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Two-stage Optimal Dispatching of AC/DC
Hybrid Active Distribution Systems
Considering Network Flexibility
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Abstract—The increasing flexibility of active distribution sys-
tems (ADSs) coupled with the high penetration of renewable dis-
tributed generators (RDGs) leads to the increase of the complex-
ity. It is of practical significance to achieve the largest amount
of RDG penetration in ADSs and maintain the optimal opera-
tion. This study establishes an alternating current (AC)/direct
current (DC) hybrid ADS model that considers the dynamic
thermal rating, soft open point, and distribution network recon-
figuration (DNR). Moreover, it transforms the optimal dispatch-
ing into a second-order cone programming problem. Consider-
ing the different control time scales of dispatchable resources,
the following two-stage dispatching framework is proposed. (D
The day-ahead dispatch uses hourly input data with the goal of
minimizing the grid loss and RDG dropout. It obtains the opti-
mal 24-hour schedule to determine the dispatching plans for
DNR and the energy storage system. (2) The intraday dispatch
uses 15 min of input data for 1-hour rolling-plan dispatch but
only executes the first 15 min of dispatching. To eliminate error
between the actual operation and dispatching plan, the first 15
min is divided into three 5-min step-by-step executions. The
goal of each step is to trace the tie-line power of the intraday
rolling-plan dispatch to the greatest extent at the minimum
cost. The measured data are used as feedback input for the roll-
ing-plan dispatch after each step is executed. A case study
shows that the comprehensive cooperative ADS model can re-
lease the line capacity, reduce losses, and improve the penetra-
tion rate of RDGs. Further, the two-stage dispatching frame-
work can handle source-load fluctuations and enhance system
stability.

Index Terms—Two-stage dispatching, network flexibility, re-
newable distributed generator, second-order cone programming
(SOCP), alternating current (AC)/direct current (DC) hybrid ac-
tive distribution system.
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NOMENCLATURE

Indexes of nodes connected to the i" node as
the end/start node in alternating current (AC)
grid

Indexes of nodes connected to the #n™ node as
the end/start node in direct current (DC) grid
Index of nodes in AC grid

Index of lines in AC and DC grids

Index of nodes in DC grid

Index of nodes in AC and DC grids

Sets of branches with the i node as the start/
end node in the AC grid

Sets of branches with the n™ node as the start/
end node in the DC grid

Sets of nodes in AC and DC grids
Set of dividing points
Decision variables

Differences of decision variables between roll-
ing-plan dispatch and real-time feedback dis-
patch

Apparent power of tie-line of real-time feed-
back dispatch and rolling-plan dispatch

Start and end dividing points of the X" segment
Similar diameter
Day-ahead dispatch divided into k£ segments

Binary variables associated with ESS charging
and discharging at node s during period ¢

Square of current magnitude through branch (j,
i) during period ¢

Square of current magnitude through inside of
VSC at node i during period ¢

Actual line current rating calculated by dynam-
ic thermal rating (DTR)
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Times of distribution network reconfiguration
(DNR) in the day-ahead dispatch

Binary variables that indicate the power direc-
tion through branch (i,j) during period ¢

Equivalent load demand of active distribution
system (ADS) in hour [{, {+ 1]

Equivalent load average value in segment

[dk— lﬁdk]

Active and reactive power through branch (j,7)
during period ¢

Active and reactive power injections at node i
during period ¢

Active power injection at node n during period
t

Active and reactive power injections at node i
by substation and renewable distributed gener-
ators (RDGs) during period ¢

Active power injection at node n by RDGs
duringperiod ¢

Active and reactive power outflowing from
node i to load, voltage source converter
(VSC), and soft open point (SOP) during peri-
odt

Active power outflowing from node » to load
during period ¢

Active power injection at node i by the AC
grid through VSC

Active power injections from energy storage
systems (ESSs) at node s, n, i during period ¢

Active power outflowing to ESSs at node s, n,
i during period ¢

Dropout of RDG during period ¢

Reactive power injection by static var genera-
tor (SVG) at node i during period ¢

Reactive power flowing out from ideal VSC

Convection heat loss parameter, radiated heat
loss parameter, and total solar and sky radiated
heat parameter

AC resistance of conductor at temperature 7,

Micrometeorological variables of conductor
temperature, ambient temperature, wind
speed, and wind angle

Voltage of the i" node during period ¢
Voltage of the n" node during period ¢

Square of voltage magnitude at node i during
period ¢

Voltage of conductor

Binary variable associated with branch (i,/) on/
off during period ¢

Actual capacity of ESS at node s during peri-
od ¢

D. Parameters

o, f Charging and discharging efficiencies of ESS

tan 0 Power factor of RDG

T Constant used to control the switching be-
tween economic and safety dispatch

At Charging and discharging unit time interval of
ESS

At,, At,,, At, Time slots of day-ahead dispatch, rolling-plan
dispatch, and real-time feedback dispatch

C, Crpe Costs of grid loss and RDG dropout

pes Forecasted active power generated by RDGs
at node 7 during period ¢

P The maximum charging and discharging rates
of ESS

P5¢ PS¢ The maximum and minimum active power of
VSC

The maximum and minimum values of static
var compensator (SVC)

Svc Svc
Qmax’ Qmin

O2¢ 0%¢  The maximum and minimum reactive power

of VSC
SoP Q%9 The maximum and minimum reactive power

of SOP

R, X Resistance and reactance of branch (j,i)

R,. X, Equivalent resistance and reactance of VSC

818 max Actual and maximum capacity ratings of line

SIC 8397 The maximum capacities of VSC and SOP

U, U The maximum and minimum voltages of
nodes in AC grid

UPS, UPS The maximum and minimum voltages of
nodes in DC grid

Woame The maximum capacity of ESS

I. INTRODUCTION

ITH the establishment of the goals of “carbon emis-
Wsion peak and carbon neutrality goals”, a large num-
ber of flexible resources, such as renewable distributed gen-
erators (RDGs), energy storage systems (ESSs), and mi-
crogrids, have been connected to distribution systems, thus
making such systems more flexible but uncertain with regard
to the source, network, and load [1]. Traditional control
methods for distribution networks primarily adjust the operat-
ing state with power generation control, and use decentral-
ized control and local balancing strategies [2] to regulate the
voltage. However, these methods cannot realize continuous
and rapid real-time adjustment [3]. Thus, the power grid
lacks the ability of flexible adjustment and they are difficult
to apply to alternating current (AC)/direct current (DC) hy-
brid active distribution systems (ADSs). A more serious is-
sue is that the coupling between flexible resources amplifies
fluctuations [4] and affects the safe operation of a distribu-
tion system. In addition, RDGs such as photovoltaics (PVs)
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and wind turbines (WTs) are intermittent and significantly
fluctuate, thus easily affecting the quality of power supplied
to a distribution system [5]. Accordingly, numerous scholars
have proposed ADSs, which use flexible control strategies
that are suitable for accessing RDGs with high penetration
rates [6].

Scholars have conducted numerous studies on the uncer-
tainties of ADSs by utilizing stochastic programming, robust
optimization, and interval notation. Stochastic programming
generally assumes that random variables obey a given proba-
bility distribution (for example, assuming that the WT and
PV forecasting errors obey a normal distribution [7], [8]) to
model the uncertainty factor. However, this method is limit-
ed by the accuracy of the description of the uncertainty.
Therefore, scholars have proposed a data-driven random vari-
able model. References [9], [10] used historical data and dif-
ferent deep learning models to improve the accuracy of the
WT and load predictions, respectively, in the short term. Un-
like stochastic programming, robust optimization does not re-
quire setting a probability distribution for the uncertainty but
directly determines the worst scenario in the uncertainty set.
References [11]-[13] constructed a polyhedral uncertainty set
for the output of WTs, which was used for the scheduling
and planning of power systems [11]-[13]. Nevertheless, the
results of robust optimization are conservative [14]. Some re-
searchers have proposed the interval notation to expand the
scheduling space. In particular, [15] introduced an interval
probability to the concept of prediction for PVs instead of
using traditional point forecasters to provide further informa-
tion. The aforementioned methods focus on improving the
prediction accuracy to reduce the uncertainty in the RDG
output but ignore the complementarity of resources in the
ADS. In response, some researchers have considered the co-
ordination of flexible sources and loads to reduce the impact
of uncertainty. Reference [16] proposed probabilistic optimal
reactive power planning with the coordination of RDGs and
loads to reduce the influence of uncertainty. Reference [17]
used ESSs to reduce the uncertainty caused by fluctuations
in PVs. However, the aforementioned measures did not con-
sider the flexibility of the network.

The flexibility of the adjustment to the network structure
is improved with the connection of a feeder terminal unit,
which can accomplish distribution network reconfiguration
(DNR) [18]-[21] in real time. In addition, with the applica-
tion and promotion of power electronic equipment in ADSs,
AC/DC hybrid ADSs based on voltage source converters
(VSCs) are emerging; they realize a flexible and controllable
power flow via soft open points (SOPs) [22], [23] and DC
links [24], [25]. Moreover, dynamic thermal rating (DTR)
technology [26], [27], which has been used in transmission
systems, can be used in AC/DC hybrid ADSs to increase the
flexible transmission capacity of the network. Such flexibili-
ties in the structure, power flow, and capacity of the ADS
cannot be disregarded, and several researchers have consid-
ered some of these issues. The first group of researchers uti-
lized mixed-integer programming [18], [19] and heuristic al-

gorithms [20], [21] to implement DNR in an AC distribution
network. The second group of researchers expanded a pure
AC grid to an AC/DC hybrid ADS: (D [22], [23] trans-
formed the tie line into an SOP in the ADS, built an SOP
quadratic programming model, and realized real-time control
of its active and reactive power; @ [24], [25], [28]-[30] es-
tablished a quadratic programming model for AC/DC hybrid
ADSs and realized optimal control of the radial structure in
consideration of new energy fluctuations [28] and microgrid
clusters [29]. This model was also applied to the optimal op-
eration of a multi-DC interconnected ADS [30] and planning
field [24], [25]. The third group of researchers, used DTR
technology combined with a microgrid [26] and PVs [27],
and achieved safe and economical operation of the ADS. Al-
though the literature has considered some aspects of the flex-
ibility of the ADS, a model and solution for comprehensive
co-optimization still must be determined.

The optimized operation of dispatchable resources in an
AC/DC hybrid ADS occurs on different time scales and
must be separately considered. For example, DNR and an
ESS cannot be frequently implemented, typically at the hour
level at best [31], whereas the dispatch of a static var com-
pensator (SVC) and an SOP is within minutes [23], general-
ly 5-15 min at best. Moreover, the input data (the predicted
values of the RDGs and load are regarded as the input data
for dispatching) at different time scales affect the scheduling
optimization results. Essentially, the longer time interval re-
sults in a greater error between the input data and actual val-
ue and, thus, the less accurate dispatching result based on
these input data. Nonetheless, a shorter time interval requires
more data and results in the lower solution efficiency and
more unstable system. Some researchers have built multi-
scale optimal scheduling models to solve the above prob-
lems. Multiscale scheduling models have been established
for distributed generation (DG) [32], on-load tap changers
(OLTCs) [33], and commercial buildings with virtual energy
storage [34] in the AC power grid. Two-stage scheduling for
AC/DC hybrid ADSs considering DG and electric vehicle
(EV) coordination [35] and ESSs [36] has been realized.
However, the above studies did not consider the objective er-
ror between the actual operation and optimization plan.
Therefore, a more sophisticated framework that considers all
aforementioned aspects is necessary for an ADS to achieve
an optimal state. For clarity, Table I compares the functional-
ities of the proposed model with those in previous studies,
and Table II summarizes the differences between the models
in previous studies and the proposed model. The two tables
indicate several important deficiencies, which are as follows.

1) A wide majority of papers, which focused on the net-
work flexibility of AC/DC hybrid ADSs, did not build a
comprehensive model, particularly considering the DNR,
SOP, and DTR together, which may allow the ADS to be saf-
er and more economic, and accept more RDGs.

2) The dispatching framework has not balanced the contra-
diction between economic and safety dispatching; in particu-
lar, it has not achieved a balance between the maximum
number of accommodated RDGs and the voltage stability.
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TABLE I
FUNCTIONALITIES OF MODEL PROPOSED IN THIS PAPER AND THOSE IN
PREVIOUS STUDIES

DNR AC/DC
[18]-[22], [24], [25],

[26], [28] [28]-[30]

Increased RDG J J J J
accommodation

SOp
[22], [23]

DTR
[26], [27]

Proposed

Functionality model

Reconfigurable J
architecture

power control

J
Real-time J J J
J

Expanded trans- J
fer capability

TABLE 11
DIFFERENCES BETWEEN MODELS IN PREVIOUS STUDIES AND
PROPOSED MODEL

Difference Reference Proposed
model
Single time scale [21]
Day-ahead & real-time [281, [321, [33], [35], [37]
Multiple time scales [34]
Minimized network loss and
RDG dropout (economic dispatch) (211, [28], [34], [35]
Minimized network loss and volt- (321, [33], [36], [38] J

age fluctuation (safety dispatch)

3) With the increase in dispatchable resources in AC/DC
hybrid ADSs, the time scales of different resources and the
dispatching framework need to be further refined. Moreover,
the error between the actual operation and optimal plan
caused by model mismatches must be solved using the
framework.

Thus, a novel two-stage optimal dispatching framework
for comprehensive cooperative AC/DC hybrid ADSs is pro-
posed herein. The contributions of this study are summarized
as follows.

1) A comprehensive cooperative ADS model that consid-
ers DNR, SOPs, DTR, and AC/DC hybridization is pro-
posed. This model can release the line capacity, reduce loss-
es, and improve the penetration rate of RDGs.

2) A novel two-stage framework for an AC/DC hybrid
ADS, which considers the aforementioned dispatchable re-
sources applied at different time scales, is introduced. The
day-ahead dispatch outputs the hour-level optimization for
DNR and the ESSs. The intraday dispatch provides a minute-
level optimization of the remaining dispatchable resources.
To further reduce the operation frequency of DNR, a time
consolidation method based on Fisher segmentation is intro-
duced. A threshold is set to check the difference between the
day-ahead and intraday forecasts of the RDGs and the load
to determine whether to start the intraday dispatch.

3) The intraday dispatch is decomposed into two parts,
namely, the rolling-plan and real-time feedback dispatches,
to overcome the deviation between the actual operation and
optimization results, and accomplish economic and safety
dispatching. The rolling-plan dispatch has the same objective

(to minimize the network loss and RDG dropout) as the day-
ahead dispatch but optimizes for the next hour instead of a
day. The rolling-plan dispatch is only implemented for the
first 15 min in the above optimal scheduling result and it
continues to optimize for the next hour and rolls again.
Once an overvoltage is detected in the next hour of the roll-
ing-plan dispatch, the aforementioned plan is reoptimized
through safety dispatching, i.e., minimizing the network loss
and voltage fluctuation. Real-time feedback dispatch divides
the 15 min operation in the rolling-plan dispatch into three
steps for execution (5 min each). The goal of this execution
strategy is to follow the rolling-plan dispatch and minimize
changes in the decision variables. The optimized value is re-
placed with the measured result to form closed-loop feed-
back after each step is completed to allow eliminating the er-
ror in each step.

The remainder of this paper is organized as follows. In
Section II, the two-stage dispatching framework for AC/DC
hybrid ADSs is presented. In Sections III and IV, the details
of the day-ahead and intraday dispatches and solutions are
described, respectively. In Section V, simulation and discus-
sion are presented. Finally, this paper is concluded in Sec-
tion VL.

II. TWO-STAGE DISPATCHING FRAMEWORK FOR AC/DC
HYBRID ADSs

In consideration of the cost, lines with numerous DC
sources can first be transformed into DC feeders, and some
tie lines in an AC distribution system can be gradually re-
placed with SOPs. The connection between the AC and DC
grids uses a VSC, as shown in Fig. 1. Similar to an AC dis-
tribution network, the AC/DC hybrid ADS is still a loop de-
sign but operates in a radial manner. Accordingly, a model
for AC/DC hybrid ADSs is presented in this section along
with a two-stage dispatching framework to realize the opti-
mal operation of decision variables at different time scales.

" AC distribution system

1 DC], NAC :
| RDG [, A\ |-=—{p¢ |
| 1SS SOP AC load !
Feeder oo —.-»”--——————— L [ Feeder 2,

—AC line; — DC line; - - -- AC tie line; - - --DC tie line

Fig. 1. Typical structure of an AC/DC hybrid ADS.

A. Modeling of AC/DC Hybrid ADSs

Figure 1 shows that an AC/DC hybrid ADS consists of
three parts: AC distribution system, DC distribution system,
and connection. This paper proposes a framework to accom-
modate uncertainty rather than focusing on a forecast of the
uncertainty. Thus, the predicted output values of the RDGs
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and load are regarded as the input data. Focus has been
placed on the power flow of the ADS and the flexibility of
the network such as power flow for AC/DC conversion,
SOP, DTR, and DNR.
1) Modeling Power Flow

The DisFlow model [37] is used to describe the power
flow in the AC grid in an AC/DC hybrid ADS. Assuming

that />=7 and U*=U to simplify the equations, the DisFlow
model is obtained as follows.
zPi 2( Jit _/zt P'MAC
aepi€ jedic )
Vij,a € @€ )
z Qtat - 2 (let Jit ) +QIHAC
ae gl je @l
P.[nAC:P’.Wb-‘,-P.RDG-{—P.ESSGLU—PESSM —P-load—Pir/tSC_PSOP
n. Ylt foTel ' (2)
Q,[ tAC_ b QRDG QSVG Ql d _ VSC ;S'(t)P
s.t.
U,,=U, = 2R, P +X,0, )+ R+ X)), 3)
I_/l tU P]21 t+ _/l t (4)

The power flow in the DC grid based on the DisFlow
model [37] is as follows.

S Pui= > (Pl

R, )+PI’C Vm,n,be o™

be g me @2 (5)
PInDC PRDG+P5§SOW PifSin _P,l,:(;ad'i"PZfC (6)

S.t.
Un,/ U 2Rmn Pmn l+ Rlznn imn t (7)
1,.0,,=P} ®)

mn, t

The variables have the same meanings as those in the AC

grid, except for P, which represents the power flow inject-

ed into the n"™ node from the AC grid through the VSC.
Some limits exist for the voltage and current, such as:

mn, t

UiC<U, <UL ©)
Uh<u, <U (10)
1S, < [Sim| VI (11)

Equations (9) and (10) represent the bus voltage limits of
the AC and DC grids, respectively. Equation (11) is the line
capacity limit, which can be calculated on the basis of either
the static thermal rating (STR) or DTR [26].

RDGs, ESSs, and the SVC, which can be dispatched, are
connected to the ADS. They should satisfy the following
constraints, the details of which can be found in [28].

0<PfPo<Pfre (12)

QIO <P tan Ogng (13)
0<Pe< PR (14)
EN+E!<1 Vsew"Uw™ (15)
0PI <EN P (16)
0<PI"<E!PES (17)

w ESS

s+l

WftSS + OCPXE;}SSM At _ﬁPffSom At (1 8)

020 < WES <09 (19)
min <011 <O (20)
Equations (12) and (13) are the limits of the RDGs con-
nected to the AC grid. Equation (14) indicates the limits of
the RDGs connected to the DC grid. Equation (15) is the ac-
tion limit for ESS charging or discharging. Equations (16)
and (17) are the charging-rate limits of the ESS. Equations
(18) and (19) represent the capacity limits of the ESS. Equa-
tion (20) denotes the reactive power limit of the SVC. Thus,
the decision variables are X"**9=[P ¢ Q™0 ] X*S=[PL¥],
and X*“=[077“].
2) Modeling VSC
The power flow injected into the DC grid is the power
flowing out of the AC grid through the VSC. Thus, the VSC
model consists of an equivalent resistance, reactance, and
ideal VSC, as shown in Fig. 2. The active/reactive power
constraint of the VSC is given by (21), and the capacity con-
straint is given by (22).

VSC+10)VSC vsC VSC
PISCH Qs R, 1% X, Qyrsc s PP
Ao e [ et
urse urse
Fig. 2. VSC model.

P }/SC _ iVSC R. — P VSC

ysC _ jvsc VS(
O, -1 X,= 21
PVSC<PVSC<PVSC ( )
Opin <O <O
(P vsc ) + (Q vsc ) < S VS(, (22)

The VSC can control only any two of these quantities: the
active power, reactive power, voltage on the AC side, and
voltage on the DC side. The U,.Q control [16] is chosen in
this study; that is, Q] and U)’° are set to control

n,t

P, U/ through (21). Thus, the decision variables of the

Lt 2

VSC are X"e=[pl Ul
3) Modeling SOP

The SOP, a flexible power electronic device, can be used
as a dispatchable source to realize fast power control on
both sides [23]. It is a symmetric structure consisting of two
VSCs connected back-to-back, as shown in Fig. 3. The ac-
tive/reactive power constraints of the SOP are presented in

(23), and the capacity constraints are expressed in (24).
PSOP-‘:-PSOP_ O

Onin < Qf?” <O (23)
o SO <O
JPER O <5
(24)

(P S’OP) +(QSOP) <SSOP

The SOP controls two VSCs. In general, the control meth-
od is as follows. One VSC realizes DC voltage control,
whereas the other VSC realizes power control, i.e., PO-U,.O
control [23]. Thus, the decision variables of the SOP are
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sop SOP (pSOPN )SOP SOP
X =[P (P ), 06 s I
PSOP+QSOP r 7{/@6 o 7S;)7P7 TTvse ‘\ PSOPjQsOP
AC oﬁ@ - @J—QAC
usor | ! usor

Fig. 3. Two-port SOP model.

4) Modeling DTR

The maximum line capacity is typically calculated using a
fixed set of conservative weather assumptions (STR value),
which leads to conservative operational limits. If real-time
weather conditions are considered, the maximum line capaci-
ty should be regarded as the independent constraint in (25),
which is called the DTR value.

Sl,max = \/— UIDTR =

V3UI0.(T,. T V,.0,)+0,(T,.T.)-O,JRT,) (25)

Thus, (25) is the line capacity considering the DTR value.
I 18 not a decision variable but a variable based on micro-
meteorology. With large-scale access to RDGs, the line is
more likely to be overloaded, and the use of DTR technolo-
gy can potentially improve the practicality and flexibility of
the capacity at certain special time (such as during overload-
ing).

5) Modeling DNR

The variable Z,, €{1,0} is introduced to describe the on-
off state of a branch, and a large number (M) [18] is input
into (3) to establish the upper and lower bounds, as follows.

00 0= 2R Py X, 0u S B XD MO =23)

UHZU 2(R/I /Ll lel)+(R2+X ) Ji.t M(I_Z[/v‘)

If Z;,=1, i.e., branch (i,)) is closed, (26) equals (3). Other-
wise, if Z,, =0, i.e, branch (z, ) is opened, y,—O Thus, (26)
changes into M2 ‘ Unax=Unin| 2
‘ 5= U7 | herein, M= ‘ max U,flm is set to balance the con-

tradiction between the solution rate and the Big M method
requirements. The current constraint is expressed as follows.

0<1l,,<2,,1,,<2,1, (27

.t 1, 7j,t* max
Therefore, the decision variable for DNR is the topology.
Given that the topology after DNR should be radial, the
limits of the radial topology are as follows.

K;+K;,=Z;, i,j=12,...n

EKI./.[: iLj=1,2,...n
K,;,=0 (28)
y,e{O 1}
ﬂ,e{O 1}

When power flows from node i to node j, K; =1, and
node i is considered superior to node j. If the power flow is

reversed, K, ,=1. If no power flow occurs between the

nodes, K, =K ,=0. Thus, the first term limit is that only
one of K; ,and K, can be 1. The second term limit is that

all nodes except the one connected to the substation have on-
ly one superior node. The third term limit is that any node

connected to the substation does not have a superior node.

B. Dispatching Framework for AC/DC Hybrid ADSs

Considering that the optimization operations of dispatch-
able resources in an ADS are applied at different time
scales, herein, a two-stage dispatch framework is proposed,
which contains day-ahead dispatch and intraday dispatch.
This framework divides the time scale into hour (day-ahead
dispatch) and minute (intraday dispatch) levels to meet the
requirements of the controllable variables in the ADS at dif-
ferent time scales. The intraday dispatch (15 min) is divided
into three execution steps (5 min each) to reduce the devia-
tion between the actual operation and optimal plan. The
framework is illustrated in Fig. 4.

The day-ahead dispatch optimizes the operations for the
next 24 hours using input data with a time slot of 1 hour
At,. It maximizes the topology X** and other controllable
variables, namely X*°¢, X%¢, X3¢, X*°F by setting an eco-
nomic goal (i. e., minimizing the system loss and RDG
waste). To reduce the effect of DNR on the system, the day-
ahead dispatch divides 24 hours into several periods, and
each period only performs DNR.

Given that the forecasted data used as the input data for
the day-ahead dispatch may be very close to the intraday in-
put data (i.e., the fluctuations in the RDGs and load are
small), the intraday dispatch is not required in that situation.
Therefore, the framework performs a judgment every 15 min
in day-ahead dispatch to determine whether the current mo-
ment enters the intraday schedule. This judgment is based on
the difference between the day-ahead and intraday input data.

The intraday dispatch is divided into two parts: rolling-
plan dispatch and real-time feedback dispatch [38]. The dis-
patch for DNR and X** is obtained from the day-ahead dis-
patch and not rescheduled during the intraday dispatch. The
rolling-plan dispatch uses input data with a time slot of 15
min Az, to optimize operations in the next 1 hour with the
same goal as the day-ahead dispatch. Once an overvoltage
occurs in the dispatching plan, the safety dispatch with the
smallest voltage fluctuation and grid loss is adopted to reop-
timize the rolling-plan dispatch.

The rolling-plan dispatch can optimize the remaining dis-
patchable resources in multiple stages; however, it only exe-
cutes the optimization results of the first stage. For example,
it optimizes the next 1 hour in four stages (each Af, is a
stage), as shown in Fig. 4, and it only executes the first Az,,.
Subsequently, the optimization of the rolling-plan dispatch
continues in the next optimization cycle. Therefore, the su-
perposition of errors caused by the changes in the input data
in multiple stages can be prevented.

In addition, the framework refines the execution of the
first stage, called the real-time feedback dispatch, to resolve
the deviation of the actual operation from the plan. In the re-
al-time feedback dispatch, the tie-line power between the
ADS and upper grid follows the first step of the rolling-plan
dispatch and minimizes the changes in the controllable vari-
ables. Finally, the real-time feedback dispatch replaces the
optimized values with the measured data in 5 min, thus
forming closed-loop feedback to reduce bias.
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Fig. 4. Dispatching framework for AC/DC hybrid ADSs.

In this regard, the framework optimizes dispatchable re-
sources into an appropriate time scale and minimizes the ef-
fect of uncertainty through the real-time feedback dispatch
to ensure the economic and safe operation of the ADS. The
details are presented in the following sections.

III. DAY-AHEAD DISPATCH AND SOLUTION

The forecasting data of the RDGs and load in a 1-hour
time slot are used as input data for the day-ahead dispatch.
Combined with the AC/DC hybrid ADS model presented in
Section II-A, the day-ahead dispatch of the decision vari-
ables is obtained. In addition, the relaxation from the initial
model to a second-order cone programming (SOCP) problem
is presented in this section. Finally, time consolidation is pro-
posed to reduce the DNR time.

A. Objective of Day-ahead Dispatch

An ADS can realize the active control of resources in a
network and maximize RDG access. Thus, the objective is
to minimize the network loss and RDG dropout as follows.

24
min Z(CIPL:"‘ zCRDGPIL;gG,z) (29)

t=1
Pl,t = z _Ata (Z/i,lei )+ z Ata (imn.tRmn ) (30)

Vije o Vm,n e @’

Pisa= 21, > (PP + S At > (P4 =P

(3D
Note that the losses of the VSC and SOP are not consid-
ered here. If they are considered, the loss (i.e., C,,,AS*"+

C,,.1uSY5¢) is only added to (29). Here, A and p are the loss

vsc

coefficients of the SOP [22] and VSC [37], respectively.

B. Solving Day-ahead Dispatch

The day-ahead dispatch, i.e., (30), with the limits in (1),
(3)-(5), (7)-(24), and (26)-(28), is a mixed-integer nonconvex
and nonlinear problem. It can be transformed into an SOCP
problem via convex relaxation [18] as follows.

1) The constraints in (4) and (8) can be relaxed to:

2Py,
20, | <I,,+U,, Vijew™ (32)
[ji,t_ U/t 2
2P ~ ~
Lol <L, +U,, VYmnea™ (33)
Imn.t_ Un.t 2 '

2) The capacity constraints of the VSC and SOP, i.e., (22)
and (24), are changed into cone rotation constraints as fol-
lows.
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P VSC \y; + AC

H Q’#sc <Spay Vijea@™® (34)
it |,
sop
it <SS()P \V41 AC
SoP|| SO VIEW (35)
it |,

Thus, the initial day-ahead dispatch is transformed in-
to (36).
Objective: (29)
S.t.
Power flow limits: (1)-(8), (26)-(28), (32), (33)
Voltage and current limits: (9)-(11)
RDG limits: (12)-(14)
ESS and SVC limits: (15)-(20)
VSC and SOP limits: (21), (23), (34), (35)

(36)

This equation is an SOCP problem and can be solved us-
ing commercial software such as CPLEX and GUROBI.

C. Time Consolidation

If the DNR is considered hourly, finding a solution to (36)
becomes time-consuming and affects the system frequency.
If the changes in the RDG output and load between two con-
secutive hours are minimal, no DNR is required, thereby re-
ducing the aforementioned effect and improving the solving
rate. Thus, herein, time consolidation is conducted and DNR
is performed at a divided time. Further, optimal merging is
proposed at the temporal order using Fisher segmentation
[39]. The details are as follows.

1) An equivalent load is determined. The forecast for
the RDGs is regarded as a negative load and added to the
power demand. The equivalent load is obtained as [L,,,
L, ..L,,, ....Ly,] in the day-ahead dispatch. Here,
L,,., is the equivalent load demand of the ADS between
hours d and d + 1.

2) Dispersion is determined. The equivalent loads are as-
sumed to be divided into k segments, and D={d,.d,,..., d,}
is the set of time-dividing points, where d,=0, d,=24. Thus,
the equivalent loads are divided into {L, .L,,....L,_,},

{Ld‘,dl+1’Ld‘+],d,+29"'9 Ldz—l,dz}’ ooy {ded‘,‘ﬂ’ ""L23.,dA }- The

dispersion (called a similar diameter) between the equivalent
loads within the £ segment and its average are as follows.
-1

D(d, )= 2 (Lg_gufl_idwdA ) (37)
{:dkfl

B dp-1

L, .= 2 Lo /d=di ) (38)

¢=d,,

Essentially, the smaller the D(d, ) is, the smaller the disper-
sion in the data within a time segment will be.

3) Time division is determined. The segments, in which
the dispersion in the equivalent load within each segment is
the smallest and that between segments is the largest, are
identified as follows.

E(24,k)=min iD(dk) (39)

Equation (39) indicates that the 24 hours of the day-ahead

dispatch are divided into x segments on the basis of minimiz-
ing the change in the equivalent load over the same period
(equal to maximizing the gap between different periods
[39]). The solving method can be found in [39].

IV. INTRADAY DISPATCH AND SOLUTION

The forecasts of the RDGs and load in 15 min are used as
the input data for the intraday dispatch. The dispatch for
DNR and the ESSs is fixed with the day-ahead dispatching
result; thus, the intraday decision variables are X=
[XRPG, X57C X75¢) X597 The rolling-plan dispatch builds
an optimal dispatching plan for X for the next hour but only
executes the first 15 min. The real-time feedback dispatch di-
vides 15 min into three 5-min steps and uses the measured
data as the input after each step to reduce the deviation be-
tween actual operation and the optimized dispatching plan.

A. Objective of Rolling-plan Dispatch

1) Economic Dispatch
The intraday rolling-plan dispatch smooths the large fluc-
tuations in the RDGs and loads to achieve economic dis-
patch, which has the same objective as the day-ahead dis-
patch, as shown in (40). The differences between the two are
as follows. (D The input data of the rolling-plan dispatch in-
clude a 15-min time slot, which is more accurate. 2) The op-
timization period is 1 hour rather than 1 day, which is more
suitable for the fluctuations in the RDGs and load. 3 The
dispatch for DNR and the ESSs is not optimized in the roll-
ing-plan dispatch.
4At,

min z(clpz,ﬁ' ECRDGPICQ%GJ)

t=t,

(40)

where 4Az,, is the optimization cycle, i.e., 1 hour in this
study; and Az,, is the AC time slot of the rolling-plan dis-
patch, i.e., 15 min. The other variables are the same as those
in (29).
2) Safety Dispatch

In the rolling-plan dispatch, the overvoltage caused by the
fluctuations in the RDGs must be solved because they be-
come increasingly serious with the increase of RDG penetra-
tion [23]. Therefore, once the rolling-plan dispatch detects
an overvoltage, the safety dispatch is adopted to reoptimize
the rolling-plan dispatch as follows.

4At,

minE P+

t=t,

0.1

Yue (DA(VU (Dm‘

(41)

Equation (41) indicates the minimum voltage fluctuations.

To maintain voltage stability, the determination of an over-
voltage does not use a threshold [0.93,1.07] but a margin
[37], ie., U, €[l -z, 1+7], 7€[0,0.07).

In this manner, the rolling-plan dispatch provides a four-
step optimal plan for the next hour at 15-min intervals. To
prevent disturbances from accumulating in the four steps,
the rolling-plan dispatch only executes the first 15 min (first
step) [38] and then reoptimizes the next hour plan at r=¢,+
At,

ip*
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B. Objective of Real-time Feedback Dispatch

The severe fluctuations in the input data caused by sudden
meteorological changes can be addressed by shortening the
optimization cycle and time slot. However, the actual opera-
tion of an ADS may not be completely consistent with the
optimized scheme because of acquisition and model errors.
Therefore, the real-time feedback dispatch decomposes the
first step of the rolling-plan dispatch (15 min) into three 5-
min steps and feeds the measured data back to each step,
thereby dynamically adjusting the decision variables.

The real-time feedback dispatch is not meant to change
the rolling-plan dispatch; instead, it is meant to adjust the
output of the decision variables within a shorter time scale
on the basis of the measured data. Therefore, the objective
of each 5-min step is to minimize the changes in the deci-
sion variables and reduce the effect on the upper power grid
caused by fluctuations, which is shown as follows.

min{| Y= ¥/, ||, +[[AX]], } (42)

After each step is completed, the optimization plan for the
decision variables is replaced with the measured data. Thus,
the decision variables are corrected in time through the feed-
back of the measured data to form closed-loop optimal con-
trol. After the three 5-min steps are completed, a day-ahead
dispatch is performed to determine whether the intraday dis-
patch should enter at 7+Az,. This cycle is repeated, as
shown in Fig. 4.

C. Solution for Intraday Dispatch

The intraday dispatch has the same constraints as the day-
ahead dispatch but with different targets. Accordingly, it can
also be relaxed to the SOCP model, as shown in (43), and
solved as a day-ahead dispatch.

Objective:
(49) if choosing economic dispatch
(50) if choosing safety dispatch
(51) if choosing real - time feedback dispatch
S.t.
Power flow limits: (1)-(8), (26)-(28), (32), (33)
Voltage and current limits: (9)-(11)
RDG limits: (12)-(14)
ESS and SVC limits: (15)-(20)
VSC and SOP limits: (21), (23), (34), (35)

(43)

V. SIMULATION AND DISCUSSION

To test the model and dispatching framework, two test sys-
tems, from simple to complex, have been built: (D a simple
AC/DC hybrid test system; and @ a 51-node AC/DC hybrid
ADS with RDGs, an SOP, an SVC, and ESSs. The proposed
model is implemented with the YALMIP optimization tool-
box [39] and MATLAB R2020a, and solved using CPLEX.

A. Test Systems

Test system 1 is a simple AC/DC hybrid system that con-
verts part of the AC overhead line into a DC line (called
Line 2), as shown in Fig. 5. The parameters of the overhead

lines are provided in [26]. The other parameters are present-
ed in [31].

1 2 3 4 5

L6
Feeder 1 ; ® ® e o

Feeder 2

o
=}
=
<
(¢
o
.
=}
=
=
(¢

Line 1

Fig. 5. Test system 1: simple AC/DC hybrid system.

Test system 2 is a 51-node AC/DC hybrid ADS formed by
one IEEE 33-node AC grid [22] and three DC grids, as
shown in Fig. 6. The capacity of the RDGs (including PVs
and WTs) is 300 kW, and tan 0,,;=0.9. The reactive capaci-
ty of the VSC is +300 kvar, whereas the capacity of the
SOP is £3.0 MW [22]. The active and reactive capacities of
the VSC are set to be £2.0 MW and +1.0 Mvar, respectively
[30]. Further, C,=100 CNY/MWh, and C,,;=400
CNY/MWh. The parameters and loads of the AC grid can be
found in [22]; the branch parameters of DC grid and loads
of the test system 2 are listed in Tables III and IV, respec-
tively. Four ESSs were connected. ESS1 and ESS4 have a
capacity of 1.8 MWh and a charging/discharging power rat-
ing of 300 kW. The other two have a capacity of 1.4 MWh
and a power rating of 240 kW. The initial stage of the ESSs
has a capacity of 30%.
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SOP
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20 ! AC
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DC grid 1,

----Tie line; —AC line; —DC line

Fig. 6. Test system 2: 51-node AC/DC hybrid ADS.

TABLE III
BRANCH PARAMETERS OF DC GRID OF TEST SYSTEM 2

From bus To bus R (Q) From bus To bus R (Q)
34 35 0.493 44 45 0.541
35 36 0.366 45 46 0.591
36 37 0.381 46 47 0.378
38 39 0.819 47 48 0.746
39 40 0.187 49 50 0.708
41 42 0.711 50 51 0.683
42 43 1.044 44 51 1.289
43 44 0.374
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TABLE IV
LoADS IN DC GRID OF TEST SYSTEM 2

Bus P(‘f(V\V;)r Bus P(‘l’(‘:’;)r Bus | (‘I’(V\jé’; Bus P(Tx\?;
34 100 40 90 45 40 50 60
35 90 41 80 46 40 51 40
37 60 42 80 47 80
38 60 43 80 48 100
39 100 44 80 49 80

B. Maximum Transfer Capability

The maximum transfer capability was determined primari-
ly by the line thermal and node voltage limits [37]. The in-
fluences on the maximum transfer capability in terms of two
flexibilities, i.e., the DTR and AC/DC hybrid, are discussed.
Three situations in test system 1 are compared: (D a pure
AC system (only the power supply of Feeder 1); 2 an AC/
DC hybrid system; and 3) an AC/DC hybrid system that ap-
plies the DTR. The lowest node voltages at different load
levels are shown in Fig. 7. The inset graph shows the trans-
mission capability of the line for 48 hours of weather condi-
tions in Shandong province, China, in 2019. DTRI and
DTR2 are two different constraints for test system 1 based
on the minimum and maximum values of the DTR over 48
hours. The microclimate data for DTR1 and DTR2 are listed
in Table V.
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Fig. 7. Lowest node voltage at different load levels in test system 1. (a)
Lowest node voltage. (b) DTR value.

As shown in Fig. 7, the pure AC grid could transfer only
4.9 MW because the lowest node voltage (Node 9) of the
system is 0.93 p.u., which is considerably lower than the

transfer capacity of the AC lines calculated via the STR (12
MW). At this point, Feeder 2 is not connected. If the DNR
is implemented in the AC system, i.e., Feeder 2 is connect-
ed, it could transfer 10.06 MW, where the node with the low-
est voltage is changed to Node 6. Further, the loss is up to
32.49%. This phenomenon is possible because the active
power and reactive power are supplied from the two feeders
separately after Feeder 2 is connected, thereby providing suf-
ficient reactive power to maintain voltage but causing the in-
crease of loss. The AC/DC hybrid system could transfer con-
siderably more energy compared with the AC system, as
shown in Fig. 7, because the U, control of the VSC relaxes
the voltage constraint by adjusting the reactive power in real
time to ensure that the DC-side voltage is 1 p.u.. With the
DTR, the line thermal limits are relaxed in accordance with
different weather conditions, as shown in the inset graph in
Fig. 7. The minimum (DTR1) and maximum (DTR2) trans-
fer capacities are 2.78 and 4.83 times those of the pure AC
system, respectively. In summary, the AC/DC hybrid system
that applies a DTR can release the line capacity and node
voltage limits. Thus, it is useful in emergency scenarios such
as N-1 failures and load surges.

TABLE V
MICROCLIMATE DATA

No. v, (ms) 6, I,(C) T.(C) DIR(MW)

STR 0.50 0 40.0 100 12.0
DTRI 1.36 12.60 18.7 100 13.6
DTR2 5.06 30.34 26.8 100 237

C. System Loss and RDG Penetration

In this case, a complex system, i.e., test system 2, is con-
sidered and three models are compared: (D the model used
in this study (No. 1); @ a model without an SOP (No. 2);
and 3 a model without an SOP and a DNR (No. 3). The
day-ahead input [18] (each RDG and load change are in
the same proportion) and the equivalent load are shown in
Fig. 8. To avoid the effect of frequent DNR, x=3 is set, and
the time interval of DNR is more than 3 hours. In accor-
dance with Section III-C, the best consolidation time could
be obtained: 00:00-10:00, 10:00-18:00, and 18:00-24:00. The
results are compared in Table VI.
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Fig. 8. Hourly forecasts of load, PV output, and WT output.
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The power loss of the system is reduced by 25.9% (No.
1) and 13.4% (No. 2) compared with the No. 3 model. This
is due to the following reasons. () The power flow can be
transferred at a large scale through DNR and has various di-
rections. If DNR is absent, the power flow can only passes
through a fixed topology, which may cause significant loss
at the node and line near the upper grid. For example, at 05:
00-07:00, a large amount of power provided by VSC3 flows
into Node 33 through branches 33-18 because of DNR,
thereby reducing the power demand of the branch where
Node 33 is located in the upper power grid and decreasing
losses. @ The SOP can adjust the active and reactive power
and quickly respond to the fluctuations to maintain econom-
ic operation, whereas DNR can only change once in a
time segment. For example, at 08:00-10: 00, the active
power of the SOP is from Nodes 22 to 12, whereas the oth-
ers are opposite in the same time segment (00:00-10:00) to
achieve optimal operation. By contrast, DNR could only
choose one topology in the same segment, thus causing
more losses than the SOP. In summary, DNR can optimize
the power flow of the entire topology and entire day, where-
as the SOP can optimize the power flow in the region where
it is located in real time. The synergy between the two can
reduce the loss better.

TABLE VI
OPTIMAL DAY-AHEAD DISPATCH RESULTS

No. Time division Branch open Power loss (kWh)
00:00-10:00 6-7; 10-11; 9-15
1 10:00-18:00 6-7; 8-9; 9-15 370.42
18:00-24:00 6-7; 10-11; 9-15
00:00-10:00 6-7; 13-14; 15-16
2 10:00-18:00 6-7; 12-13; 9-15 433.21
18:00-24:00 7-8; 13-14; 15-16
3 500.11

When the loads are light, the RDGs will change the pow-
er flow, thus raising the voltage of the access point and even
causing an overvoltage. Herein, the load ratio is fixed to the
minimum value for the entire day, i.e., 27%, thus causing
the RDGs to output at the maximum, i.e., 100%, without
considering the ESSs and SVC. This extreme case is consid-
ered to study the influence on RDG penetration. The highest
voltages of test system 2 at different RDG penetration levels
are shown in Fig. 9. The base case has the same structure as
test system 2, but all the DC lines in test system 2 are revert-
ed to AC lines.

Evidently, the highest voltage occurs at Node 41, and it in-
creases to 1.07 p.u. when the maximum DG capacity of the
base case is 186 kW (penetration level is about 55 %). DNR
could alleviate the overvoltage in the base case. When the
maximum DG capacity increases to 240 kW (penetration lev-
el is approximately 71%), Node 41 experiences an overvolt-
age. The AC/DC hybrid system with an SOP and DNR
could address this overvoltage because of the reactive power
control from the VSC and SOP. The maximum DG capacity
increases to 674 kW (penetration level is approximately
200%), and the highest voltage is approximately 1.05 p.u..

RDG penetration level could not increase at this time be-

cause of the capacity limit of VSC3. If this limit is relaxed,

the RDG penetration level could increase to approximately
290%.
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Fig. 9. Highest voltage at different RDG penetration levels.

D. Results of Rolling-plan Dispatch Framework

On the basis of the day-ahead input data, random fluctua-
tions of £30% and +£20% [40] are generated for the RDGs
and load, respectively, to simulate the intraday 15 min input
data at 08:00-10:00, as shown in Fig. 10. The optimized ac-
tive power of the SOP and VSC for the day-ahead and intra-
day rolling-plan dispatches are shown in Fig. 11. A positive
value indicates that the power flow is in the assumed direc-
tion.
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Intraday 15 min input data of WTs, PVs, and load at 08:00-10:00.

Fig. 10.

Figure 11 shows that the intraday rolling-plan dispatching
result is different from the day-ahead dispatching result at
the same time. This is because the active power of the SOP
and VSCs changes in real time to adjust to the fluctuations
in the WTs, PVs, and load. For example, the output of
VSC3 is 205 kW in the rolling-plan dispatch but —84.5 kW
in the day-ahead dispatch at 08:15. This is because the intra-
day input data of the RDGs are 223.17 kW smaller and the
load is 113.54 kW larger compared with the day-ahead input
data in DC grid 3, thus reversing the entire power demand
of DC grid 3. If the rolling-plan dispatch follows the day-
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ahead dispatch, load shedding would occur at 08:15. The
analyses of VSC3 at 08:45 and 09:15 are the same. More-
over, the output of VSCI ranges from —10 kW to 69.27 kW
at 08:45, thus causing the abandonment of RDGs in DC grid
1 because of the increasing output of the RDGs and the de-
creasing load demand. In summary, if the rolling-plan dis-
patch follows the dispatching result of the day-ahead dis-
patch at 08:00-10:00, it causes 466.42 kWh of RDG dropout
and 243.40 kWh of load shedding.
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Fig. 11.  Optimized active power of SOP and VSC.

To check the switching between the intraday safety dis-
patch and the economic dispatch of the framework, the RDG
penetration level is set to be 147.8% and 7=0.03 at 09:15.
The voltages at Nodes 25 and 41 are 0.968 p.u. and 1.31 p.u.,
respectively, going into the safety dispatch. The node voltag-
es for economic dispatch and safety dispatch at 09:15 are
shown in Fig. 12. The voltages at Nodes 25 and 41 are near-
ly 1.0 p.u. less than those in the safety dispatch, and all the
node voltages are smoother than those in the economic dis-
patch. However, the former abandons a 1.25 MW of RDG
output, whereas none is discarded by the latter.
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Fig. 12. Node voltages for economic dispatch and safety dispatch at 09:15.

E. Results of Real-time Feedback Dispatch Framework

To verify the real-time feedback dispatch, a disturbance
within +5% and +10% is randomly added to the input data
of rolling-plan dispatch as the actual data, and the frame-

work is used for dispatching to obtain the power of the tie
line, as shown in Fig. 13. From the figure, no matter wheth-
er the disturbance is £5% or £10%, the real-time feedback
dispatch of the tie line can follow the power of the rolling-
plan dispatch. This result is because the feedback dispatch
tracks the power of tie line of the rolling-plan dispatch on
the basis of the dispatching of the SOP, VSC, SVC, and
RDGs in real time. In addition, the actual data transmitted as
feedback to the objective function, i.e., (42), can form a
closed loop to prevent error accumulation and increase the
effectiveness of the tracking. However, the cost is approxi-
mately 352.42 kWh of RDG dropout, which is zero in the
rolling-plan dispatch. The grid loss exhibits a drop of approx-
imately 9.3% in the feedback dispatch (from 84.73 kWh to
76.82 kWh).
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Fig. 13. Power of tie line for disturbances of £5% and £10% at 08:00-
10:00.

Next, the accuracy of the relaxation is confirmed. For day-
ahead dispatching, rolling-plan economic dispatch and safety
dispatch, the objectives in (29), (40), and (41) are all increas-
ing functions with the current, and their relaxation accuracy
has been proven in [41]. Thus, only the relaxation accuracy
of (42) is verified. The relaxation gap of the real-time feed-
back dispatch for a disturbance of +10% is shown in Fig.
14. Evidently, the gap is extremely small - the largest is
8.78x107° at 09:30, which fully meets engineering require-
ments. Thus, the relaxation method used in this study is sat-
isfactory.
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Fig. 14. Relaxation gap of real-time feedback dispatch for a disturbance of
+10%.
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F. Computational Performance

To test the computational performance of the model and
algorithm, test systems 1 (9 nodes), 2 (51 nodes), and 3 (118
nodes) have been utilized. Test systems 1 and 2 have been
mentioned in Section V-A; test system 3 uses the modified
IEEE 118-node model, whose parameters are given in [42],
adding three ESSs, five PVs, and two static var generators
(SVGs) at Nodes 16, 39, and 31; Nodes 12, 22, 59, 67, and
113; and Nodes 35 and 97, respectively. The input data are
the same as before. The computational information of the
test systems in the day-ahead dispatch (Scenario 1), intraday
rolling-plan dispatch (Scenario 2), and intraday real-time
feedback dispatch (Scenario 3) using the SOCP model are
listed in Table VII. The computations have been performed
on a personal computer equipped with an AMD Ryzen 5 pro-
cessor operating at 2.10 GHz and 8§ GB of random-access
memory (RAM).

TABLE VII
COMPUTATIONAL INFORMATION OF DIFFERENT TEST SYSTEMS

Scenario 1 Scenario 2 Scenario 3
Teit s . Max gap . Max gap . Max gap
€m Time (s) 107 Time (s) 107 Time (s) 107
1 492 5.92 6.03 2.37 3.76 5.38
2 6236 9.78 17.82 8.78 423 9.01
3 12537 6.42 22.32 6.04 6.05 4.86

The maximum relaxation gaps of different models in Ta-
ble VII (“max gap” for short in Table VII) are all extremely
small numbers, which fully meet engineering requirements.
Essentially, the proposed model is scalable and applicable to
large-scale systems (test system 3).

The time of different dispatching scenarios for diverse sys-
tems indicates the following. (D As the size of the test sys-
tem increases, the computation time also increases for each
dispatch. @ For the intraday rolling-plan dispatch (Scenario
2) and real-time feedback dispatch (Scenario 3), the compu-
tation time is less than 1 min, which is much shorter than
the scheduling interval (5 min). @) For the day-ahead dis-
patch (Scenario 1), the computation time rapidly increases as
the scale of the system increases. This is understandable be-
cause day-ahead scheduling creates huge variables for DNR
as the test system increases in size. This is also acceptable
because the day-ahead dispatch is used to obtain a plan for
DNR and the ESSs for the next 24 hours, which means that
superior real-time performance is not required.

Additionally, the same experimental conditions and model
but with 32 GB of RAM have been used to test the effect of
different hardware conditions on the day-ahead dispatch
time. The results in three test system reveal that the computa-
tion time is reduced by 42.7%, 58.3%, and 71.2%, respec-
tively. Essentially, the time of the day-ahead dispatch could
be effectively reduced with an improvement in computer per-
formance. Therefore, with the construction of a big data
power platform, the computation time can be considerably
reduced as compared to that with a PC. Thus, the proposed
method has good engineering applicability.

VI. CONCLUSION

This study focuses on the uncertainty in a network and es-
tablished an AC/DC hybrid ADS model considering the
DTR, DNR, and SOP. The optimal operation of this ADS is
realized through a two-stage scheduling framework of day-
ahead and intraday dispatches. The case study shows that the
combination of the DTR and AC/DC hybrid system can ex-
pand the transmission capacity and alleviate node overvolt-
age. The synergistic optimization of the SOP and DNR can
improve the absorption capacity of RDGs and reduce the
line loss. The two-stage optimal dispatching framework can
adapt to fluctuations in the RDGs and loads; additionally, it
can improve the consumption of RDGs. Intraday feedback
dispatching sends the measured data as feedback to track the
rolling-plan dispatching plan, thus making the system more
suitable for uncertainty.
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