not the major focus of this paper, we
will attempt to address it in the future.

Table I and Fig. 6 provide transfer-limit banding outcomes
and stacked bar chart of transfer-limit banding level under
different clustering conditions. We will follow these banding
to further improve operations.

TABLE I
TRANSFER LIMIT BANDING OUTCOMES UNDER DIFFERENT CLUSTERING
CONDITIONS

Transfer-limit banding (from low to high) (p.u.)
12.62
12.62, 12.94, 13.60
12.62, 12.94, ..., 14.35
12.62, 12.94, ..., 15.22
12.62, 12.94, ..., 16.30

oo Il Iii

Conservative 3-cluster  S-cluster  10-cluster 20-cluster
Banding condition

Clustering condition

Conservative
3-cluster
S-cluster
10-cluster

20-cluster

16.5r
16.0
155+
15.0
145+
14.0 +
135+
13.0

Transfer-limit banding level (p.u.)

Fig. 6. Stacked bar chart of transfer-limit banding level under different
clustering conditions.

As listed in Table I and Fig. 6, a finer transfer-limit band-
ing results in greater utilization of the power transfer inter-
corridors. Compared with the most conservative scheme, the
maximal transfer limit of the finest strategy is improved by
29.16%.
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C. Cost-sensitive Classifier-based Online Transfer-limit Deci-
sion

In the online dispatch stage, straightforward rules are pre-
ferred to tune the power transfers for more efficient and eco-
nomical operations. In this subsection, we do not care about
the structure of such rules, but intend to provide cautious de-
cision-making to ensure that power transfer operates secure-
ly. Cost-sensitive neural networks (CSNNs) are adopted. To
illustrate the conservativeness via the CSNN, we provide the
confusion matrix outcomes tested on the testing dataset, as
shown in Tables II-V. Additionally, comparative studies are
conducted using non-cost-sensitive NNs, as given in Tables
II and IV.

TABLE 11
CONFUSION MATRIX OF TRANSFER-LIMIT DECISION WITH 3 BANDS BY
NON-COST-SENSITIVE NNS

Transfer-limit bandine level Prediction,  Prediction, Prediction,
g 1/12.62 p.u.  2/13.60 p.u. 3/12.94 p.u.
True label, 1/12.62 p.u. 2885 0 24
True label, 2/13.60 p.u. 0 2783 15
True label, 3/12.94 p.u. 17 18 4608
TABLE III
CONFUSION MATRIX OF TRANSFER-LIMIT DECISION WITH 3 BANDS BY
CSNNs
- . Prediction,  Prediction, Prediction,
Transfer-limit banding level /15 €3\ 2/13.60 pu. 3/12.94 p.u.
True label, 1/12.62 p.u. 2909 0 0
True label, 2/13.60 p.u. 0 2706 92
True label, 3/12.94 p.u. 90 0 4553
TABLE 1V

CONFUSION MATRIX OF TRANSFER-LIMIT DECISION WITH 5 BANDS BY
NON-COST-SENSITIVE NNS

Transfer-limit Predic- Predic- Predic- Predic- Predic-
bandine level oM 1/ tion, 2/ tion, 3/ tion, 4/ tion, 5/
€ 1295 pu. 13.58 pu. 12.94 pu. 1262 pu. 1435 pu.
True label,
11295 pu. 2073 11 13 0 0
True label,
2/13.58 p.u. 10 2431 0 0 4
True label,
3/12.94 p.u. 10 0 2482 14 0
True label,
4/12.62 pu. 0 0 18 1235 0
True label,
5/1435 p.u. 0 8 0 0 1141

Recall the conservativeness demand mentioned in Section
II-C, i.e., which strictly prohibits the classifier from overes-
timating the true transfer limit. We begin the analysis by
comparing the data in Tables II and III. To clarify the im-
provements of the CSNN, we highlight the concerned ele-
ments of confusion matrices, which can explain how the
CSNN addresses conservativeness. In Tables II-V, the nota-
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tion “1/12.62 p.u.” denotes that the transfer-limit banding
level at the first band is set to be 12.62 p.u.. In the unseen
data testing, there are 24 scenarios that the non-cost-sensi-
tive classifier overestimates the transfer-limit banding of
12.62 p.u. (label 1) to that of 12.94 p.u. (label 3), and the
same case also happens 18 times on judging between the
transfer limits of 12.94 p.u. (label 3) and 13.60 p.u. (label
2). These misclassifications are not allowed in online deci-
sion-making because the actual power transfer may exceed
the limit, and further security risk can be induced. Fortunate-
ly, such risks can be circumvented through CSNNs. This ar-
gument is presented in Table III, and the number of overesti-
mated cases is reduced to 0. Extending this to other situa-
tions, the same observations can be made, as shown in Ta-
bles IV and V.

TABLE V
CONFUSION MATRIX OF TRANSFER-LIMIT DECISION WITH 5 BANDS
BY CSNNSs
Transfer-lim-  Predic- Predic- Predic- Predic- Predic-
it banding tion, 1/ tion, 2/ tion, 3/ tion, 4/ tion, 5/
level 12.95 pu. 13.58 p.u. 1294 pu. 12.62 pu. 14.35 p.u.
True label,
1/12.95 pau. 2940 1 56 0 0
True label,
2/13.58 p.u. 33 2411 0 0 1
True label,
3/12.94 p.u. 0 0 2456 50 0
True label,
412,62 po 0 0 1 1252 0
True label,
5/14.35 pu. 0 39 0 0 1110

Moreover, misclassifications are transferred to the conser-
vative cases. This result is due to the fact that cost-sensitive
classifiers are more likely to identify a true transfer limit to
a lower value. For instance, as for the 5-band classifiers, a
conservative identification of transfer limit is to decide true
transfer limit of 13.58 p.u. (label 2) to 12.95 p.u. (label 1).
The corresponding data in the confusion matrices are shown
in Tables IV and V. Evidently, the CSNN results in more fre-
quencies of 33 than 10 when using non-cost-sensitive NN.
In other words, CSNN enables conservative decision-making
for the transfer limit.

Combined with the conclusions presented in Section IV-B,
a worthy concern emerges: how does the performance of the
classifier vary with finer transfer-limit banding and more
banding levels? Thus, the online transfer-limit decision preci-
sion trends along with the number of bands are given in
Fig. 7.

100 —o—Non-cost-sensitive NNs
—eo-CSNN
=
.2
5 95
e
~ o
[ ]
90 . . . . . . . ek FPGPEY ]
0 2 4 6 8 10 12 14 16 18 20
Number of bands
Fig. 7. Online transfer-limit decision precision trends along with number
of bands.
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As shown in Fig. 7, there is a clear trend of decreasing
precision as the banding becomes finer. The precision is re-
duced to approximately 90% at the finest banding condition
of 20-cluster. However, it should be noted that our prepared
sample size is fixed, such that finer banding would result in
fewer samples for each label. Therefore, the tendency shown
in Fig. 7 is unsurprising. Following this analysis, a larger da-
taset could address this issue. Fortunately, this can be easily
achieved using operating simulations, stochastic sampling,
and engineering software.

In addition, the transfer-limit decision elapsed time of the
well-built classifiers is less than 1 s on average. This sup-
ports the online application of the transfer-limit banding
rule.

D. Economic Dispatch Showcase

To justify the proposed transfer-limit banding rules for on-
line dispatch, the outcomes of a showcase are presented. We
report 5 transfer-limit banding conditions to highlight superi-
ority of our method, i.e., rule 1 (the most conservative rule),
rule 2 (transfer-limit rule with 3 bands), rule 3 (transfer-limit
rule with 5 bands), rule 4 (transfer-limit rule with 10 bands),
and rule 5 (transfer-limit rule with 20 bands). A 24-hour eco-
nomic dispatch instance with a timescale of 1 hour is de-
signed and tested. Figure 8 presents the operating conditions
of the inter-corridors before and after economic dispatch,
and the outcomes of rules 1-5 are sequentially presented
from top to bottom. The subplots on the left show the opera-
tions before dispatch, whereas the subplots on the right
show the dispatch results.

It can be observed from the data in Fig. 8 that, dispatch
guided by rule 1 cannot find a feasible solution that con-
strains power transfer. Specifically, the power flow still ex-
ceeds the transfer limit during the 13-16 hours. These results
are based on the fact that the over-conservativeness premise
cuts the operating region excessively. In practice, such secu-
rity violations are usually nonexistent because an adequate
security margin is reserved for the power infrastructure.
However, resource wastage is widespread. Considering the
finer transfer limit rule, it can be observed that all dynamic
rules (i.e., rules 2-5) fulfill the security constraints for power
transfer inter-corridors, and the finer banding rules induce
higher power transfers.

To demonstrate the positive influence of the finer transfer
limit rule on wind power consumption, the wind curtailment
profiles incurred by the testing rules are presented in Fig. 9.
The wind curtailment results corresponding to rules 1-5 are
listed in top-to-bottom order.

The results, as shown in Fig. 9, indicate that the proposed
transfer-limit decision method enables the release of the pow-
er transfer potential. It can be observed that along with the
finer transfer-limit banding rule, the wind curtailment steadi-
ly declines. According to rule 4, almost no abandoned wind
power exists. The argument again underlines that the tradi-
tional over-conservative transfer-limit decision method signif-
icantly confines the utilization of inter-corridors and renew-
able energy consumption.
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Fig. 8. Operating conditions of inter-corridors before and after economic dis-
patch. (a) Power using rule 1 before economic dispatch. (b) Power using rule 1
after economic dispatch. (¢) Power using rule 2 before economic dispatch. (d)
Power using rule 2 after economic dispatch. (e) Power using rule 3 before eco-
nomic dispatch. (f) Power using rule 3 after economic dispatch. (g) Power us-
ing rule 4 before economic dispatch. (h) Power using rule 4 after economic
dispatch. (i) Power using rule 5 before economic dispatch. (j) Power using rule
5 after economic dispatch.

E. Numerical Study on a Real-world Power System in China

The proposed method is verified using a real-world power
system in China. The applied regional power system is locat-
ed in Northwest China and comprises five provincial grids
(Gansu, Shaanxi, Qinghai, Ningxia, and Xinjiang). The north-
western power system of China has over 7500 dispatchable
generators including thermal units, hydropower units, wind
power generators, and photovoltaic plants. There are more
than 4000 transmission lines in the transmission-level sys-
tem, of which four critical power transfer inter-corridors that
affect system security are selected for the numerical study.
The abbreviations used are GN, GX, GQ, and GS. N—1 and
short-circuit faults on the critical inter-corridors as well as a
few severe faults set from the dispatcher experience, are con-
sidered in the contingency.

We test the proposed method under two operating condi-
tions, i.e., OC1 and OC2:

1) OC1: with a total load of 1.048391 x 10° MW and total
renewable power generation of 3.42072 x 10* MW.

2) OC2: with a total load of 1.016834 x 10° MW and a to-
tal renewable power generation of 3.78922 x 10* MW.
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Fig. 9. Wind curtailment profiles incurred by testing rules. (a) Rule 1. (b)
Rule 2. (¢) Rule 3. (d) Rule 4. (¢) Rule 5.

The outcomes of tuning transfer limits by the proposed
method under OC1 and OC2 are listed in Tables VI and VII,
respectively. The nominal power is 100 MW.

TABLE VI
OUTCOMES OF TUNING TRANSFER LIMITS BY PROPOSED METHOD
UNDER OC1 (P.U.)

Int Power flow  Transfer Power Transfer  Transfer limit
nter- before limit before flow after limit after  increase on
corridor . . . .
tuning tuning tuning tuning average (%)
GN 67.45 56.98 64.02 65.27
GX -29.86 -20.48 -20.21 -21.50 10.42
GQ —-13.07 -2.21 -6.37 -6.44 ’
GS 49.94 34.94 31.79 33.65

As observed from Tables VI and VII, an increase of over
10% in the transfer limit was realized using the proposed
method, which demonstrates that the proposed method im-
proves the usage of critical power transfer inter-corridors
with strictly bounded operating security.

To further compare the proposed method with the tradi-
tional dispatch-experience-based method, we provide the test-
ing outcomes of the GX, as shown in Fig. 10, where differ-
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ent colors represent the transfer limits corresponding to dif-
ferent clusters.

TABLE VII
OUTCOMES OF TUNING TRANSFER LIMITS BY PROPOSED METHOD UNDER
0OC2 (r.u.)
Tnt Power flow  Transfer Power Transfer  Transfer limit
nter- before limit before flow after limit after  increase on
corridor . . . .
tuning tuning tuning tuning average (%)
GN 30.03 21.40 22.98 24.97
GX -29.84 -14.88 -14.62 —-15.35
20.40
GQ —-18.09 —7.63 -8.04 —-19.38
GS 49.98 34.97 34.52 35.26
80 1 80
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Fig. 10. Comparative outcomes of GX by proposed method and traditional
method. (a) Before tuning. (b) After tuning.

In Fig. 10, the amount of power transferred is indicated
by the green line. The empirical transfer limit of GX is deter-
mined to be 70 p.u.. This transfer limit is the ground truth in
the operation of the northwestern power system of China.
Meanwhile, our method renders 74 transfer limit bands, and
the highest value reaches 74.22 p.u.. The operating condi-
tions of the GX before and after the power flow tuning are
shown in the two subplots, respectively. According to Fig.
10, an empirical transfer limit of 70 p.u. restricts the ability
of GX to transfer power prior to tuning. After deploying our
method, the power transfer increases beyond the empirical
limit, but it is still constrained by the fine transfer-limit band-
ing. Therefore, the proposed method releases the potential of
the power transfer inter-corridor while maintaining security.
These analyses confirm the effectiveness of the proposed
method.

V. CONCLUSION

In this paper, a new pragmatic data-driven method that en-
ables fine and conservative transfer-limit control is proposed.
The key is to use unsupervised cluster learning to identify
typical operating patterns and determine the band-conserva-
tiveness-dominated transfer limit for each cluster. Subse-
quently, a cost-sensitive classifier is used to produce a fast
and reliable rule for flexibly controlling the transfer limit. Fi-
nally, an optimization-based showcase is provided to justify
the proposed method. The numerical results on the modified
IEEE benchmark and a real-world power system in China
show that compared with the current research, the proposed
method enables a more practical implementation in engineer-
ing, as no intricate transfer-limit modeling is needed. Howev-
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er, in comparison with the traditional empirical method, the
proposed method renders better utilization of power transfer
inter-corridors while guaranteeing security. In future work, a
faster deep-learning-aided sensitivity-based method will be
studied to enhance transfer limit control with respect to effi-
ciency and engineering practicability.

REFERENCES

[1] J. Zhao, M. Netto, Z. Huang et al., “Roles of dynamic state estimation
in power system modeling, monitoring and operation,” IEEE Transac-
tions on Power Systems, vol. 36, no. 3, pp. 2462-2472, May 2021.

[2] L. Dobson, S. Greene, R. Rajaraman et al. (2001, Jan.). Electric power
transfer capability: concepts, applications, sensitivity and uncertainty.
[Online].  Available:  https://www. researchgate. net/publication/
246040923 Electric_power_transfer capability concepts applications_s
ensitivity _and_uncertainty

[3] A. L. Bettiol, L. Wehenkel, and M. Pavella, “Transient stability-con-
strained maximum allowable transfer,” IEEE Transactions on Power
Systems, vol. 14, no. 2, pp. 654-659, May 1999.

[4] M. Zhao, F. Li, X. Yao et al., “Research on transient stability con-
strained total transfer capability calculation of large interconnected
power system,” in Proceedings of 2010 International Conference on
Power System Technology, Hangzhou, China, Oct. 2010, pp. 1-6.

[5] L. Min and A. Abur, “Total transfer capability computation for multi-
area power systems,” [EEE Transactions on Power Systems, vol. 21,
no. 3, pp. 1141-1147, Aug. 2006.

[6] A. L. da Silva, J. G. de Carvalho Costa, L. A. da Fonseca Manso et
al., “Transmission capacity: availability, maximum transfer and reli-
ability,” IEEE Transactions on Power Systems, vol. 17, no. 3, pp. 843-
849, Aug. 2002.

[7]1 T. B. Nguyen and M. A. Pai, “Dynamic security-constrained reschedul-
ing of power systems using trajectory sensitivities,” [EEE Transac-
tions on Power Systems, vol. 18, no. 2, pp. 848-854, May 2003.

[8] L. Tang and W. Sun, “An automated transient stability constrained op-
timal power flow based on trajectory sensitivity analysis,” /EEE Trans-
actions on Power Systems, vol. 32, no. 1, pp. 590-599, Jan. 2017.

[9] Q. Jiang and G. Geng, “A reduced-space interior point method for

transient stability constrained optimal power flow,” IEEE Transactions

on Power Systems, vol. 25, no. 3, pp. 1232-1240, Aug. 2010.

X. Zhang, Y. H. Song, Q. Lu et al., “Dynamic available transfer capa-

bility (ATC) evaluation by dynamic constrained optimization,” [EEE

Transactions on Power Systems, vol. 19, no. 2, pp. 1240-1242, May

2004.

G. Geng, Q. Jiang, and Y. Sun, “Parallel transient stability-constrained

optimal power flow using GPU as coprocessor,” [EEE Transactions

on Smart Grid, vol. 8, no. 3, pp. 1436-1445, May 2016.

G. Qiu, Y. Liu, J. Liu et al., “Surrogate-assisted optimal re-dispatch

control for risk-aware regulation of dynamic total transfer capability,”

IET Generation, Transmission & Distribution, vol. 15, no. 13, pp.

1949-1961, May 2021.

Y. Liu, J. Zhao, L. Xu et al., “Online TTC estimation using nonpara-

metric analytics considering wind power integration,” [EEE Transac-

tions on Power Systems, vol. 34, no. 1, pp. 494-505, Jun. 2018.

Q. Hou, E. Du, N. Zhang et al., “Impact of high renewable penetra-

tion on the power system operation mode: a data-driven approach,”

IEEE Transactions on Power Systems, vol. 35, no. 1, pp. 731-741,

Jan. 2019.

M. Ramezani, C. Singh, and M.-R. Haghifam, “Role of clustering in

the probabilistic evaluation of TTC in power systems including wind

power generation,” [EEE Transactions on Power Systems, vol. 24, no.

2, pp. 849-858, May 2009.

Y. Liu, K. Sun, R. Yao ef al., “Power system time domain simulation

using a differential transformation method,” [EEE Transactions on

Power Systems, vol. 34, no. 5, pp. 3739-3748, Nov. 2019.

M. Kukar and I. Kononenko, “Cost-sensitive learning with neural net-

works,” ECAIL vol. 15, no. 27, pp. 88-94, Jun. 1998.

G. Qiu, Y. Liu, J. Zhao et al., “Analytic deep learning-based surrogate

model for operational planning with dynamic TTC constraints,” IEEE

Transactions on Power Systems, vol. 36, no. 4, pp. 3507-3519, Jul.

2020.

L. van der Maaten and G. Hinton, “Visualizing data using #-SNE,”

Journal of Machine Learning Research, vol. 9, no. 11, pp. 2579-2605,

Nov. 2008.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]



560 JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 12, NO. 2, March 2024

Lidong Yi received the B.S., M.S., and Ph.D. degrees in School of Electri-
cal Engineering from Xi’an Jiaotong University, Xi’an, China, in 1988,
1991, and 1995, respectively. He was a Senior Engineer with State Grid
Ningxia Electric Power Co.. Ltd., Yinchuan, China, and is currently the
Chairman of State Grid Sichuan Electric Power Company, Chengdu, China.
His research interests include transmission power system operation and plan-
ning, power system security, power system stability, insulation technology,
high-voltage power transmission, and new energy.

Maosheng Ding received the Ph.D. degree in electrical engineering from
South China University of Technology, Guangzhou, China, in 2005. He is
now a Senior Engineer with the State Grid Ningxia Electric Power Compa-
ny, Yinchuan, China. His research interests primarily include power system
operation and control, renewable integration, and energy internet.

Jili Wang received the Ph.D. degree from North China Electric Power Uni-
versity, Beijing, China, in 2010. He is currently a Senior Engineer with the
Northwest Branch, State Grid, Corporation of China, Xi’an, China. His re-
search interests include power system stability and control, power system
operational planning, renewable integration, and data-driven power system
analysis.

Gao Qiu received the B.S. and Ph.D. degrees in electrical engineering from
Sichuan University, Chengdu, China, in 2016 and 2021, respectively. He is
now an Associate Research Fellow with the College of Electrical Engineer-
ing, Sichuan University. His current research interests include power system
knowledge discovery and operation, artificial intelligence application in pow-
er system, power system stability and control, and dynamic transfer limit
control.

Fei Xue received the M.S. degree in School of Electrical and Information

Engineering from Tianjin University, Tianjin, China, in 2016. He is now an
Engineer with the State Grid Ningxia Electric Power Company, Yinchuan,
China. His current research interests include artificial intelligence applica-
tion in power system, power system stability, and renewable energy model-
ling.

Ji’ang Liu received the M.S. degree in electrical engineering from Sichuan
University, Chengdu, China, in 2022. He is now pursuing the Ph.D. degree
in the College of Electrical Engineering, Sichuan University. His current re-
search interests include power system knowledge discovery and operation,
and artificial intelligence application in power system.

Yuxiong Huang received the B.S. and Ph.D. degrees in electrical engineer-
ing from Xi’an Jiaotong University, Xi’an, China, in 2017 and 2022, re-
spectively. His main research interests include reliability evaluation and ma-
chine learning technologies in power systems.

Gengfeng Li received the Ph. D. degree in electrical engineering from
Xi’an Jiaotong University, Xi’an, China, in 2014. He is currently a Profes-
sor with the School of Electrical Engineering, Xi’an Jiaotong University.
His research interests include power system reliability evaluation, grid resil-
ience, machine learning technologies in power systems, and integration of
renewable energy.

Junyong Liu received the Ph.D. degree in electrical engineering from the
Brunel University, Uxbridge, U.K., in 1998. He is currently a Professor
with the College of Electrical Engineering, Sichuan University, Chengdu,
China. He is the Director of the Sichuan Province Key Smart Grid Laborato-
ry. His research interests include power system planning, operation, electrici-
ty market, artificial intelligence, and computer applications.



