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Non-iterative Robust Economic Dispatch for
Interconnected Grids Based on Tie-line Power
Transfer Regulation

Yuejian Wu, Xiaoming Dong, Tianguang Lu, Zhengqi Liu, and Chengfu Wang

Abstract—The coordinated dispatch of interconnected grids
characterized by maldistributed sustainable energy encounters
challenges with regional privacy. Thus, this study proposes a
non-iterative robust economic dispatch method for interconnect-
ed grids based on tie-line power transfer regulation. The eco-
nomic dispatch model with uncertainties is transformed into a
two-layer robust model and further treated as a single-layer lin-
ear model by strong duality theorem. Then, the intra-regional
submodules are established by temporal and spatial decomposi-
tion to enable parallel execution. The inter-regional power trans-
fer feasible region (PTFR) and intra-regional operation cost fea-
sible region (OCFR) are evaluated using multi-parameter pro-
gramming theory to protect the private and sensitive informa-
tion of each region and to ensure cost efficiency of dispatch re-
sults. Additionally, the boundaries of feasible regions are adjust-
ed by the conservatism budget to address multiple fluctuation
intervals of stochastic factors. Finally, the information of feasi-
ble regions is shared between each intra-regional operator
along with central coordination layer, generating feasible re-
gions of joint economic dispatch along with inter-regional pow-
er transfer constraints. The intra-regional dispatch strategy
could be rapidly obtained following the decision-making of in-
ter-regional dispatch by mapping relations. Case studies by
three modified IEEE test systems demonstrate the preciseness
and effectiveness of the proposed method.

Index Terms—Interconnected grid, privacy security, economic
dispatch, feasible region, tie-line, power transfer, multi-parame-
ter programming.

1. INTRODUCTION

THE development of electricity market creates the need
of establishing multiple independent grids, which realiz-
es decentralized regulation and sufficient competition. Mean-
while, with high penetration of stochastic and unevenly dis-
tributed renewable energy sources integrated into power
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grid, a single system is incapable and uneconomic to solve
challenges with its own resources [1]. The existence of tie-
lines enables power grids to exchange electric power with
others, which provides an opportunity to exchange renew-
able energy generation with diverse temporal and spatial
characteristics [2]-[4]. Through the interconnection of multi-
ple grids, power source and load can be complemented and
balanced over a wide range, and system security and flexibil-
ity can be enhanced [5], [6].

However, equitable and efficient coordination of intercon-
nected grids has essential obstacles. The operation of inter-
connected grids is served by independent system operators
(ISOs), where information privacy protection is required due
to diverse attribution of grids [7]. To mitigate economy and
security risks of subordinate grids due to unreasonable pow-
er transfer schemes [8], ISOs should consider the potential
flexibility of the system in a global perspective for achieving
resource complementation. An ideally centralized framework
for joint economic dispatch (JED) [9], [10] could facilitate
optimal cooperation among multiple grids. However, it neces-
sitates the sharing of private information involving transmis-
sion lines, generation units, and loads within each region,
which cannot be applied to realize coordinated dispatch
among diverse ISOs. A typical solution is to construct dis-
tributed framework based on mathematical decomposition
methods such as optimal conditional decomposition [11], an-
alytical target cascading [12], alternating direction method of
multipliers [13], or indirectly construct critical region (CR)
projection [14] through multi-parameter quadratic program-
ming theory. These studies usually entail decomposing a
master problem into sub-problems, which are independently
addressed by regional ISOs, and the optimality of the dis-
patch strategy can be guaranteed through either incorporat-
ing iterative exchanges of local computation results among
regions or establishing a coordination layer.

Under a distributed framework, information privacy is in-
herently safeguarded, and parallel execution can be deployed
for acceleration. However, the convergence and accuracy
cannot be guaranteed due to the factors such as communica-
tion capability, iteration sequence, and hyperparameter selec-
tion. To alleviate communication burden due to repetitive
processes, non-iterative distributed framework based on the
regional equivalence model has been presented for improve-
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ment. Reference [15] proposes a market clearing model
among multiple regions, but it is limited to address the sin-
gle period problem, whereas time coupling is further incorpo-
rated in [16]. The performance of tie-lines in terms of AC
and DC is discussed in [17] and [18]. A compact form of
system representation is proposed in [19] by eliminating re-
dundant constraints and variables effectively. The feasible re-
gion of tie-line injections is established in [20] based on the
projection theory, specifying the feasible range of the tie-line
while ensuring regional security constraints. The model pro-
posed in [21] comprehensively utilizes the implicit flexibility
of the regional grids. The aforementioned studies illustrate
the effectiveness of the model in addressing the coordinated
dispatch for interconnected grids in deterministic scenarios.
However, the solutions to dealing with uncertainty factors
within the equivalence model deserves further integration,
particularly in cases involving increasing penetration of re-
newable energy generation [22], [23]. In other words, extend-
ing existing non-iterative coordination schemes into uncer-
tain optimal dispatch methods is a crucial problem to be
solved. As a result, this study proposes the improved models
and methods to treat the above issues with the primary con-
tributions summarized as follows.

1) A non-iterative economic dispatch method based on in-
ter-regional power transfer feasible region (PTFR) and the in-
tra-regional operation cost feasible region (OCFR) is pro-
posed.

2) Non-iterative coordination schemes for multi-area eco-
nomic dispatch are extended to uncertain optimal dispatch
methods through robust technique.

3) Private and sensitive information consisting of internal
information and robust optimization preferences are protect-
ed in PTFR and OCFR.

II. FORMULATIONS OF JED MODEL

To safeguard the security and enhance the economic effi-
ciency of power dispatch, the dispatch strategies for intra-re-
gional units and inter-regional power exchanges are based
on JED model that utilizes the DC power flow method. The
objective function of JED model, given by (1) and (2), de-
scribes the overall cost across multiple time periods and re-
gions. Across all time periods and regions, JED model is
subject to local constraints in (3)-(12) and inter-regional con-
straints in (13)-(16). Network security constraints are repre-
sented in (3)-(5), where (3) denotes bus power injection, (4)
denotes branch power flow constraint, and (5) denotes power
balance constraint. Unit operation constraints are described
by relations in (7)-(10), where unit capacity constraint is de-
noted by (6), ramping constraints are denoted by (7) and (8),
and interruptible load constraints are denoted by (9) and
(10). Renewable energy output constraints are denoted by
(11) and (12). Power transfer constraints are denoted by (13)-
(16), where the constraint on the total tie-line power within
the dispatch time span is denoted by (13), the limits on the
tie-line transfer capacity are denoted by (14), the ramping
constraint of the tie-line transfer power is denoted by (15),
and the bounds on the tie-line transfer power within an al-
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lowable range are denoted by (16).
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where a and b are the indexes of regions; @, is the set of re-
gions; ¢ and @, are the index and set of dispatch periods, re-
spectively; i is the index of buses; @ is the set of buses;
@¢ is the set of generator buses; @7, is the set of interrupt-
ible load buses; s and @f are the index and set of interrupt-
ible load levels, respectively; k and @}, are the index and
set of renewable energy at bus i, respectively; D%, is the set
of renewable energy buses; @7, is the set of lines; @Z’,’,’L’f;’
is the set of lines with the beginning bus j; @2 ; 1s the set
of lines with the ending bus j; @4, is the set of the tie-line
buses between regions a and b; C¢,, is the generator cost co-
efficient; Cp,,,, is the interruptible load cost coefficient;
P{ ., is the generator output power; Pj ;, is the bus injected
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power; Pj, . is the tie-line transfer power between regions a
and b; Py, is the renewable energy output; P}, is the load

a

power; P}, is the total interruptible load; Fﬁow and B»;vw are

and Gy ; are the power transfer distribution factors from bus
i to line / and bus j to line /, respectively; U ,, is the genera-
tor operation status, which derives from unit comment re-
sults of each region; P ’Z;‘l.’t and P, are the lower and upper

the upper and lower limits of line capacity, respectively; G7_;

limits of generator capacities, respectively; Py, and Pg,,;
are the generator ramp-down and ramp-up rates, respective-
ly; A, is the interruption level coefficient; {-} denotes the sto-
chastic variable; Py, . is the j™ renewable energy output at
bus i; Pfy,,,, is the forecast value of the ;" renewable ener-
gy output at bus i; P% is the total transfer power between re-

gions a and b; P ’}'L’j_j and P;Z ;; are the lower and upper lim-

its of line capacity between regions a and b, respectively;
PD% and PU are the ramp-down and ramp-up rates of tie-
lines between regions a and b, respectively; and o is the fluc-
tuation rate control parameter.

When the JED model within a centralized method is
solved, several challenges emerge. On one hand, (9) and
(11) involve stochastic variables, which introduce uncertain-
ties into the model, making commercial solvers no longer ap-
plicable. On the other hand, P{; ,, gives rise to the coupling
relationship for different regions. However, due to privacy re-
strictions on grid data, the absence of a mechanism in inter-
regional data access disables any individual grid to confirm
these coupling constraints. Furthermore, temporal associa-
tions in JED model induced by (7) and (8) elevate the com-
plexity of the model and the difficulty in solving it. There-
fore, in the next section, a non-iterative robust economic dis-
patch method is formulated to tackle issues including model
stochasticity, privacy concerns, and complexity.

III. NON-ITERATIVE ROBUST ECONOMIC DISPATCH
METHOD

The structure of the proposed method is shown in Fig. 1.
The optimization process, considering the treatments of sto-
chasticity and privacy, converges to obtain the same results
by the traditional centralized JED method. Each region for-
mulates a region-specific dispatch model consisting of PTFR
and OCFR. PTFR characterizes the tie-line power transfer
capacity restricted by the internal resource ramping capabili-
ty during adjacent time periods. OCFR represents the speci-
fied intra-regional power grid operation cost of inter-regional
power transfer scheme, lower bound of which is the optimal
operation cost. Using coupling variables as boundaries, PT-
FR and OCFR present the external characteristics of each re-
gion, based on which an optimized power transfer scheme al-
lowing for inter-regional constraints is formulated without re-
lying on a fully shared information mechanism, thereby en-
suring the privacy protection of individual grids. Finally, the
obtained results are fed back to each region, and power
transfer scheme is transformed into intra-regional dispatch
strategies for adjusting system resources through mapping re-

lation.

«—— Intra-regional network
«—— Inter-regional network
7__V Subordinate system
__% Coordination system
---- Tie-line
PTFR and OCFR
Power transfer scheme

Fig. 1.

Structure of proposed method.

A. Sub-model Generation

Owing to the temporally coupled feature of (7) and (8),
feasible regions cannot be characterized within a single time
period. Considering the entire dispatch period, the dimension
of PTFR is sufficiently high. FR}; is a |®;|-dimensional

polyhedron (FRj,c R‘d’"), rendering direct quantification un-
feasible. Accordingly, the original full-cycle coupled model
(considering all constraints during the entire dispatch time
span simultaneously in set @;) is decomposed into |®,—1|
neighboring temporal coupled models (considering con-
straints within two neighboring time periods), where the PT-
FR in the original model is the intersection of PTFR in all
neighboring temporal coupled models. FR%, can be co-char-
acterized by FRy;, (t=1,2,....|®,—1|) derived from neigh-
boring temporal coupled models. For V¢, ¢+ 1 € @, the neigh-
boring temporal coupled model is given by:

min(f, +/5,)

1
s.t. (3)-(12) (7
The PTFR can be expressed as:
FRyp ={[Piii P 113)-012)} (18)

Furthermore, since the direction of power flow carried by
tie-lines connecting regions @ and b could be arbitrary, the
relations in (19) and (20) must be satisfied simultaneously.

[P;ZLI P;Zi,zn]T € FRyp, Vit+1e @, (19)
[-P§ .. —Pi 1] €FR}, Vit+led, (20)

The feasibility of intra-regional power grid dispatch is
guaranteed by the constraints (18)-(20). Meanwhile, it is es-
sential to quantify the dispatch costs associated with tie-line
power transfer to assess the economic performance of the
dispatch strategy. According to (2), the dispatch costs of the
system encompass both the operation expenses incurred by
generation units and the compensation costs associated with
interruptible loads, which are directly correlated with unit
output and interrupted load management. Therefore, a single-
period model for V¢e @, is established as expressed by
(21), where the auxiliary variable Z and positive constant

M., are introduced to relax the objective solution.
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min Z/
s.t. (3)-(6), (9)-(12)
0<Z/'—f"<M,

onst

o2y

The feasibility of temporal domain dispatch strategies has
been ensured by (18)-(20), and removing constraints (7) and
(8) effectively reduces the dimensionality of the model,
thereby enhancing the efficiency of subsequent solving pro-
cess. OCFR can be formulated as:

FRoe ={[P7.0 Z'T13)-(6). 9)-(12),0<Z,~f" <My, }

(22)

With the object of minimizing cost, Z; equals f,“ when the
lower bound of OCFR is reached. The relaxation of con-
straints can effectively enhance the feasibility of completing
multi-parameter optimization, without causing solution errors.

Once the tie-line transfer power is determined, JED could
be decoupled into independent economic dispatch models of
subordinate grids, which can be directly solved. Neverthe-
less, (18) and (22), obtained from (17) and (21), respective-
ly, necessitate further supplementation of information such
as unit details, loads, and topology. Therefore, a more con-
cise model of (18) and (22) is packaged based on the classi-
cal multi-parameter programming theory.

B. Model Packaging

Both (17) and (21) are subject to stochastic linear pro-
gramming problems. Parameters vary across different time
periods and regions, which result in a total of |®,||®,—1|
models for (17) and |®,||®,] models for (21). The formula-
tions could be collectively simplified as:

minz=x"x

s.t. Ax+Bw+d($)<0 (23)

where d is the parameter vector, and the variation of d re-
veals uncertainty-induced disturbances in (9) and (11); & rep-
resents a random event or scenario that captures the uncer-
tainty in model parameters; x is the vector of decision vari-
ables consisting of the output of generators and interruptible
loads; x is the vector of cost coefficients associated with x;
w is the vector of the optimization parameter symbolizing
[Py, Pi.. ] and [P}, Z]" and A and B are the coef-
ficient matrixes of x and w, respectively. In this study, the ro-
bust transformation method in [24] is adopted to treat the un-
certainty of renewable energy and interruptible load. As a
popular model on uncertain optimal dispatch, robust optimi-
zation theory offers the advantages of not requiring a proba-
bility distribution and enabling fast calculation speeds,
which is a suitable coping strategy for increasing the penetra-
tion of renewable energy integration [25].

First, the set of the uncertainty parameters Py’ is con-
structed as shown in (24). Note that each uncertain factor is
described in the form of intervals in which Pyc’  is constant.

PIgEC,Zj,t E[Plggzj.t_ﬁ]?EC,Z/}t’PgEc.ij,t+ﬁ£EC.€_j.t] (24)
Then, the original constraint (11) is transformed into con-
straint (25) by introducing auxiliary variables yg;, . There-
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fore, the stochastic elements in the vector d are transformed
into the matrix 4. Equation (23) is rephrased as (26).

z PRE.[,_/‘.[ - z {PgEC.,:T:/,/}XRE,[,j,z <0 Vie &y

J € Dl J € Py
-1 SXRE i S 1 Vie @, Vj € Py,
(25)
minz=x"x
(26)

st. AE)x+Bw+d<0

where @f,,; is the set of non-dispatchable renewable genera-
tion units at bus 7/ in region a. Further, the robust method
proposed by Bertsimas is employed in this study to solve
(26) by transforming (25) into its standard robust equivalent
form, as shown in (27).

2 PRE,i,j,t - z Plglg,zrgf,tXRE,i,j,r +

J € Pl J € Puas

zﬁgEC,:T;/,zy/' + (Fi_ I_FfJ)ﬁgECIzﬁryT, <0
5

max
VA RN ACHA [P

Vie Dy
Vie @y, Vj e Dy

=V SXrEif S

(27)
where y; is an auxiliary variable; J; is the set of uncertain pa-
rameters; and /7, is the robust conservatism budget coeffi-
cient that adjusts the conservatism of the model.

An uncertain problem given in (26) could be treated as a
deterministic problem in terms of the constraint in (27).
However, problems expressed in this form are still not solv-
able due to the bi-level nature of the optimization problem.
Therefore, the duality theory allows (27) to be converted in-
to (28) incorporating the auxiliary constraints in (29). Then,
(26) can be compactly restated as (30). Detailed deduction
can be referred to [26].

acr
z Preiji— z PreijiXrei 2+ ZPRE.U,; <0

J € Dy J € Phrs jeJ

Vie @y (28)
24P 2 PAST v Vie By Ve
Vi SAreij SV Vie ®pp.j € Pps
P20 Vie Dy, Vje Dy (29)
2,20 Vie @y
-1 SHrE i S 1 Vie @, Vje ‘Djwza

minz=x"x
(30)

st. AMNx+Bw+d<0

where I is the vector consisting of 7.

The robust equivalence transformation refines the original
uncertainty problem into a linear programming problem. Ac-
cordingly, this study provides a model packaging mechanism
for the dispatch model by solving the feasible region of w
based on multi-parameter programming theory. Firstly, the
Lagrange function L is constructed in (31), and the optimali-
ty conditions for the problem in (30) are given as (32)-(34).



WU et al.: NON-ITERATIVE ROBUST ECONOMIC DISPATCH FOR INTERCONNECTED GRIDS BASED ON TIE-LINE POWER... 507

L=x"x+u"(ANx+Bw+d) 31
V. L=k+(AT) u=0 (32)
diag(u)-(A(IN)x+Bw+d)<0 (33)
u>0 (34)

where u is the vector of dual variables (Lagrange multipli-
ers). Constraints in (30) can be classified into active and in-
active constraints based on whether they reach the boundary
or not, with the assumption that the solution is known. 4, B,
d, and u are concisely expressed in vector forms as:

AD)=((aI); ).

B:(b;'r)ier

d=d;),.. G
u:(ui )ier

where 7 is the set of constraints; a is the row vector of A;
and b is the row vector of B. Therefore, the optimality condi-
tions (32)-(34) can be restated as:

CR@', e")={wl(@(I"),);c.) " (~8)=0. (@)} ) (@)} )i ) (<)) cew—(d; )i )+ (b)) oW +(d; ), < 0}

Meanwhile, x in each CR can be formulated as a function
of w. In other words, the inter-regional power transfer
scheme within each control region, carried by tie-lines, ex-
hibits a consistent linear mapping relation with the intra-re-
gional adjustable resources. The solution of x is transformed
into a deterministic problem depending on the value of w
and the selection of CRs (or the validation of active and in-
active constraints).
x=((a(D); )ie) " (<b; );eow—(d;);cr) weCRE,T") (44

The PTFR and OCFR are composed of multiple CRs, and
the feasible region of w is the union set of CRs formed by
all active and inactive constraints:

FR= U CR(z',t")

Ut"=1
|D,||®,— 1| models in (17) and |® ||@,| models in (21) are
solved separately to obtain FR},, and FR{.,. As shown in
Supplementary Material A Fig. SA1, assuming that the trans-

fer power is P%",, FR%,, limits the lower bound P% . and

L TLit+1

(45)

upper bound P{;, ., of the feasible range of the tie-line pow-
er at 7+ 1. Furthermore, subject to the temporal coupling lim-
itation at ¢, the tie-line transfer power is represented as

. . b*
P;Z,;M with a practical lower bound of max(P TL,.H],_‘;L,.M)

s

and a practical upper bound of min(P,, ., Pi,,. ). The
coupling is inevitable when multiple dispatch time periods
are simultaneously considered, whereas decoupling could be
achieved by quantifying the single-period FRj;,. Thus, the
quantization of FRj;, could be proceeded parallelly for dif-
ferent regions (Va € @) and time periods (V¢ € @;). The op-
eration cost generated by Pj,,, is not merely caused by the
existence of multiple resources within the region, but the
lower bound of the FRy,., must be obtained with the objec-
tive of optimal economy. P{;,, (V¢ e ®;) corresponds to the

operation cost /" (Vi€ @,).

t'Ur"=1 (36)
k+((@(););coW;);c o+ (@), ) ;) =0 (37)
(@)} ) cox+ (7 )i w+(d, ) =0 (39%)
©,;);,..=20 39)

(@) )y o+ (b ) ow+(d; ) <0 (40)
@) =0 (41)

where 7' and 7" are the sets of active and inactive con-
straints, respectively. Relation (42) can be obtained based on
the associative formulations of (37), (38), and (41).

x=(((aI); )ico) " (b} )i ow—d; ) )
@) o=((a)); i) ()

Under a particular partition of active and inactive con-
straints, or a given separation of 7z’ and 7"} one subset of the
feasible region of w can be obtained by substituting (42) in-
to (39) and (40), which is defined as CR [14] in (43).

(42)

(43)
C. Dispatch Strategy Based on PTFR and OCFR

In this study, the proposed method is established and de-
scribed in the form of two regions, i.e., @ ,={a, b}, subject to
the packaged model and inter-regional constraints (13)-(16).
The inter-regional dispatch model can be expressed by (46)
while both regions a and b are packaged depending on PT-
FR and OCFR, without the information of CRs.
min > (Z'+Z))

Vte @,

s.t. (P;Zz;rvp;zxzzﬂ)eFR;T,: Vie @,

(P} Z)e FRY, Vie @,
(P, Pk, )eFR:, Vied, (46)
(P, ZV')eFR:.,  Vied,
P, =-Pk Vie d,
(15)-(18) Vied,

Since the packaged model presents only external proper-
ties described by the transmitted power, privacy protection
of individual grids can be achieved. Private and sensitive in-
formation, including network parameters, nodal loads, cost
functions of generators and interruptible loads [27], as well
as I', cannot be inferred merely from PTFR and OCFR.

The computation of (46) can be performed by either re-
gion a, region b, or a coordination layer. In particular, when
region b is packaged and region « retains the original model,
the inter-regional dispatch model can be expressed as (47).
In this case, computation tasks of inter-regional dispatch
strategies are performed by region a, whose model packag-
ing process can be eliminated in some cases for accelerating
the overall computation process.
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min > (f+Z!)
Vie d,

s.t. 3)-(12) Vte @,
(P;’"z,i,t’P;z,i,Hl )€ FR;T.; Vte @, (47)
(PI;Z_M,Z,I’)E FRZC, Vte @,

P =P, Vie ®,
13)-(16) Vte @,

Assuming that the solution of (46) or (47) is w", the sepa-
ration of active and inactive constraints or t’,7" can be deter-
mined. The adjustable resource dispatch strategies are ob-
tained based on the mapping relation of (44), which is dem-
onstrated in Supplementary Material A Fig. SA2.

x =@ e ) (O] )W (), ) (48)
The diagram of the entire procedure is summarized in Sup-
plementary Material A Fig. SA3. Note that the calculation of

PTFR, OCFR, and CR for each region can be executed paral-
lelly.

IV. NUMERICAL SIMULATION

A. Critical and Feasible Region Verification

As shown in Fig. 2, two interconnected 3-bus test systems
are used to verify the calculation process of CRs, feasible re-
gions, and mapping relations. The parameters of lines, units,
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and tie-lines can be referred to [28]. The unit cost is a qua-
dratic function, which is handled by the segmented lineariza-
tion method proposed in [29], and the number of linear seg-
ments is 1.

Assuming that the transfer capacity of the tie-line is 50
MW and the dispatch time periods are @,={l,2}, the pro-
posed method is used to solve the PTFR and mapping rela-
tion for power transfer in region 1, and the results of map-
ping relation are shown in Table I, where Py, is the active
power output of generator m in region 1 during time period
t; and Py, and Py}, are the active power transfer values (or
tie-line power flows) on the first and second transmission
lines connecting region 1 and region 2, respectively.

Region 1

Region 2

Fig. 2. Structure of two interconnected 3-bus test systems.

TABLE I
RESULTS OF MAPPING RELATION

CR Region Mapping relation
TSN
SR CHS B PR 1 -1 0] o (1007
CR P TL1 0 -1 P TL1 < 0 P G,2.2 0 0 P TL.1 4 10
1 = =
P~ O [ Pr2] | O P 0 0\ Py,| |110
1 0] 45 , L0 —1] L 40 |
_PG.,3.2_
1 T 2. . o
12 0 (1) 12 7 28 ?21 -1 01 12 7 100
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Note: PTFR is the union set of all CRs.

In the inter-regional dispatch process, only PTFR and OC- 1 0 50
FR are needed. Equation (49) and Table I demonstrate how PR CR UCR.UCR P }21 o -1lP }fl - 0
PTFR (marked as FR,;) is calculated, and the intra-regional pr— 2 3T P2 N0 1 |[P2,|" |50
information will not be exposed. After the active power o1 o 0
transfer scheme (i.e., the optimal solution of Py, Py ., (49)

marked as [P ,.Py,]" is decided, the CR to which the
scheme belongs can be determined, and the intra-regional
dispatch strategy can be obtained quickly based on mapping
relation.

In addition, a wind farm is supplemented at bus B3. The
forecast error is set to be 0.1, the component of I' (i.e., I') is
set to be 0.5, the number of linear segments is set to be 1,
and the transfer capacity of the tie-line is set to be 100 MW.
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The active power transfer and overall cost for different feasi-
ble regions of the tie-line are shown in Fig. 3, where the
blocks with diverse colors represent different CRs.

100 10000
S 50 -

g 2 5000
o S
o ’

2T 50
- . 0
-100 0 100 -100 0 100
Py (MW) Py (MW)
(a) (b)
Fig. 3. Active power transfer and overall cost for different feasible regions

of tie-line. (a) PTFR. (b) OCFR.

All the CRs are convex and disjoint, and the PTFR is
formed by the outer boundaries. The tie-line transfer power
does not always reach the maximum limit of 100 MW sub-
ject to the limitations of the line capacity and unit capacity.
Due to the limited ramping capability of the unit, the adjust-
ment margin of the tie-line transfer power at r=2 is affected
by the tie-line transfer power at =1. For example, when the
tie-line transfer power is 45 MW at ¢=1, the tie-line transfer
power at =2 can be adjusted within (—45 MW, 100 MW).
However, when the tie-line transfer power grows to 90 MW
at =1, the adjustable range of tie-line transfer power at =2
is (0,100 MW). Fixed tie-line transfer power is not mapped
to a unique solution of adjustable resources within each re-
gion, resulting in differences in dispatch costs required for
the same transfer power. However, with the object of mini-
mizing cost, there exists a unique dispatch solution since the
OCFR will adopt the lower bound.

Figure 4 presents the feasible region verification. Note
that there is only one unit inside region 2, and accordingly,
its PTFR range is smaller. Although the PTFR of the tie-line
receiving end (region 1) is broader, the capacity of the tie-
line sending end (region 2) is restricted, and the actual PT-
FR of the tie-line is the PTFR intersection of the sending-
and receiving-end regions. To test the correctness of PTFR
result, 250, 500, 750, and 1000 tie-line dispatch scenarios
are randomly simulated, recording the feasibility of solu-
tions, and convex hulls of feasible solutions are plotted. All
infeasible solutions are located outside the PTFR, and with
the increasing scale of stochastic simulation dispatch strate-
gies, the convex hull boundaries formed by the feasible solu-
tions gradually converge to the boundaries of the PTFR,
which verifies that the model packaging mechanism can ac-
curately identify the PTFR.

By setting I” from 0 to 0.8, PTFR and OCFR are quanti-
fied, as demonstrated in Fig. 5. By comparing the results, it
can be found that as the conservatism budget increases, the
boundary of the feasible region gradually shrinks inward,
and the range of the feasible region becomes smaller, lead-
ing to more conservative dispatch results, so as to improve
the overall security of the system. Dispatchers can evade the
potential impacts of stochasticity by adjusting /.
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Fig. 4. Feasible region verification.
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Fig. 5. Active power transfer and overall cost for different feasible regions

with different degrees of I". (a) PTFR. (b) OCFR.

By defining the ramping rate as RRngup,,./Pg_,.,,, PTFR
with different ramping rates from 0.1 to 0.8 is shown in Fig.
6(a)-(h), respectively. With increasing ramping rates, the ad-
justment range of the unit output becomes wider, and the ad-
justable range of tie-line power during the adjacent time peri-
ods is correspondingly larger.

The number of linear segments of the unit cost function is
assumed to be 1 in all previous studies, which does not lead
to significant errors but improves the efficiency of solving
the model. To study the impact of diverse number of linear
segments in Fig. 7, all CRs are quantified and counted with
the number of linear segments ranging from 1 to 10.

The number of CRs increases significantly along with the
number of linear segments. Each CR needs to be explored
and a mapping relation is established with the intra-regional
resources, thus increasing the model complexity and compu-
tation burden. Furthermore, the JED is solved based on the
traditional centralized method and the proposed method, re-
spectively. The results show that the errors of the two meth-
ods are less than 10~ for different numbers of linear seg-
ments. When linear segment number is set to be 10 as a ref-
erence, the error is the largest at a=1, which is 0.497%.
When the number of linear segments increases to 2, the er-
ror rapidly decreases to 0.088%. The calculation error is not
significantly reduced for the further increase of linear seg-
ment. However, the total number of CRs is increased by
53.19% when the number of linear segments is 2 as com-
pared with 1.
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Fig. 6. PTFR with different ramping rates. (a) R=0.1. (b) R;=0.2. (c)
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Fig. 7. Results with different number of linear segments.

B. Analysis of Dispatch Result

For modified IEEE 30-bus and 14-bus test systems shown
in Fig. 8, the power transfer scheme is solved based on the
proposed method, whose results are compared with tradition-
al centralized JED method. The tie-line connects bus 14 of
IEEE 30-bus test system and bus 9 of IEEE 14-bus test sys-
tem with the maximum transfer capacity being 100 MW.
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The IEEE 14-bus test system contains 3 photovoltaic farms
and 3 wind farms, while the IEEE 30-bus test system pos-
sesses 7 photovoltaic farms and 7 wind farms. The capacity
of each photovoltaic farm and wind farm is 25 MW. Mean-
while, generators at buses 3, 6, and 8 of IEEE 14-bus test
system and buses 5 and 11 of IEEE 30-bus test system are
eliminated. The renewable energy output is set to fluctuate
within the range of 90% and 110% of the forecast value.
PD% and PU# are set to be =50 MW and 50 MW, respec-
tively. o is set to be 0.5, and P2 is set to be 720 MW.

As shown in Fig. 9, based on the proposed method and
traditional centralized JED method, results under different I~
are obtained, where the proposed method contains two
forms, one for multi-region equivalence method shown in
(46), and the other for the single-region equivalence method
demonstrated in (47). By using the results of traditional cen-
tralized JED method as a reference, the errors of both meth-
ods are small, which verifies the correctness of the proposed
method. However, as shown in Fig. 10, the calculation time
required when using the multi-region equivalence method is
significantly shorter than that using the traditional central-
ized JED method. With a fixed 7" of 0.1, the generator out-
puts under the three methods are shown in Fig. 11, where
the generator output is consistent despite the difference of
solving methods. In Fig. 11, generators G1-G4 are connected
to buses 1, 2, 8, and 13 of region 2, respectively, and G5
and G6 are connected to buses 1 and 2 of region 1, respec-
tively.

To study how tie-line regulation parameters influence pow-
er transfer performance, the ramping rate R, ,=PU; /Py, o,
and the total transfer power rate R,,,=P%/P%" are adjusted,
respectively, and the analysis of inter-regional dispatch re-
sults is shown in Fig. 12. As a benchmark of this subsection,
R, 1s initialized to be 0.05, and o is set to be 0.5, while the
total transfer power is 720 MW, First, R, grows from 0.01
to 0.09, and the analysis of inter-regional dispatch results is
shown in Fig. 12. As R, decreases, the transfer power grad-
ually stabilizes and simultaneously, the dispatch cost increas-
es. Smaller value of tie-line fluctuation rate ¢ leads to more
stable tie-line power transfer but extra dispatch cost. Further-
more, the overall dispatch cost decreases along with the in-
crease of R, but the reduction slows down when R, ex-
ceeds 1.1.

C. Verification of Generalization Capability

In this subsection, we randomly connect 5, 10, 15, ..., and
50 nodes of IEEE 14-bus test system to the IEEE 118-bus
test system as an interconnected grid to demonstrate the com-
putation performance under upgrowing system scale. Each
IEEE 14-bus test system contains 6 renewable energy and 3
interruptible loads. Locations of the sending and receiving
ends of each tie-line, and the integration positions of renew-
able energy sources as well as interruptible loads, are all gen-
erated in a stochastic way. By setting the number of cores
for parallel execution to be 10 and time consumption limit
to be 36000 s, the computation time with varying number of
regions of the proposed method and the traditional central-
ized JED method is shown in Fig. 13.
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Fig. 8. Modified IEEE 30-bus and 14-bus test systems.
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Fig. 10. Comparison of calculation time.

When the number of regions is less than 25, both methods
can complete the solution. The proposed method spends time
mainly on the model packaging process. Consequently, when
the number of regions is 5, the total calculation time of the
proposed method is 28.25% higher than that of the tradition-
al centralized JED method. However, when the number of re-
gions increases to 10-25, the total calculation time required
by the proposed method is only 8.84%-49.00% of that of the
traditional centralized JED method.

region equivalence method. (b) Single-region equivalence method. (c¢) Tradi-
tional centralized JED method.

The proposed method is more time-saving for systems
with numerous regions, although the scale of each region is
recommended to be moderate to avoid model degeneracy
due to excessive time consumption on model packaging.
When the number of regions is greater than 25, the tradition-
al centralized JED method is unable to complete the task un-
der a centralized method, whereas both the packaging and
calculation time of the proposed method grow linearly, com-
pleting the computation with significantly higher efficiency.
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Fig. 13. Computation time with varying number of regions of proposed
method and traditional centralized JED method.

For industrial application scenarios, the model packaging
process is executed by the independent operators in each re-
gion, where the number of parallel cores is not restricted,
and the efficiency of the proposed method can be further im-
proved compared with the numerical simulation above.

V. CONCLUSION

In this study, a non-iterative robust economic dispatch
method is proposed, which can accomplish the coordinated
dispatch of interconnected grids under high percentage of re-
newable energy integration, and simultaneously protect the
intra-regional private information. Each grid is packaged as
an equivalent model containing CR, PTFR, and OCFR. The
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packaging process can be performed in parallel by temporal
and spatial decomposition. Inter-regional dispatch strategies
can be accomplished based on PTFR and OCFR. I can ad-
just the boundaries of feasible regions to address the risk of
stochasticity. Mapping relations between inter-regional pow-
er transfer schemes and intra-regional adjustable resources in
each CR accelerates the solution of the intra-regional eco-
nomic dispatch. The proposed method has some limitations.
Voltage constraints and reactive power output of generators
are eliminated to ensure the JED model explicitly and linear-
ly, and the expansion to active and reactive power coordina-
tion is an important topic for our future work.
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