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Abstract— This paper proposes a new decentralized restora-
tion scheme in order to realize efficient coordinated restoration of
the coupled transmission and distribution (TS-DS) system. First,
considering the separated operation of the TS operator (TSO) and
DS operators (DSOs) and to avoid the TSO data processing bur-
den, the TS-DS system is divided into several subsystems accord-
ing to their physical connection. Then, in order to implement the
independent but coordinated decision-making of the subsystems, a
decentralized decision-making framework is constructed by mod-
el decoupling and iterative interaction between TS and DS. Fur-
thermore, for the sake of the convergence of the iterative process
with non-convex models, a new decentralized optimization meth-
od is developed to obtain the optimal coordinated restoration
strategy of the TS-DS system. The proposed decentralized resto-
ration scheme achieves independent decision-making of the TSO
and DSOs in the coupled TS-DS system, and solves the non-
convergence problem of the decentralized optimization method.
The effectiveness of the proposed method is validated using two
IEEE standard test systems and a real-world power system.

Index Terms—Bulk power system, coordinated restoration,
coordination of transmission and distribution systems, power
system restoration.

NOMENCLATURE

A. Indices
Index of nodes number from 1 to |

i

j Index of distribution system number from 1 to Jp;s

n, m Indices of bus number from 1 to N

Ik, z Indices of inner, outer and the third loops

B. Sets

Qg Set of nodes with generation {1,...,1i,..., I}

Qs Set of transmission system (TS) buses {1,..., n,..., Nys}
Qr Set of nodes with transmission loads {1,..., i,..., I1.}
Qps  Set of distribution system (DS) buses {1,.., n,..., Nps}
QpL Set of nodes with distribution loads {1,..., i,..., Ip .}
Qps  Setof nodes with DGs {1,..., i,..., Ipc}

Qre Set of RES nodes inthe TS {1,..., i,..., Ire}
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Qpis Set of DS number {1,..., j,..., Jpis}
Qin Set of power injection buses in DS {1,..., Nin,..., Nin}
Qout Set of power withdrawal buses in DS {1,.., Ngy,..., Nout}

C. Parameters
PrLi OrL; Active, reactive power of the ith transmission load
PoL,ji» doLj,i
Active, reactive power of the ith distribution load in
the jth DS
CrLi» CoLjii
Weighting coefficients of the ith transmission load
and the ith distribution load in the jth DS
S Lagrangian multiplier updating parameter
Maximum boundary power between TS and DS
Som,max  Maximum apparent power of TS line nm
PG, max 1 PG, mins F>G, ini
Maximum, minimum and initial output of generator
F)DG ,max 1 F)DG, min
Maximum and minimum output of DG

PB, max

PGg; Response variable for the jth DS with a fixed value
PDx; Target variable for the jth DS with a fixed value
Afay Maximum frequency deviation

Vimin» Vimax LOwer and upper limits of voltage
Ri Ramp rate of the ith generator

Onm: bnm  Conductance and susceptance of TS line nm
Iy Xn Resistance and reactance of the nth DS branch
S Capacity of the ith generator
& Frequency response rate of the ith generator
h The number of hyperplanes in the cosine polyhedron
AbOmax  The maximum value of the phase angle difference
d Distance between tangent points
D. Variables
X1, Xo. TS and DS load pick-up binary variables
[XrL g X oo, 1€
[XoL s XoLisJua,, 1€ 00
Vv, W Lagrangian multipliers
[V1:---:Vjv---]1xJDiS ' [Wl""’Wj"“]liDis J € Qg
Pe Generators output [pg y,..., pG’i,...]1X|G ieCy
Pre Renewable energy sources output
[Pre1s- Preivediar, 1€ ke
Poc DGs output [Ppg 11+ Ppg, v+, 1€ e
Pg Boundary power [Ry;,..., Pg j,--Jis,, ] € i
PGg Response variables[PGg},..., PG j,...Ji.s,, ] € Opis
PDg; Target variable the ith DS
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Pny On Active, reactive power of bus n
T Operation time of load pick-up

f, Af Frequency, frequency deviation

Vn, AV,  Voltage/voltage deviation in bus n

On The difference between the target voltage and true
value in bus n

Pom, Qnm  Active, reactive power flow of TS line nm

Som Apparent power variable of TS line nm

Onm Voltage angle difference of bus n and m

COS G Approximation of cosO,

Pn, Qn Active, reactive power flow of the nth DS branch

Ly Power loss of the nth DS branch

. INTRODUCTION

ULK power system restoration after complete or partial

system collapse is an extensive and far-reaching problem
that is essential to grid resilience [1], [2]. According to the
North American Electric Reliability Council (NERC) reports,
about 72% of the restoration process was delayed due to coor-
dination problems between different entities in the power sys-
tem [3]. Therefore, the coordination between different entities
is imperative to improve the bulk system restoration efficiency.
In the existing practice, the transmission system operator (TSO)
is generally responsible for controlling and coordinating resto-
ration strategies after a blackout [4]. In the restoration process,
each distribution system (DS) is regarded as a ‘passive’ load
block which waits for power supply from the transmission sys-
tem (TS), and the distribution system operator (DSO) follows
the instructions from the TSO. Being limited by the ‘passive’
characteristic of the load side, coordinated restoration between
the TS and DS has been barely discussed.

Neglecting distribution system operation characteristics has
impeded the bulk system restoration. For example, in the Ari-
zona-Southern California Outage in 2011, the influence of the
power flow of the DS to TS was not adequately considered,
which significantly affected the restoration [5]. On the other
hand, the extensive integration of distributed generators (DGs)
and demand-side control has converted the ‘passive’ load side
into ‘active’. The DS with DGs can provide local power sup-
ply to the end-users [6] and send power back to the TS [7],
which can facilitate the bulk system restoration. Thus, the co-
ordinated restoration of the TS-DS system needs to be studied.

In recent years, coordination between the TS and DS has at-
tracted increasing attention of several international power grid
organizations [8], [9] and independent system operators (1SOs)
[10].The coordination of the TS-DS system has been studied in
unit commitment [11], risk assessment [7] and economic dis-
patch problem [12]. In bulk system restoration, the coordina-
tion of TS and DS is meaningful in the load restoration stage
since DSs are regarded as the load side at the transmission
level and this stage can provide a relatively stable voltage and
frequency status for the integration of renewable energy
sources (RESs). The load restoration in the TS and the opera-
tion of the DS are conventionally conducted separately. Sim-
plifying the DS by the on/off status of the TS substation, the
load restoration in the TS can be modeled as a mixed integer

2

linear programming (MILP) problem which focuses on max-
imizing the load pickup amount in the meshed network [13]-
[16]. Regarding the TS as a fixed power supply from the main
substation, the operation problems in the DS such as service
restoration, outage management and reactive power control,
are also transformed into MILP problems in the radial network
[6], [17]-[18]. Therefore, a straightforward idea to coordinate
the TS-DS system restoration is integrating the common mod-
els of TS and DS to form a centralized optimization.

Using the centralized coordination method means all the da-
ta of the TS and DSs should be managed by the TSO. It is not
applicable because the TSO requires all the parameters of the
network, generators and load of the TS and the DSs, while the
system data are not fully accessible due to the separately oper-
ated TSO and DSOs [11]-[12], [19]-[20]. Besides, the central-
ized method brings a heavy burden for the control center to
process data from the whole TS-DS system [11], and the “dis-
persed, large number and small scale” parameters from the DS
level are difficult to be centrally controlled at the TS level [7],
[21]. Therefore, the key to achieving efficient coordinated
restoration of the TS-DS system is performing a decentralized
restoration scheme. The goal of the decentralized scheme is to
obtain a decentralized restoration strategy in the TS-DS system.
The optimal decentralized restoration strategy depends on the
decomposition coordination optimization method. Several
distributed or decentralized algorithms are summarized in [22]
to realize decomposed coordination in electric power systems.
Generally, these methods can be classified into three types: i)
the Lagrangian relaxation based methods such as the analytical
target cascading (ATC) [11], [23], alternating direction meth-
od of multipliers (ADMM) [24] and auxiliary problem princi-
ple (APP) [25]; ii) the Karush—-Kuhn—Tucker (KKT) condi-
tions based methods such as optimality condition decomposi-
tion (OCD) [26] and heterogeneous decomposition (HGD) [12]
and iii) the benders decomposition (BD) method [19], [27]. To
realize decentralized calculation in the TS-DS system, the
ATC method was used in [11] to solve the coordinated unit
commitment problem. Ref. [12] proposed an HGD algorithm
to deal with the transmission and distribution coordinated eco-
nomic dispatch problem. Focusing on voltage problems in the
integrated transmission and distribution networks, ref. [19]
employed the BD to obtain decentralized reactive power opti-
mization. Among these methods, the ATC is a model-based
method for multilevel hierarchical optimization problems and
does not require convexity of the model [22]-[23], which
makes it attractive to solve the TS-DS system restoration prob-
lem. However, in the TS and DS AC power flow calculation,
tremendous discrete variables and special constraints in the
restoration model cause non-convergence issues for the ATC
method. Thus, the ATC method should be improved to solve
the decentralized restoration optimization problem.

This paper proposes a decentralized restoration scheme for
efficient coordinated restoration of the TS-DS system. Firstly,
the TS-DS system is divided into subsystems. Based on the
subsystems, the coupled models of the TS and DSs are pre-
sented. Secondly, in order to achieve decentralized decision-
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making, the optimization models of the TSO and DSOs are
decoupled and an interactive iteration between the TS and DSs
is designed based on the ATC method. Finally, to further deal
with the non-convergence issue of the ATC method with the
non-convex restoration model, a new three loop ATC
(TL_ATC) method is proposed to simplify decentralized cal-
culation models and provide the optimal decentralized restora-
tion strategy.

The contributions of this paper are threefold. 1) The bulk
power system restoration considering the operation of DSs is
proposed and realized by the TS and DS coordinated restora-
tion. Thus, the security problems caused by neglecting DS
operation characteristics can be avoided. 2) The proposed co-
ordinated restoration uses power supplies at different voltage
levels such that it can perform the conventional “top-down”
and “bottom-up” restoration idea in parallel [28]-[30]. As such,
the restoration process is accelerated. 3) The TL_ATC method
is developed by improving the ATC method. The TL_ATC
method guarantees the convergence of the decentralized opti-
mization with non-convex models and simplifies the iterative
models of the ATC method. Thus, the TL_ATC method is with
better computation performance and can be seamlessly inte-
grated into the existing models of TS restoration and DS oper-
ation.

The rest of the paper is organized as follows. Section Il de-
scribes the problem of the TS-DS system restoration. The real-
ization of decentralized decision-making is introduced in Sec-
tion I11. Section IV presents the TL_ATC method to obtain the
decentralized restoration strategy. Section V provides the case
studies, followed by conclusions.

Il. STRUCTURE OF THE TS-DS SYSTEM AND THE COUPLED
MODEL OF COORDINATED RESTORATION

This section introduces the TS-DS system restoration. The
whole system is divided into subsystems, and the centralized
model is transformed into coupled models of TSO and DSOs.

A. Hierarchical and Partitioned Subsystems of the TS-DS
system

| ‘ADSI/DSOl H ADS2/DS02 ‘ ‘ ADSN/DSON ‘ |

| F—— Physical Connection

Fig. 1. Structure of the TS-DSs restoration system.

Similar to the concept of ‘system of systems’ [11], the TS-
DS system contains multi-level grids and various elements.
The conventional TS consists of traditional generators, loads
directly connected to the transmission network and passive
DSs (PDS). With renewable energy integrated, RESs, such as
large-scale wind farms or solar systems, become new elements
of the TS. In the DS, the active distribution system (ADS) is
formed with flexible demands and DGs. The two-way commu-
nication infrastructures are installed in the TS-DS system to

3

provide bidirectional information exchange between the TSO
and DSO [8]. In the restoration process, the TSO and DSO are
two kinds of system regulators. As shown in Fig. 1, the TS and
DS are physically connected through feeders at substations,
and a hierarchical upper-lower structure is determined accord-
ing to the voltage level of power grids. The TSO has the lead-
ing responsibility for system restoration, whereas DSOs man-
age their own networks [31].

A4
—Z M "}
| ‘ADSl/DSOlHADSZ/DSOZ‘m ‘ADSn/DSOn‘ |
| F—— Physical Connection

Fig. 1. Structure of the TS-DSs restoration system.

For the system in Fig. 1, the key to dividing the TS-DS
system is the physical connection between the TS and DS. As
Fig. 2 shows, the power exchange at the boundary bus between
the TS and DS is defined as a shared variable (SV). Then, the
SV in the TS can be regarded as a pseudo load with power
withdrawal while the SV in the DS is a pseudo generator with
power injection. Since there is extensive integration of DGs in
the DS, the pseudo power withdrawal/ injection may be
negative if power transmits from the DS to the TS. With SVs
and the separate spatial distribution of DSs, the TS-DS system
is divided into subsystems. As the TSO has leading responsi-
bility for system restoration, subsystem 0 belongs to the upper
level. Subsystems 1- n refer to different parts which are
managed by DSO1-DSOn at the lower level.

B. Coupled Restoration Models Based on Subsystems

According to [2], the enhancement of power system resili-
ence in the restoration procedure refers to the rapid completion
of the restoration process. Since DSs are load clusters, the TS-
DS coordination is applied in the load restoration stage which
focuses on large amounts of loads recovery. Hence, the objec-
tive of the TS-DS coordinated restoration is to pick up load as
much and rapid as possible. The generators have been restart-
ed [14], and they are ramping up with a fixed ramp rate [32].

z (CTL,i PriiXrLi )

[Ce
Max - Z fi (T) @)
+ z z (CDL,j,i pDL,j,iXDL,j,i) ieQg
J€Qp;s 10
st. g(XTL' P Pre » PB’ XpL s pDG’T) <0 (2)
h(XTL’ pGrpRE:PBuXDLprG,T):O (3)

The centralized optimization model of the whole system
restoration is described by (1)-(3). The objective is to maxim-
ize load recovery amount which contains loads py_ in the TS
and loads pp. in the DS, and minimize the load
pickup/operation time T. The decision variables are binary
variables of TS and DS load pickup status xy_ and xp, load
pickup time T, the power support pgres from RESs in TS level
and ppg from DGs in DS level. The SV vector is Pg which
contains the boundary powers between the TS and DSs. pg is
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the generator output vector which is proportional to the opera-
tion time in each step. Function f( ) represents the relationship
between T and generator output. g() and h() are all the equali-
ty and inequality constraints which contain power supply con-
straints, AC power flow related constraints, security con-
straints and boundary power limitations in the TS-DS system.
The optimization of Model (1)-(3) is impractical because of
the information privacy issue of the subsystems and the heavy
data processing burden of the TS-DS united optimization for
the TSO. Thus, based on the structure of the TS-DS system in
Fig. 1, all the variables and constraints in Model (1)-(3) are
divided for the TS and each DS. Through replacing each Pg by
a TS related response variable Pgg and a DS related target
variable Ppg, the optimization Model (1)-(3) can be rewritten
as (4)-(9). In Model (4)-(9), the constrains and the decision
variables are separated according to the subsystems in Fig. 2.
The inequality and equality constraints (2) and (3) are divided
into (5) and (6) of the TS and (7) and (8) of the jth DS, and so
do the decision variables. In the model, the subsystems are

coupled by o.

Z (CTL,i pTL,iXTL,i)
e

Max -> f(T) @)
+ Z Z (CDL,j,i pDL,j,iXDL,j‘i) ieQg

JeQpis 1€

St Ors(Xqs Pgs Pres PGg, T) <0 (5)

hTS(XTL’ Ps» pRE'PGB'T)=O (6)

Ops, j (XDL,j’ pDG,j’PDB,j) <0 Vjely, )
hDS,j (XDL,j’ Pog,j PDB,j) =0 Vjely, (8)
6;=PGy;—PDy; =0 Vjey, 9)

Based on the Lagrangian decomposition method [33], the
constraint set 6=[o1, 0,...5;...]=0 is transformed into ®(o) in
objectives, and Model (4)-(9) is further transformed into a
TSO optimization model (10)-(12) at the upper level and

several DSO optimization models (13)-(15) at the lower level.

Models (10)-(15) correspond to the subsystems in Fig.2.

upper level:Max " (. pr i Xp )= 2. i (T)+@(o) (10)
ieQn ieQ

S't' gTS(XTL’ pG’ pRE’ PGB’T) S O (11)
hTS(XTL' Pe: Pre: PGg, T) =0 12)
lowerlevel :Max " (Cop ;i Por. ;i %0 )+ P(0) (13)

ieQp j

st. Ops,j (XDL’ Pog, PDB,j) <0je Opis (14)
hDS,j (XoL s Pog, i PDB,j) =0 jeQy(15)
Note that the connection between subsystems are still main-
tained since the non-separable penalty function ®(s) in (10)
and (13) depends on more than one subsystem. Despite in a
decentralized form, the optimization models are still coupled
by the penalty function ®(s). The coupling prevents the TSO
and each DSO making decisions independently based on their

own operation and control regulations.

I1l. DECENTRALIZED DECISION-MAKING FRAMEWORK FOR
COORDINATED RESTORATION

This section introduces the decentralized decision-making
framework constructed by model decoupling and iterative in-
teraction process. The model decoupling allows coordinating
the entities within TSO and each DSO by independent optimi-
zation. The coordination between the TSO and each DSO is
achieved by the iterative interaction process.

A. Decoupled Restoration Optimization Models of TSO and
DSOs

The augmented Lagrangian method with a quadratic penalty
term (5) is used to relax the constraints set ¢ in model (2) [34].

®(o)=vo' +||W00'T||z = z (vjal. +||Wj °0; ||z) (16)
i€

where v is a Lagrangian multiplier parameter vector while w is
a vector of the quadratic term. These two vectors are penalty
multipliers of model decoupling and are updated during the
iterative process, which is discussed in Subsection B. The
symbol - represents the Hadamard product which is an entry-
wise multiplication of two vectors.

Response variables with
fixed values PGy |

=
” Decoupled TSO optimization “ | ‘ Decoupled jth DSO optimization ‘ |

Decision variables of jth DSO:

Decision variables of TSO: | |
XDL,]Y pDG,] 1 PDBJ |

X711 P Pees PGy |

@ (b)
Fig. 3. Coordination within TS (a) and coordination within each DS (b)

Since o means the distance between the response variable
PGg and target variable PDg, the target variables are the only
external variables for the TSO optimization model (10)-(13)
while the response variable is the only unmanaged one for
each DSO model (13)-(15). Therefore, based on the ATC
method [32], a feasible way to handle the external variables for
the TSO and DSOs is to consider them as parameters. As
shown in Fig. 3, with fixed values of the external variables, the
coordination within TS and each DS can easily be achieved by
separated optimization. The TSO coordinates output of gen-
erators and RESs, load pickup and boundary powers PGg in
the TS, and the DSO coordinates DG output, load pickup and
boundary power PDg in the DS.

The detailed decoupled optimization models for the TSO
and DSOs are listed based on (10)-(15).

Upper level model for TSO:

1) Objective function: The objective of the TSO is to max-
imize (17) to achieve load recovery as much and soon as pos-
sible. It contains the amount of TS recovered load, the genera-
tor output amount and the penalty function of a load restora-
tion strategy. Since the generator output is proportional to the
operation time (18), this objective also provides a suitable load
pick-up time. k and | are the outer and inner loop numbers
which are introduced later.
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XL T pRElpB“EQTL

i P ) - Z ( Po iy +RT )
ieQy
- ¥ (vh(Pok) -Pek) + wt o (PDS} - PaL[
€%

2) Power supply constraints: The power supply in TS con-
tains different types of traditional generators such as hydro
unit, steam unit and combustion turbines, and RESs such as
large-scale wind farms. In the load restoration stage, the con-
ventional generators are ramping up with ramp rate R; between
the upper and lower limits [32] and the related constraints are
presented in (18). Restoration step time is shown in (19) and
wind farms output limitation is (20).

Pei = max{ Pe inii + RT, pG,min,i}

17)

(18)

v min { Pe,inii T RT, pG,max,i}Vi €
T <TY<T (19)
Pre,mini < pRE,i < Premaxi Vi€ xe (20)

3) Transmission power balance constraints: According to
the meshed transmission network, the power balance con-
straints corresponded to the AC power flow calculation are
presented in (21)-(26), where p, and ¢, are the active and re-
active power of node n, P, and Q,,are the active and reac-
tive power of branch nm.

P, :_X'IFI!ipTLi (ieQ)v- PGk'I'(j € ) (21)
VpRE|(I € Qre)V Pg, (1€ )v0 Vne Qg

Qn:_XTLiqTLi(legﬂ_)Vq "(IES)G) 22)
Vqu(leng)VO anQTS
pn = Z an (23)
vn,meQyg,n=m
q, = Qun (24)
vn,meQg,N#M
P =V?g -VV cosd_ +h_sind
nm n gnm n-m (gnm nm nm nm) (25)
vn,meQ,n=m
=V’ -VV sind_ —h_cosé
Qnm n-nm m (gnm nm nm nm) (26)

vn,meQ,n#m

4) Security constraints: As security constraints, branch flow,
voltage, reserve constraints and boundary power limitation are
(27), (28), (29)-(30) and (31), respectively. Therein, constraint
(18) is a linear frequency limit considering the total capacity of
restored generators s and their frequency response constant ¢
[35]. Specially, considering the N-1 security criterion of gen-
erator, (29) and (30) ensure that the required spinning reserve
and dynamic reserve are provided in the restoration procedure.
Equation (31) is the boundary power flow limit between the
TS and each DS, and its number equals to the number of dis-
tribution systems.

SZ =P2 +Q2, <S2 vn,meQ,n=m (27)

nm, max
Vomin <Va <Vam Vne Qg (28)
AR DRI EDI NN > [ af,,, (29)
IO JECVS ie0qe feq, it+i €i
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1€%%is 1€Qse
kil
Py j max < PGEY <P

B,j,max — B, j,max vjeQDis (31)

Note that the operation conditions of DSs are considered in
the TS restoration optimization model through the target vari-
ables PDs.

Lower level model for DSO j:

1) Objective function: The objective of the DSO is to
maximize the load pickup amount in its control area consider-
ing the penalty function.

“ Mak‘)‘( Z(DlepDleDle) V(PD

oL ji+PDg!jPoc,i i€ j

> 12
—|W'J.‘ o(PDg" —PGy") )

2) Power supply constraints: The power supply in the DS

is DGs, and the related DG output constraints are (22)-(23).

Pocimin < Poci S Pogma V | €O ; (33)

Uoimin < Uoc,i < Goc,imax V1 € Qs (34)

3) Distribution power balance constraints: Equations

(35)-(36) are DisFlow equations [18] a unidirectional single

branch radial distribution network. Pps, and Qps, are active
and reactive power flow from bus n in the DS branch.

~PGy")
(32)

Posn = —XEL' i.i PoLi (ie QDl_ j) V Ppg i (ie QDG,j) (35)
vPDk'(jeQDIS)\/O Vne Qg
Opsn =~ DL].qDLu(|€QDLJ)VqDG|(IEQDG])(36)
VqB,(JEQDm)VO Vne Oy ;
2 Nout Q Nout
PDS,nin = PDS,nM o %_ Pos,n,, 37)
V n' € Qn j? nout € §2but,j
2 Nout Q Nout
QDs,nin = QDS,nOM ~ X %_qos,mn (38)

lout

V nin € Qn,j ' nout € Qut,j
4) Security constraints: Security constrains in DS are volt-
age limit (39)-(40), power loss limit (41) and boundary power
limit (42). This model assumes that the switch devices are
available in the distribution network, hence, loads can be con-
nected/disconnected [36], [38]-[39].

anm :V2 —2(r, Posn +%, Qpsn )
+(r2 4% )DS”—QDS”‘" v, €Q Ny, € Qe (39)
Vi, min < Vi <V max VN € Qg (40)
L,=r, % S Ly max VN € Ops | (41)
~Pamaxj < PDE <Py j 1€ is (42)

In the j th DS optimization model, the TS condition is con-
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sidered by embedding the response variables PGg ;.

B. lIterative Interaction Between TSO and DSO

Through decoupled optimization, the TSO coordinates the
entities in the TS and the DSO coordinates the ones in the DS.
However, the coordination between the TS and DSs is required
to complete the decentralized decision-making. In order to
address this problem, an inner-outer iteration is proposed
based on the ATC method [33]-[34].

Fig.4 shows the iterative interaction process. The inner loop
is the interaction between TSO and DSO and the outer loop
updates penalty multipliers of model decoupling. In each itera-
tion, the TSO and DSOs independently determine their resto-
ration strategies based on the TSO Model (17)-(31) or DSO
Model (32)-(42). Then, the values of boundary power are sent
to the other level. DSOs acquire the value of response variable
PDg from the TSO. Then, as the result of the decentralized
decision-making, DSOs sent back the value of the target varia-
ble PGy to the TSO. On the contrary, the TSO receives the
target variables PGg with fixed values for decision-making and
provides the values of response variables PDg to DSOs. The
detailed inner-outer loop calculation for the iterative interac-
tion is shown in Appendix A.

Update penalty multipliers
k=k+1, 1=0

! Decentralized decision-making boundary

|

} information }
k,I* Kk.I* k,I*

| PDg) PDgj PDg 3o, }
| Y |
| Lower Ievel‘ DSO 1 ‘ ‘ DSOj ‘ ‘ DSQ]D,L |
| _boundary pGk!* pGk!* beokl* mﬂ
I information| B B,j OB Il
} h 4 y v I
| Upper level ‘ TSO ‘ }
| |
I N Innerloop| |
| |

Outer loop

converge?
Fig. 4. ATC based iterative process of TS-DS interaction

The TS-DS interaction is the boundary information ex-
change between the TS and DS. The boundary information
refers to the value of boundary power calculated by the TSO
and each DSO, respectively. Thus, although there is a bulk
system and complex operation information in the coordinated
restoration of TS-DS system, the decentralized decision-
making is implemented by interaction of boundary power. The
restoration strategies from different subsystems influence each
other by the coordination of boundary power between the TS
and DS. Even though the TSO and DSOs have different objec-
tives, the overall objective of the TS-DS system is still realized
through the coordination of the decentralized decision-making.

The combination of updating the Lagrangian multiplier and
augmented Lagrangian penalty function is the method of mul-
tipliers, which is proven to converge to the optimal solution of
the original problem when models are convex [39]. That
means although decisions are made in a decentralized way, the
overall system performance target can still be achieved. The
ATC method with the method of multipliers makes the decen-
tralized decision-making framework possible to implement,
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however, its convergence requires convexity of the objective
function and constraints [40] while the models of the TSO and
DSOs are non-convex and discontinuous with complex con-
straints and tremendous binary variables of load pick-up. Since
the quadratic term of the penalty function with a large value of
w can act as a local “convexifier”, the ATC method may pro-
vide a result for the non-convex problem. However, this will
lead to a compromise for the global optimality with an unac-
ceptable optimization gap for the load restoration models.
These problems are addressed in Section IV.

IV. DECENTRALIZED OPTIMIZATION METHOD TO SOLVE NON-
CONVEX RESTORATION PROBLEM

In this section, the TL_ATC method is proposed to guaran-
tee the convergence of decentralized optimization of the non-
convex restoration model. First, the original models of the
TSO and DSO are transformed into mixed-integer quadratic
programming (MIQP) and MILP models. Using these prepro-
cessed models, a three loop iterative algorithm is designed to
obtain the optimal decentralized restoration strategy. Applying
the TL_ATC method, the result of iteratively solving MIQP
models can be obtained by iteratively performing quadratic
programming (QP) and MILP.

A. Pre-processing of TSO and DSO Optimization Models

The pre-processing, which includes constraints linearization
and binary variable relaxation, is to construct different mathe-
matical forms of the TSO and DSO optimization models. For
the TSO model, a linear-programming approximation of AC
power flow (LPAC) method [41] is employed to achieve line-
arization of power flow constraints. Then, (25)-(26) can be
replaced by (43)-(47). Besides, the quadratic constraint of
branch flow (27) is linearized by (48)-(51).

V,=1+0, o,(p.u)e(-V,,+x) (43)
an =0m — gnmcos*enm - bnm (en _em) (44)
Qnm = _bnm —Om (en - em) + bnmcos*enm - bnm (5n - 5m) (45)

€0s'6,, > CoSAD, . (46)

cos0,, <-sin(vd —A0, )0, -6, —vd +Ad,_.) )
+cos(vd —Ab,,.) v=12..2h

_Snm,max < nm < Snm,max (48)

_Snm,max < Qnm < Snm,max (49)
_\/Esnm,max < an +Qnm < \/Esnm,max (50)

_\/Esnm,max < an 'Qnm < \/Esnm,max (51)

For the DSO model, the linearized DisFlow model in [18] is
used. Then, (37)-(39) and (41) are respectively transformed
into (52)-(54) and (55)-(58). The details of this linearization
method are given in [18]. Note that n means the branch n.

PDS‘nm = PDs,an ~ Posn, (52)
QDS,nm = QDs,noul ~Opsn, (53)

0
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-V, /Ln,max/r < Posn Vo o/Lnmax /T (55)

Vo Lo /T < Qosn <Vo Lo max /T (56)

Vo /2L max /T2 < Posin+ Qosn <Vo y2Lnmax /Ta (57)
Vo 2L e /T2 < Posn = Qosin <V /2L e /T (58)

Up to now, the TSO Model M1 in (59) and the DSO Model
M2 in (60) are MIQP models with binary variable vectors Xt
and Xp,. If X7 and Xp, are relaxed to continuous ones, M1 and
M2 are transformed to QP models.

ML: objective (17)
st. (18)—(24),(28)—(31),(43)—(51)

M2 : objective (32) 60
st. (33)—(36),(40),(42),(52) — (58) (60)

In addition, the completely independent models of the TSO
(M3) and DSO (M4) are created to perform the TL_ATC
method. Both M3 in (46) and M4 in (47) are MILP models. z
is the iterative index of the TL_ATC method.

M3: Max'z (CTL,i pTL‘iX'T'L‘i )_ z ( pG,ini,i + RiTZ)

(59)

ieQr ieQy (61)
st. (18)-(24),(28)-(31),(43)-(51)
M4 :Max Z (CDL,j,ipDL,j,iXIZDL,j,i)
ie%u (62)

st. (33)-(36),(40), (42),(52) - (58)

B. Iteration Process of TL_ATC

Based on the inner-outer loop iteration of the ATC method,
the third loop with the iterative index z is added to form the
three loop iterative structure. The third loop is designed to deal
with the binary variables in the restoration model. Three types
of models are required in the proposed TL_ATL method as
shown in Fig. 5: Typel: M1 and M2 with the binary variables
being set as continuous variables between 0-1, Type2: M1 and
M2 with binary variables the fixed values of load pickup and
Type3: M3 and M4 with boundary power with fixed values.
The final restoration strategy of the TS-DS system can be de-
termined as long as the convergence conditions of the three
loops iteration are satisfied.

Using the Models in (59)-(62) (M1, M2, M3 and M4), the
flowchart of the TL_ATC method is shown in Fig. 5, and the
detailed iterative process is listed as follows:

Step O: (Initialize) Set z=0 and obtain TSO and DSO models
M1, M2, M3 and M4,

Step 1: (Solve the QP problem) Apply the ATC method to

M1 as the upper level model and M2 as the lower level models.

Note that load pickup variables in X7 and xp,_ are all relaxed
to continuous variables. Therefore, models in this stage are QP
problems.

Step 2: (Solve the MILP problem) Use the optimal boundary
power Pg obtained from Step 1. The MILP models M3 and M4
are solved with fixed PDg' and PGy', respectively. Note that
load pickup variables in x7_ and Xxp, are binary variables and
the optimal result is obtained by solving the MILP model.

Step 3: (Check convergence) Check (63)-(65) where F is the

7

summary value of TSO objective (17) and DSO objectives
(32). If (63) and (64) are satisfied or the iteration limit (65) is
reached, the final converged result is obtained, otherwise, pro-
ceed to Step 4.

‘(FZ—FH)/FZ <e, A ‘(F“—FH)/F“ <e,  (63)
Xp = Xﬁl A XéL,j = XIZDLl,j (Vj e Q) (64)
227 (65)

Step 4: (Solve the QP problem) Set z=z+1. Applying ATC
to M1 and M2 with fixed load pickup variables obtained from
Step 2. Since the binary variables are fixed, the model is a QP

problem.
Step 0
Initialize: z=0
Obtain model M1 M2 M3 M4

| _Stepl

1| Apply MM_ATC to M1 and M2 with
|| continuous load pickup variables
=

— Y L =

Apply ATC to M1 and
M2 with fixed load
pickup variables

Solve model M3 and M4 with
fixed boundary powers

Obtain optimal result of binary
load pickup variables

m
ra
<
w
o]
‘Q ¥
S
<
3
<
Q
@
jiS)
z

Fig. 5. Flowchart of the TL_ATC method

As shown in Fig. 5, the TL_ATC method still has the form
of decentralized optimization. The TL_ATC method is feasi-
ble as long as the models of the TSO and DSO are convex
after relaxing the binary variables. Consequently, it is conven-
ient to integrate the existing TS restoration models and the
general operation models of DS. The convergence of the
TL_ATC is proved in Appendix B.

The TL_ATC method improves the ATC method by compu-
tational scale reduction and mathematical programming model
simplification. Compared with the ATC method, the TL_ATC
method reduces computational scale of the models by decreas-
ing the number of variables and related constraints. Besides,
the TL_ATC method performs QP and MILP, while the ATC
method does MIQP. Overall, the TL_ATC method not only
guarantees the convergence but also improves the computation
efficiency by solving the models with the simpler mathematical
programming form and smaller computational scale.

V. CASE STUDY

Three systems are used to demonstrate the effectiveness of
the proposed method. The first one, named as T6D2, including
one six-bus TS and two ADSs. The second system is T118D30
which contains the IEEE-118-bus test system and 30 ADSs.
The third one is a real-world TS-DS system in Dongying City,
Shandong province, China. It has 5 major plants in the TS and
23 DGs in DS, 113 nodes, 52 transmission lines and 77 distri-
bution lines of 220kV and 110kV voltage level, respectively.
All case studies were conducted using Gurobi V7.5.1 on a
computer with the Intel(R) Core(TM) i5-2400 CPU and 4 GB
RAM. The initial values of the TS boundary power PGg' for

0885-8950 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2019.2908449, IEEE

Transactions on Power Systems

all the tested system are set as 0. The simulation conditions are
presented in Appendix C.

A. lterative Interaction Process of Determining the
Coordinated Restoration Strategy

The T6D2 system is shown in Fig. 6. There are a TSO for
the TS, DSO1 for ADS1 with five loads and two DGs and
DSO2 for ADS2 with four loads and two DGs. All the
parameters of the T6D2 system are the same as in [11]. The
detailed process of obtaining the coordinated restoration
strategy is presented as follows.

ADG2 DG2
L48.4% G1 G2 ADG1
L311.2% B1 B2 B3 !
7 T 2
111306 <]
L113.2% HEEE
La5%<] D> L2asw
| — | — 8 4
B4 ‘ B5 B6 (=
DG2 9| _ |6 |5
L 40% Ga
L53.4% L3 3.8%
DG1

Fig. 6. Six-bus system with two ADGs

i) Firstly, binary variables of load pickup are relaxed to con-
tinuous ones to obtain the upper bound of the objective. DSO1
and DSO2 perform decentralized decision-making by parallel
optimization calculation. According to the result, the two
ADSs determine the target variables, which are the boundary
powers of the lower level, as PD=[7.27, 15.56] MW. Consid-
ering the boundary power of DSOs and its own objective, the
TSO decides the response variables, which are the boundary
powers of the upper level, to be PGg=[6.27, 14.56] MW. After
the coordination process through 4 inner loop iterations and 2
outer loop iterations, the values of SVs between the TS and DS
are Pg=[6.65, 14.86] MW. ii) Secondly, load pickup variables
return to binary forms. With fixed SVs in Pg, the TSO deter-
mines its restoration strategy as Xy =[1] and pg=[58.78, 36.73,
26.27] MW, while two DSOs have strategies as ppc1=[10, 12]
MW, XDL,1:[11 0, 1, O, l] and pDG,Z:[ZOv 15] MW, XDL,Z:[11 O,
1, 0], respectively. iii) Thirdly, regarding load pickup varia-
bles as fixed ones, there is another coordination process for the
TS and DSs. Through 2 third loop iterations, the unit genera-
tion in the TS is adjusted to be pg=[58.15, 37.14, 26.72] MW
and SVs are changed to Pg=[6, 16] MW. Applying the new
SVs, the load pickup variables do not change. Therefore, the
final coordinated restoration strategy of the TS-DS system is
obtained.

In the final coordinated restoration strategy, the outputs of
G1, G2 and G2 are 58.78 MW, 36.73 MW and 26.27 MW,
respectively, and the outputs of DGs in the DS1 are 10 MW
and 12 MW while the outputs of DGs in the DS2 are 20 MW
and 15 MW. Set the initial time of the TS-DS coordination as
0 min, then, at 8.89 min, load L of the TS, L1 L3 L4 of DS1
and L1 L3of DS2 are picked up. Applying this strategy, the
boundary exchange powers are 6 MW for TS-DS1 and 16 MW
for the TS-DS2.

B. Performance of TL_ATC using the T118D30 system

T118D30 system has 118-bus transmission system with 30
ADSs. The ADS is the IEEE-33 DS with five DGs. The
computation performance of this case is listed in Table I. Set
p=1. The iteration limitation of the inner, outer and the third
loop for the T118D30 system are all 50.
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For the purpose of comparison, the original ATC method is
also applied in the system. The calculation time, objective val-
ue F and iteration number under different convergence thresh-
olds are shown in the Table I. Besides, the objective value of
the centralized optimization is demonstrated to show the opti-
mization gap of these two methods. According to the result, a
higher requirement of convergence thresholds increases itera-
tion numbers of the ATC and TL_ATC, however, the latter
performs better in computation time. That is because the math-
ematical programming models in the TL_ATC method are QP
and MILP while the ATC method performs MIQP. Based on
the TL_ATC method, model optimizations in the iteration pro-
cess are with many fixed variables so that the computational

scales are smaller.
TABLE|
COMPUTATION PERFORMANCE OF DIFFERENT METHODS

SYS ATC1 ATC2 ATC3 TL1 ATCTL2 ATCTL3 ATC
Cat'lir‘]‘éa(ts'?” 1155  / / 853 947 1132
F -2740.91 / / -2714.32 -2714.15 -2712.83
?i'(’)tr']'gég' 115% I 018% 071% 0.12%
T118 Iteration
D30 (e ky @2 I (3821) (3824) (41132)
_ _ _ =0.1 £=0.01 £=0.01
Convergence 81:0'1 81:0'01 81__0'01 £=0.1 =001 &=0.001
=01 =001 =0.001 & = ~
threshold =01 £4=0.01 £4=001 £3=0.1 £3=0.01 £3=0.01
SRS GTUES G £=0.1 =001 £=0.01
Centralized Objective=-2709.51
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Fig. 7. Target and response power of bus 24 (a), boundary power mismatch
between TS and DS of 30 buses (b), objective value changes (c) in iteration
process and the status of convergence threshold (d).

For the T118D30 system, the convergence problem of the
ATC method appears when the convergence thresholds are set
as 0.01. According to Fig. 7, both target variable PDg and re-
sponse variable PGg try to be close to each other in the itera-
tion process with the ATC or TL_ATC method. However, the
gap is difficult to be eliminated with the ATC method as
shown by ATC2_PDg,4 and ATC2_PGg,, in Fig. 7 (a). The
mismatch of boundary power between the TS and DS cannot
reach the required convergence thresholds 0.01 by applying
the ATC method, while the TL_ATC making the mismatch
TL3_Mis less than 0.001 MW (Fig. 7 (b)). The mismatch
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ATC1_Mis equals to almost 1.1%, and much higher than the
acceptable 0.1% mismatch in the decentralized computation
method. Moreover, the multi-step restoration process will ac-
cumulate the error, which may finally lead to security violation.
Thus, the ATC is not feasible in this case. In Fig. 7 (c), the
changes of the objective function values of ATC (ATC1_F/
ATC2_F) and TL_ATC (TL3_F) in the iteration process are
presented. The objective function value of the TL_ATC is
higher than ATC and close enough to the centralized one with
0.12% optimization gap. Fig. 7 also shows the iteration pro-
cess of the ATC when the required convergence thresholds are
0.01 (ATC2). In this condition, the reason of the non-
convergence problem is the convergence threshold ATC2_¢;
cannot reach 0.01 as shown in Fig. 7 (d). This further leads to
the target variable PDg and response variable PGg not close to
each other by the outer loop in (a) and the mismatch of each
boundary power ATC2_Mis is beyond 1 MW in (b). Therefore,
the result is infeasible although the objective values ATC2_F
is better than the centralized optimization. In summary, the
TL_ATC method not only has better convergence performance
but also improves the restoration strategy by a 28.08 MW in-
crease of the objective function value.

C. Comparison of the Conventional Restoration Strategy and
Coordinated One in Real-world System

In the conventional restoration strategy of city Dongying,
the load side includes the loads connected to the TS directly
and DSs with or without DGs. The DSs participate in the pro-
cess as load blocks with fixed load amount. Considering the
integration of DGs, the operation center of city Dongying
would like to take advantage of the ‘active’ characteristic of
load side to benefit bulk system restoration. Thus, a coordinat-
ed restoration strategy is provided by applying the proposed
decentralized restoration scheme. For comparison, the conven-
tional restoration scheme, which separates the TS and DSs and
regards DSs as load blocks with fixed load amount, is also
applied. An optimistic assumption is made in the conventional
scheme: DGs have the largest output, thus, each DS keeps the

possible lowest total load amount.
TABLE I
RESTORATION EFFICIENCY COMPARISON OF DECENTRALIZED COORDINATION
SCHEME AND CONVERSIONAL SEPARATED SCHEME

Steps S1 S2 S3 S4 S5 S6 S7

Cal_t(s)| 6.83 471 385 1331 7.35 2.26 4.47
Decen

OP gap| 0.10% 0.46% 0.11% 0.08% 0.34% 0.17% 0.26%

Decen | -38.14 122.45 151.62 275.64 265.12 259.61 284.03

Objective™ 500,66 -47.66 27.34 2734 2734 2734 2734

values
Impro | 191.52 170.11 124.28 248.30 237.78 232.27 256.69

Load Decen |10.15% 31.57% 43.54% 62.57% 74.38% 87.74% 100%

Tecovery Conve | 6.80% 23.84% 38.14% 51.95% 63.21% 71.83% 83.28%

The restoration efficiency comparison between the decen-
tralized coordination scheme (Decen) and the conventional
separated scheme (Conve) is shown in Table Il. As can be seen,
with the computation time in seconds (Cal_t) and the optimiza-
tion gap within 0.5% (OP_gap), the proposed TL_ATC meth-
od can provide the coordination restoration scheme with high
computation efficiency. According to Table Il, the coordina-
tion scheme improves the objective values in each step and
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speeds up the load recovery process. Fig. 8 shows the load
restoration conditions in detail. Even though a positive as-
sumption (DGs have the largest output) is made in the conven-
tional restoration method, the coordinated one still has better
performance. The load recovery (L1) of the coordinated resto-
ration is completed in 7 steps with 67.17 min, while the con-
ventional one (L2) takes 9 steps with 82.14 min.

In the step-by-step restoration process, the voltage and fre-
quency will reach the worst conditions if all the selected loads
in the strategy of the current step are picked up at the begin-
ning of this time step. The security violation problem can be
avoided if the worst security conditions are within limitations.
Fig. 9 shows the worst security condition in different time-
interval according to the restoration strategies. Taking bus 3 of
the TS as an example, the voltage status of each step in the TS
with coordinated strategy (TV3) and conventional strategy
(CTV3) as well as Buses 3 and 8 in DS3 (DV3_3 and DV3_8)
are shown in Fig. 9 (a). Fig. 9 (b) demonstrates the coordinat-
ed and conventional frequency deviations (Coo_f and Con_f)
in each step. Accordingly, the voltage and frequency of the
two schemes both can be kept within the security constraints
(the red dotted line) even in the worst condition. That means
the coordination method speeds up the restoration process with
the same security constraints as the conventional one. The bet-
ter performance depends on the efficient matching of power
supply and demand by the coordination in the TS-DS system,
which is further explained in Fig.10.
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Fig. 9. Voltages of TS and DS (b) and frequencies (c) of coordinated restora-

tion and conventional restoration in the worst condition of each time interval

There are totally 346 iterations in 7 steps to achieve the
whole coordinated restoration process. Buses 3 and 6 are cho-
sen to be examples in Fig. 10. The goal of iteration in each
step is to fulfill the consistency of the TS boundary power
(PG3/PG6) and the corresponding DS boundary power
(PD3/PD6). SR means the finally result of each step with inner,
outer and the third loop number. The efficient coordination of
sources and loads has two aspects. One aspect is the flexible
adjustment of DGs in the DS. As can be seen in Fig. 10, the
DG output of ADS3 in each step is different from each other.
This part of power supply can be adjusted flexibly according
to the restoration requirement of each step and improves the
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objective function value. The other aspect is the open choice
of the role, a power consumer or a power supplier, that the
load side plays. In Fig. 10, the value of boundary power of Bus
6 is negative in the former steps. That means the coordinated
restoration allows the load side to provide TS with power sup-
port when necessary. This action benefits the restoration by
improving the whole objective function value and restoring
more important loads in the earlier stage.
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Fig. 10. Boundary powers of bus 3 and bus 6 of TS in the iteration process of
coordinated restoration
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V1. CONCLUSION

A new coordinated restoration of the TS and DSs is pre-
sented considering the operation of DSs in the bulk system
restoratio. A decentralized restoration scheme, which contains
the decentralized decision-making framework and the
TL_ATC decentralized optimization method, is designed to
achieve the coordinated restoration. With the decentralized
decision-making framework, the coupled TS-DS restoration
system can be coordinated by independent optimization of
subsystems and simple information interaction between TSO
and DSOs. The TL_ATC method provides reliable decentral-
ized restoration strategy by guaranteeing the convergence of
decentralized optimization with non-convex models. The case
study demonstrates the detailed coordinated restoration pro-
cess and the superiority of the TL_ATC method. By applying
the proposed method to a real-world system, the coordinated
restoration is proved to be more efficient to enhance resilience
than the conventional one.

Concentrating on the spatial coordination in the restoration
process of the TS-DS system, this paper constructs the decen-
tralized restoration scheme. To achieve the spatial-temporal
coordination of the TS-DS restoration, further work will focus
on the dynamic process of restoration as well as the uncertain-
ty of RESs.

APPENDIX A

The ATC based inner-outer loop calculation under the de-
centralized decision-making framework.

Step 0: (Initialize) Set k=0 for the outer loop and 1=0 for the
inner loop. Define the values of PGg;, viand w; for the first
iteration.

Step 1: (Inner loop) Set I=I+1. 1) DSO: Solve model (18)-
(27) with fixed PGy, from the last iteration and get PDsg;. 2)
TSO: Solve model with fixed PD}; (6)-(17) and obtain PGg'*
for next iteration in the DSO part.

Step 2: (Check convergence) 1) Inner loop check: Check
the inner loop convergence equations (A-1), (A-2). If they are
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satisfied or the inner iteration limit (A-3) is reached, proceed
to 2) for the outer loop check, otherwise, return to step 1.

PGE! —PGE! | < 4 Vi e Oy (A-1)
PDE! —PDE <5 Vieqy,  (A2)
1> L (A-3)

2) Outer loop check: Check equations (A-4), (A-5). F; is the
objective of subsystem i. If they are satisfied or the outer loop
iteration limit (A-6) is reached, the converged solution is ob-
tained, otherwise, go to step 3.

|PGE!, —PD | <2, Vi e Oy, (A-4)
(FE =Ry e <, (A-5)
k>K (A-6)

Step 3: (Outer loop) Set k=k+1 and update penalty parame-
ters viand w{ according to (A-7) and (A-8).

Vit = v'j( + 2(W? )2 (PDE:IJ- - PGSIIJ' ) Vj € Qpis (A-T)

]
W= pw (B21)  VieQy, (AB)

APPENDIX B

The proof of the convergence of the TL_ATC method.
Problem (1) can be rewritten as (B-1).
Max F (X, Pg. Ps. P ) (B1)
st. X €0,,p; €0,,P; €0,,py; €0,

According to the flowchart in Fig. 5, binary variables in x,
are relaxed as continuous variables. Solve the model, then,
there is the maximum value of objective Fn.. and the optimal
result of Pg. Note that F,., can be the upper bound of objective
value in model (B-1) with binary variable vector x, .

Define x_ as the vector of binary variables. Solve (B-2) with
fixed Pg as Pg and get the optimal result of x, pg and ppg as
X, Ps and Pge. Then, formula (B-3) can be obtained.

Max F (X_, Pg. Ps: Poc )

(B-2)
st. X €0,,p; €09,,P,

= PBZ! Poc €9,
F (X0, P& Ps Poe )= F (XL Pe, P Pog )
VX, €0,,Vp; €0,,Vpy,, €0,

Solve (B-4) with fixed x_ as x; and get the optimal result of
Ps, pe and ppg as P, ps* and pse. Then, formula (B-5) can
be obtained.

Max F (X, Ps., Ps, Pog )

(B-3)

(B-4)
st. X, =X ,Ps €09,,P; =P5, pys €9,
F (X, P& Ps™, pha )2 F (X!, Po, Pas Pog )

Vp, €0,,VP, €0,,Vp,, €0,

Due to (B-3), (B-6) can be obtained when z=z+1.
F (X" e e pas )= F (X0 s P, Poc )
VX, €0,,Vp; €0,,Vp,; €0,

Thus, there is formula (B-7):

(B-5)

(B-6)

0885-8950 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRS.2019.2908449, IEEE

Transactions on Power Systems

11

= XHl, z+l’Pz+1, 741 >F XZ, z+l,Pz+1, 741 B-7 TS(MW) 0 0 0 0 100 0
<L Pe ™ Te pDG) (L Pe T pDG)( ) ADGIMW) 0 75 12 0 0 95 125 0 85

According to (B-5), (B-8) is obtained. ADG2(MW) 0 0 33 0 18 28 21
F (X", P& Ps™, phe )2 F(X{, Pe.Ps Poo )

(B-8) TABLE VII
Vps €0,,VP; €0,,Vpy; €0, GENERATOR DATA
. _ . Bus P Qmax Qmin Prmax Prmin I’(MW/h)
Finally, formulal(B 9)l is prlovedl. 10 55500 =YY, = 5 200
F(XE+  PEt P, pEa ) 2 F(XE, Pe. Pa. IOSG) (B-9) 123024 120 35 185 0 90
r a mr a s . . . 25 198.05 140 -47 320 0 180
(B-9) presents that F(X;, ps, P&, Poc) is an increasing function. 56 1156 1000 1000 14 0 180
Note that the value of F has an upper bound F,.,. Therefore, 31 0 300 -300 107 0 60
the TL_ATC method must converge. The convergence of the 46 112.78 100 -100 119 0 60
TL_ATC method ensures that a feasible decentralized strate- 49 _ 21587 210 -85 304 0 180
be obtained. Since the problem is non-convex, the > 4102 300 =300 148 0 %
gy can be obtained. ol pros ' 59 18843 180 60 255 0 90
result may converge to a local maximum. However, because 61 185.15 300 2100 260 0 90
the three loop iteration part (step 2-4 in Fig. 5) of the 65 202.59 200 -67 491 0 200
TL_ATC method starts with the shared variables with the 66 20283 200 -67 492 0 200
lobal optimal values of the convex models (stepl in Fig. 5) 09 22103 999 300 8052 0 120
9 p _ (Step 9. 9), 80 140023 280 -165 577 0 200
the proposed method can provide a result with an acceptable 87 0 1000 100 104 0 60
optimization gap. 89 309.12 300 -210 707 0 400
100 24348 155 -50 352 0 180
103 0 40 -15 140 0 60
APPENDIX C 111 0 1000  -100 136 0 60
TABLE Il
GENERATOR AND DG DATA TABLE VIII
SYS Unit MP :Amax MVrV/h SYS DG ’I\Dﬂmi" Enmax TS BOUNDARY BUSES AND THE CONNECTED DS TOTAL LOAD AMOUNT
(MW) (MW) ( ) (SN) (1\5’\’) Tspus  L7181920272829333435395357587074 7576
1 80 20 50  pep 1 77 84 90 102 104 105 106 107 108 109 112 118]
TS 2 30 100 50 2 0 18 Load amount [49 60 45 48 71 47 34 43 59 33 37 43 32 42 66 68 61 41
3 20 25 20 1 5 28 (MW) 163 55 38 31 43 50 32 48 68 53]
ADG2
2 0 19
TABLE XIV
TABLE IV DG OUTPUT DATA IN DISTRIBUTION SYSTEM
TRANSMISSION NETWORK DATA DS bus Prin(MW) Prax(MW)
From Bus To Bus X(p.u.)  Flow limit(MW) 6 0 100
1 2 0.170 200 ;g 8 ;8
1 4 0.258 200
2 3 0.037 190 . . . .
5 2 5157 200 The input data used in the T6D2 system are listed in Ta-
3 6 0'018 180 bles I11-VI. The T118D30 system has IEEE-118 transmission
A 5 0037 150 system with 30 ADSs. The ADSs are the modified IEEE-33
5 6 0140 180 systems with five DGs shown in Table XIV. The generator
data are presented in Table VII. Table VIII shows the TS
TABLE V boundary buses which connect the TS and 30 DSs. The cor-
DISTRIBUTION NETWORK DATA responding load amount is the total load amount of the con-
ADG1 ADG?2 nected IEEE-33 system. The load amount of each load block
From  To X (p.u) Floyr From  To X (p.u) ::‘IO\'AtI in the ADS is proportionally distributed according to the total
imi imi amount in Table VIII and the initial IEEE-33 system load
B3 1 0.2 60 B4 1 0.2 70 . . I
amount, e.g., the total amount in Table VIII is a, the initial
1 2 019 60 1 2 015 70 .
5 3 021 30 5 3 5.2 %0 DS total load amount is b and the DS load amount connected
. : . . .
> 7 0o 30 3 7 518770 to one bus is c, then, the used load amount is b/a*c. All the
3 7 020 40 2 5018 40 other data follows the standard IEEE-118 system and IEEE-
4 5 018 20 | 4 6 018 50 33 system.
4 6 018 30 6 7 016 40
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