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ABSTRACT Increasing penetration of distributed renewable energy sources (DRESs) has resulted
in the emergence of distributed energy resource aggregators (DERAs). A DERA participates in the
transmission-level market operated by a transmission system operator (TSO), and the DERA’s resources
are connected to a jurisdiction of the distribution system operator (DSO). Inspired by the structure of the
Korean power industry, this study assumes a minimal DSO that cannot directly dispatch the resources in
its system. In this study, we develop a detailed procedure for prequalification wherein the DSO checks
the DERA’s bids that are submitted to the TSO markets. The proposed prequalification enables the DSO
to secure the reliability of its system by providing limited network information to the DERA. The DERA
modifies its bid until potential overvoltage and overflow problems are resolved, even in the worst case,
including uncertainties. The proposed prequalification process is verified using the IEEE 33-bus distribution
network. Compared to previous studies, the results demonstrate that the proposed prequalification can deal
with distribution system constraints, even though uncertainties are included. The proposed prequalification
process can be applied to power industries where the DSO does not have the full dispatch authority
on DRESs.

INDEX TERMS Distribution system operator, prequalification process, distributed energy resource aggre-
gator, optimal power flow, robust approach.

I. INTRODUCTION
Distributed renewable energy sources (DRESs) are rapidly
being dispersed into distribution systems [1]. Aggregated
DRESs can create additional revenue streams by optimally
scheduling and actively participating in transmission-level
markets such as wholesale energy markets and balancing
markets [2], [3]. The entity that aggregates multiple DRESs
and submits an aggregate bid on the markets is generally
called a distributed energy resource aggregator (DERA)
[4]–[6]. On September 17, 2020, FERC issued Order 2222
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that enabled the participation of DRESs and DERAs in the
wholesale energy market [7].

Because a DERA is not responsible for the reliabil-
ity of distribution systems [8], an increase in the number
of DRESs and DERAs can threaten the reliability of the
passive distribution system [9], [10]. To manage the sys-
tem, a distribution system operator (DSO) needs to uti-
lize an advanced distribution management system (ADMS)
that has functions such as data acquisition, control, state
estimation, and power flow calculation. In addition to
the ADMS, the DSO needs a distributed energy resource
management system to manage multiple DRESs in its
grid [11].
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TABLE 1. TSO-DSO-DERA coordination models in several power markets.

As the DERA participates in transmission-level markets,
cooperative operation between the transmission system oper-
ator (TSO) and the DSO becomes essential. As the DERA
submits a bid to the TSO, the TSO delivers dispatch signals
to the DERA as a result of market and system operations.

In the conventional power system, because market partici-
pants of the TSO market are mainly located in the transmis-
sion level, the operating action of the TSO does not cause
problems inside the distribution system. However, as the
market participation of the DERA increases, the market clear-
ing result may unintentionally threaten the reliability of the
distribution system.

The cooperative operation procedure varies depending on
the coordination process between the TSO and the DSO,
which varies from country to country. Table 1 presents the
current and future TSO-DSO coordination models in several
power markets and the SmartNet project [12]–[14]. In the
current environment, there are one or more missing points
among the information links between the TSO-DSO, DSO-
DERA, and TSO-DERA. However, future models have all
the information links between TSO-DSO, DSO-DERA, and
TSO-DERA [12]–[14]. Furthermore, in the current environ-
ment, only the TSO dispatches the DERA, but in the future
models, a different entity controls the DERA depending
on the TSO-DSO coordination. For example, in the current
UK model, the TSO dispatches the DERA [12]. However,
in UK future model 1, the DSO, which has priority over the
TSO on the DERA’s bids, dispatches the DERA, and in UK
future model 2, the TSO and DSO jointly control the DERA.

The different types of TSO–DSO coordination, includ-
ing the authority of monitoring the distribution system and
dispatching the DRESs, can be categorized into centralized
and decentralized approaches [15]. The centralized approach

represents the extension of the current TSO-centric power
market into the distribution system and DRESs. In the cen-
tralized approach, the TSO determines the activation of
the DRESs, while a minimal DSO cannot directly dispatch
the DRESs in its system. By contrast, in the decentralized
approach, there is a total DSO that has more authority than
the minimal DSO. The total DSO creates contracts with the
TSO for the power flow at the point of common coupling and
dispatches resources in its jurisdiction [16].

The two DSO models use different approaches to main-
tain reliability within each system. In the total DSO model,
the DSO secures system security by directly controlling the
resources of DERA. By contrast, in the minimal DSO model,
the DSO is not authorized to control the resources of DERA
directly; instead, the TSO controls the DERA’s resources.
However, it is computationally demanding for the TSO
to operate the entire system, including all the distribution
systems [17], [18]. Thus, as an auxiliary means, a prequal-
ification is necessary in the minimal DSO model. The pre-
qualification is a process conducted by the DSO to examine
whether a bid from its system threatens the system security
or not [19]. As a result of the prequalification, the DSO can
guide the DERA to resolve constraint violations, such as
overflow and overvoltage [20].

Both DSO models are completely compatible in that each
DSO can maintain a reliable distribution system and support
the DERAs in participating in transmission-level markets
or services. Compared to the total DSO model, the mini-
mal DSO model and its prequalification process are more
applicable option to current TSO markets as the TSO
still determines the output of the DERAs. Also, it is eas-
ier to implement the minimal DSO model than the total
DSO model in current TSO markets because of the power
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industry structure. Therefore, in this paper, a minimal DSO
that performs the prequalification process is proposed.

The remainder of this paper is organized as follows.
Section II reviews the related academic literature. The role
and responsibility of the TSO, DSO, and DERA are described
in Section III. Details of the prequalification and formula-
tions in each step are presented in Section IV. In Section V,
the effectiveness of the proposed prequalification is verified
using the IEEE 33-bus distribution network, with high pen-
etration of DRESs. The conclusions obtained are presented
in Section VI.

II. LITERATURE REVIEW AND CONTRIBUTIONS
In the literature, there are three groups of papers that focus on
the participation of DERAs in the wholesale market. The first
group focused on the optimal bidding for a DERA. The sec-
ond group concentrated on coordination between the TSO
and DSO, and the third group concentrated on coordination
between the DSO and DERA.

A. LITERATURE FOCUSING ON THE DERA’s OPTIMAL
BIDDING CONSIDERING UNCERTAINTIES
Many studies have proposed optimal bidding methodologies
for a DERA considering the uncertainties of DRESs. In [21],
Wang et al. proposed a price-responsive optimal bidding
method in the real-time market, considering the uncertainty
of wind turbines and photovoltaics. In [22], the gap deci-
sion theory was applied for the optimal bidding of a DERA
to address uncertainties. In [23], Abapour et al. suggested
a robust optimal bidding strategy using game theory, con-
sidering multiple DERAs. In [24], P. Sheikhahmadi and
S. Bahramara proposed a DERA as price maker in real-time
market with a Bi-level approach. However, these studies
did not consider the physical constraints of the distribution
system.

B. LITERATURE FOCUSING ON COORDINATION BETWEEN
THE TSO AND DSO
Research on coordination between the TSO and DSO
has mainly focused on the power flow on the TSO-DSO
boundary [25]–[29]. In these studies, the main purpose of the
DSO is to provide the TSO with economical and physically
viable flexibility options. The DSO utilizes resources in its
system to provide a flexibility service through the TSO-DSO
boundary. The DSO calculates the feasible range of the only
reactive power flexibility [25] or both the active and reactive
power using optimal power flow (OPF) and Monte Carlo
simulation [26]. In [27], Silva et al. presented an algorithm
that uses OPF at multiple operating points; in [28], Riaz
and Mancarella additionally considered ramping constraints.
Furthermore, in [29], Gonzalez et al. included uncertainties
from forecast errors. In [30], Sheikhahmadi et al. considered
both wholesale and local markets that are operated by TSO
and DSO respectively. In these studies, coordination between
the DSO and DERA is not the main issue. Thus, the total
DSO model, which can control all resources in its system,
is preferred.

C. LITERATURE FOCUSING ON COORDINATION BETWEEN
THE DSO AND DERA
The type of TSO-DSO coordination that determines whether
it is a total DSO or minimal DSO also affects the man-
ner in which the DSO and DERA interact. Under the total
DSO model, the DSO directly dispatches DERA resources
in its system [31]–[34]. In [31], Hu and Zhou included the
congestion constraint in the dispatching scheme of a DSO.
However, the voltage constraint was not considered because
the DC optimal power flow method was used. In [32],
Moutis et al. proposed the rule-based voltage regula-
tion method, but congestion was not considered. In [33],
Pudjianto et al. determined the optimal bidding problem
of DERAs that included both voltage and congestion con-
straints. However, there was an impractical assumption that
a commercial entity, i.e., the DERA, had all the distribution
system information. Moreover, the effect of uncertainty on
the distribution system was not considered. In [34], Fu et al.
proposed a DSO that procured a reserve to deal with uncer-
tainties from DRESs in its system.

In [35]–[37], intermediate DSOs that could dispatch only
non-DERA resources were proposed. In [35], Park and Son
proposed a DSO that could determine the aggregated power
of the DERA to solve the voltage problem and a DERA
that scheduled its resources to match the determined power.
In [36], Lu et al. proposed an algorithm in which the DSO
and DERA re-scheduled their resources while updating the
Lagrange multiplier of the system constraints until the sys-
tem constraints were resolved. By contrast, in [37], a DSO
calculated the price at the node where the DERA was con-
nected and delivered the price signal. However, there was
a limitation that other resources should be dispatched first
to determine the price. These studies [35]–[37] have the
following common features: there is only a single point of
connection between the DSO and each DERA, and problems
caused by the uncertainty of DRESs are not considered from
the perspective of the DSO.

In [38], [39], Koraki et al. proposed a minimal DSO
that alleviated congestion in the distribution line by deliver-
ing constraints to the DERA, including sensitivity informa-
tion. However, overvoltage problems were not considered in
both studies. In [39], a DERA conducted stochastic-based
optimal scheduling considering the uncertainty of DRESs.
However, the method wherein the DSO could secure system
safety against the uncertainty of DRESs was not considered.
A summary of the papers is provided in Table 3.

D. CONTRIBUTIONS OF THE STUDY
This study assumes a minimal DSO with limited function-
ality that is inspired by the current Korean power industry
structure [34]. The minimal DSO cannot directly dispatch the
active power output of the resources in its jurisdiction [40].
The merits of the proposed prequalification process are as
follows:

• The process enables the minimal DSO to operate its sys-
tem in a robust manner by considering the uncertainties
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TABLE 2. Comparison of literature regarding coordination between DSO and DERA.

of the DERA’s bid. To ensure that the uncertainties do
not result in overvoltages and overflows in the distri-
bution system, the DSO creates constraints and sends
them to the DERA. Subsequently, the DERA indirectly
solves the chance constrained optimization, including
the constraints received from the DSO.

• Under the prequalification process, the DERA does not
share its bidding strategy with the DSO. Using the pro-
cess, the DSO only obtains the DERA’s bids rather than
an objective function or any constraints of the DERA’s
resources.

• The DERA cannot identify the full state of the
distribution system. Delivering the full state of the
distribution system to a commercial entity is imprac-
tical [41]. Thus, the guidelines for the DERA do not
include the full state of the distribution system in this
study.

III. ENVIRONMENT SURROUNDING THE MINIMAL
DISTRIBUTION SYSTEM OPERATOR
A. KOREAN POWER INDUSTRY STRUCTURE
The specific conditions used in this study are derived based
on the structure of the Korean power industry. In the Korean
power industry, a minimal DSO can exist [42]. The cur-
rent structure of the Korean power industry is presented
in Figure 1 [43]. The KEPCO owns the transmission and
distribution system and runs a monopolistic retail business.
It might be difficult for the KEPCO to be the total DSO in
a neutral position if it maintains its monopoly in the retail
business [40]. Therefore, it can be assumed that the DSO is
unable to dispatch DRESs directly; however, the DSO is still
responsible for the reliability of its system. The discussion
is stemmed from the Korean case, but the proposed method-
ology is applicable to the countries or the markets where
minimal DSO is implemented.

B. INTERACTIONS AMONG THE ENTITIES
Figure 2 illustrates the interactions among the entities, includ-
ing the prequalification process of the DSO. It is assumed
that a TSO does not have responsibility and visibility with
respect to the distribution system, and a minimal DSO is

FIGURE 1. Schematic of the Korean power industry.

responsible for the reliability of its system. The distribution
system with a large-scale penetration DRES is the subject of
this study. However, the minimal DSO has limited author-
ity in terms of dispatching the DRESs in its jurisdiction.
A DERA participates in the wholesale energy market on
behalf of the DRESs.

TheDERA submits a bid to theDSO before participating in
the market. If overvoltage or overflow problems are expected
owing to the DERA’s bid on the distribution system, the DSO
delivers bid-modification guidelines to the DERA for han-
dling the potential problems. Subsequently, the DERA sub-
mits a modified bid following the guidelines. The process is
repeated until no problem is expected, including uncertainties
of demand and DERA’s bids. If the modified bid does not
incur any violation, the bid is regarded as prequalified.

Moreover, the DERA can determine whether to submit the
prequalified bid to the TSO or not. If the DERA is satisfied
with the prequalified bid, it submits the bid to the TSO.
Subsequently, the TSO includes the bid to the market offers
and dispatches resources based on the bid. If the DERA is
dissatisfied with the prequalified bid, it submits the bid to the
DSO and undergoes the prequalification process again.
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FIGURE 2. Interactions among the entities under the prequalification
process by the DSO.

C. SOCIAL WELFARE MAXIMIZATION PROBLEM FOR
DISTRIBUTION SYSTEMS
We assume a distribution system with the following
conditions: 1) inflexible demands 2) zero-marginal-cost
DRESs 3) a non-zero price generated from outside the distri-
bution system 4) electricity customers and DRES producers
as price takers.

In practice, most DSOs are regulated entities that they
should be neutral and pursuing social welfare maximization.
Thus, we assumed a DSO that maximizes social welfare in its
distribution system. In the distribution system, social welfare
can be defined as a sum of the customers’ and producers’
surplus. Because it is assumed that the customers are price
takers with a inflexible demand, their surplus is constant.
The producers are also assumed to be price takers, but their
output depends on the physical constraints of the distribution
system. Thus, the maximization of the DRES output in the
distribution system can lead to a maximization of social
welfare in the distribution system. Because DRES outputs
have uncertainties, the social welfare maximization problem
can be formulated in a chance-constrained problem as eq. (1):

max
x

E
[∑
i∈G

p̃g,i
]

(1a)

subject to p̃g,i = pg,i · ξg,i,∀i ∈ G (1b)
q̃g,i = qg,i · ξg,i,∀i ∈ G (1c)
P̃d,i = P̄d,i · ξd,i,∀i ∈ N (1d)
Q̃d,i = Q̄d,i · ξd,i,∀i ∈ N (1e)

Pr
{
|vi(ξ )| ≤ V ,

}
≥ 1− ε, ∀i ∈ N \ {1} (1f)

Pr
{
|sf ,l(ξ )|2 ≤ S

2
f ,l

}
≥ 1− ε, ∀l ∈ L (1g)

G
(
pg, qg, |v(ξ )|, |sf (ξ )|, x(ξ ), ξ

)
≤ 0 (1h)

H
(
pg, qg, |v(ξ )|, |sf (ξ )|, x(ξ ), ξ

)
= 0 (1i)

TABLE 3. Nomenclature.

where G,N , and L are the index sets of generator buses, load
buses, and lines, respectively; pg and qg are the DRES outputs
in bus i ∈ G; x ∈ R3nb+2nl is a vector of decision variables
that includes distribution system variables p, q,θ , pf , and qf ;
and ξ = [ξg, ξd ] ∈ Rnb+ng is a bounded random vector
indicating forecast error of DRES outputs ξg and that of
demand ξd . The letters in bold denotes a vector of variables
that have the same letter, e.g. as = [as1, · · · , a

s
N ]. G(·) is

the inequality constraint that includes the maximum DRES
output constraint, and H (·) is the equality constraint that
includes the power balance equations. It is assumed that
ξ is bounded, i.e., ξ ∈ {ξ |ξmin ≤ ξ ≤ ξmax} and E[ξ ] = 1.

Suppose that p∗g and q∗g are the solution of eq. (1); then,
we obtain ξ∗,i and ξ∗,l that maximize |v(ξ )| and |sf (ξ )| for
each bus i and line l, respectively. p∗g and q∗g should satisfy
eq. (1f, 1g) for most of the values of ξ with a small ε. The
chance constraints in eq. (1f, 1g) can be reformulated into a
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deterministic form, which is shown in eq. (2).

|vi(ξ∗,i)| ≤ V , ∀i ∈ N \ {1} (2a)

|sf ,l(ξ∗,l)| ≤ S
2
f ,l, ∀l ∈ L (2b)

However, the DERA is not qualified to access the network
data because of security issues. Thus, the DSO runs the
algorithm proposed in Section IV; this algorithm is called the
prequalification process in this paper. If the DERA submits
p0g and q

0
g with ignoring the system constraints represented in

eq. (2), then the DSO calculates ξ∗,i and ξ∗,l , respectively.
Under the brute-force search method, the DSO must find

nb scenarios that maximize the voltage on each bus and nl
scenarios that maximize the line usage rate on each line.
To find all values of ξ∗,i and ξ∗,l for each bus i and line l,
respectively, nb+nl optimization problems need to be solved.
Furthermore, the number of guidelines that the DSO delivers
to the DERA is nb2+nl2. This approach is inefficient for both
theDSO and theDERAbecause theDSOhas to review a large
number of scenarios, and the DERA has to include a large
number of constraints. Moreover, a considerable amount of
information must be transferred from the DSO to the DERA.

Instead, this study only finds a single worst case ξ v,rsk and
ξ f ,rsk for the overvoltage and overflow cases, respectively.
The voltages in each bus are correlated to some extent, and
the flows in each line are also correlated to some extent.
These tendencies will be presented in the data in Section V-D.
The worst overvoltage case, ξ v,rsk , maximizes the sum of the
voltage of the buses included in the risky bus set, Nrsk . The
worst overflow case, ξ v,rsk , maximizes the sum of the line
usage rate in the lines included in the risky line set, Lrsk . The
detailed method for determining NrskandLrsk is presented
in Section IV.
After ξ v,rsk and ξ f ,rsk are determined, |v(ξ )| and |sf (ξ )|2

can be linearly approximated at a point p0g, q
0
g, |v

0
|, |s0f |, ξ

v,rsk ,

and ξ f ,rsk as a function of pg and qg, as shown in eq. (3).

|Vi(pg, qg|ξ
v,rsk )|

= |v0i (ξ
v,rsk )| + ∇|vi(p0, q0|ξ v,rsk )|T

× (p− p0, q− q0), ∀i ∈ N \ {1} (3a)

|Sf ,l(pg, qg|ξ
f ,rsk )|

= |s0f ,l(ξ
f ,rsk )|2 +∇

[
|sf ,l(p0, q0|ξ f ,rsk )|2

]T
× (p− p0, q− q0), ∀l ∈ L (3b)

where

p = pTg ξ
rsk
g − P̄

T
d ξ

rsk
d , p0 = p0,Tg ξ rskg − P̄

T
d ξ

rsk
d ,

q = qTg ξ
rsk
g − Q̄

T
d ξ

rsk
d , q0 = q0,Tg ξ rskg − Q̄

T
d ξ

rsk
d ,

Subsequently, eq. (2) is replaced with a linearized function
to derive eq. (4).∣∣∣Vi(pg, qg|ξ v,rsk )∣∣∣− V

=

∣∣∣v0i (ξ v,rsk )∣∣∣− V

+∇

[
vi(p0, q0|ξ v,rsk )

]T
(p− p0, q− q0)

= OVi +∇
[
vi(p0, q0|ξ v,rsk )

]T
(1p,1q)

≤ 0 ∀i ∈ N \ {1} (4a)∣∣∣Sf ,l(pg, qg|ξ f ,rsk )∣∣∣− S2f ,l
=

∣∣∣s0f ,l(ξ f ,rsk )∣∣∣2 − S2f ,l
+∇

[
|sf ,l(p0, q0|ξ f ,rsk )|2

]T
(p− p0, q− q0)

= OFl +∇
[
|sf ,l(p0, q0|ξ f ,rsk )|2

]T
(1p,1q)

≤ 0 ∀l ∈ L (4b)

where OVi and OFl are the constraint violations for each
worst case ξ v,rsk and ξ f ,rsk , respectively. By transferring
eq. (4) as a guideline, the DSO can maximize the social
welfare and increase security of the system. The detailed
algorithm for the proposed method is presented in the fol-
lowing section.

IV. FORMULATIONS OF THE PREQUALIFICATION
PROCESS
Figure 3 presents the flow chart of the proposed prequalifi-
cation algorithm. Detailed formulations are described in the
following subsections. It is assumed that the DERA submits
active and reactive power bids, psg and q

s
g, respectively, to the

DSO before the prequalification process starts.

A. STEP 1: SELECTING A SET OF OVERVOLTAGE
CANDIDATE BUSES AND A SET OF
OVERFLOW CANDIDATE LINES
In step 1, the DSO determines a set of risky buses, N s

rsk ,
and a set of risky lines, Lsrsk . The risky buses and risky
lines are candidates for overvoltage buses and overflow
lines, respectively. To select the buses and the lines, power
flow analysis is conducted using load forecast P̄d and
Q̄d and DERA bids psg and qsg, satisfying the following
equations (5a–5h):

θ s1 = 0, |vs1| = 1 (5a)

psi = |v
s
i |
∑
j∈N
|V s
j |(Gij cos θ

s
ij + Bij sin θ

s
ij),∀i ∈ N (5b)

qsi = |v
s
i |
∑
j∈N
|V s
j |(Gij sin θ

s
ij − Bij cos θ

s
ij),∀i ∈ N (5c)

psi = psg,i − P̄d,i, ∀i ∈ N (5d)

qsi = qsg,i − Q̄d,i, ∀i ∈ N (5e)

psf ,l = |v
s
i ||v

s
j |(Gij cos θ

s
ij + Bij sin θ

s
ij)

−Gij|V s
i |

2, ∀(i, j) = ∀l ∈ L (5f)

qsf ,l = |v
s
i ||v

s
j |(Gij sin θ

s
ij − Bij cos θ

s
ij)

+Bij|V s
i |

2, ∀(i, j) = ∀l ∈ L (5g)

|ssf ,l |
2
= {psf ,l}

2
+ {qsf ,l}

2, ∀(i, j) = ∀l ∈ L (5h)

where X s
PF = {θ

s, |vs|, ps, qs, psf , q
s
f , s

s
f } are the decision

variables of the power flow analysis; Gij and Bij are the
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FIGURE 3. Flow chart of the prequalification process when the
DSO guides the DERA bid.

conductance and susceptance, respectively; pi and qi are the
active and reactive injected powers, respectively; |vi| and θi
are the magnitude and angle of voltage, respectively; θij =
θi − θj; and pf ,l , qf ,l , and sf ,l are the active, reactive, and
complex power flow, respectively.

Using the result of the power flow analysis, a set of risky
buses, N s

rsk , and a set of risky lines, Lsrsk , are composed in
eq. (6) as follows:

N s
rsk =

{
bs̃rsk

∣∣∣bs̃rsk = argmax
b∈N

(
|vs̃b| − V

)
,

|vs̃b| ∈ |v
s̃
| ∈ X s̃

PF ,∀s̃ ≤ s} (6a)

Lsrsk =
{
l s̃rsk
∣∣∣l s̃rsk = argmax

l∈L

|ss̃f ,l | − S f ,l

S f ,l
,

ss̃f ,l ∈ |s
s̃
| ∈ X s̃

PF ,∀s̃ ≤ s
}

(6b)

where bs̃rsk is the overvoltage candidate bus, V is the upper
limit for the voltage magnitude, |vs̃b| is the voltage magni-
tude of bus b, lsrsk is the overflow candidate line, S f ,l is the
capacity of line l, and sf ,l is the complex power flow in
line l. The superscript s̃ denotes each iteration that is less
than or equal to s. N s

rsk is a set of bs̃rsk , where a voltage
violation is the largest for each s̃ (6a). Likewise, Lsrsk is a
set of l s̃rsk , where a flow violation ratio is the largest for
each s̃ (6b).

N s
rsk and Lsrsk store bs̃rsk and l s̃rsk , respectively for each s̃

to prevent recurrence of the problems. If the old bs̃rsk and l
s̃
rsk

are forgotten and only the newest bsrsk and l
s
rsk are managed,

the previously solved problems could recur as iteration pro-
gresses. Thus, the risky buses and lines for each iteration s
need to be gathered in N s

rsk and Lsrsk , respectively. N
s
rsk and

Lsrsk are passed to step 2 to find the worst cases of overvoltage
and overflow, respectively.

B. STEP 2: SEARCHING FOR THE WORST CASE OF THE
DISTRIBUTION SYSTEM INCLUDING UNCERTAINTIES
1) MODELING OF UNCERTAINTY RANGES
Uncertainties of the demand forecast and the DERA bid
in each bus are modeled using a pair of upper and lower
boundaries. From historical data comparing metered and
forecast values, the probabilistic distribution of forecast
error for both demand and DRES and the range of demand
within a specific confidence interval can be expressed,
as shown in Figure 4. The uncertainties are formulated as
follows:

1− σ lowi ≤ ξi ≤ 1+ σ highi , ∀i ∈ N ,G

p̃i = p̄i · ξi, ∀i ∈ N ,G

q̃i = q̄i · ξi ∀i ∈ N ,G (7)

where ξi is a bounded random variable that indicates an
uncertainty ratio of the real-time demand and DRES output
to the forecast values. σ lowi and σ highi are the lower and upper
limits of ξi, respectively; Pi and Qi are the possible real-time
active and reactive power, respectively; Pfcsti and Qfcsti are the
active and reactive power forecasts, respectively. ξi is used
in both active power and reactive power equations, assuming
constant power factors. For the demand, a constant-power
ZIP model whose power factor is irrelevant to the voltage
is assumed [44]. Furthermore, it is assumed that the control
signal manipulating power factor in DRESs is not given for
real-time uncertainties.

2) SEARCHING FOR THE WORST OVERVOLTAGE STATES
AND THE WORST OVERFLOW STATES
In step 2, the DSO finds the worst case when overvoltage
and overflow problems occur, including uncertainties σ L
and σG. Two worst cases are explored; one is the worst
overvoltage state X s

V , and the other is the worst overflow
state X s

F .
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FIGURE 4. Example of a demand forecast and an uncertainty range for a
real-time demand from the probability distribution of a forecast error as
a truncated normal distribution.

a: WORST OVERVOLTAGE STATE
The objective function and constraints that search the worst
overvoltage state X s

V are as follows:

max
X s
V

∑
i∈N s

rsk

|vsi | (8)

subject to (5a–5c)

1− σ lowg,i ≤ ξg,i ≤ 1+ σ highg,i , ∀i ∈ N (9a)

1− σ lowd,i ≤ ξd,i ≤ 1+ σ highd,i , ∀i ∈ N (9b)

psi = psg,i · ξg,i − P̄d,i · ξd,i, ∀i ∈ N (9c)

qsi = qsg,i · ξg,i − Q̄d,i · ξd,i, ∀i ∈ N (9d)

where X s
V = {θ

s, |vs|, ξ s, ps, qs} is the decision variable
set of the worst overvoltage. The objective function is
the sum of voltages on risky buses (8). ξ sd,i and ξ

s
g,i are

between the upper and lower limits on each bus (9a, 9b).
(9c, 9d) are equations for the active and reactive power bal-
ance that include uncertainty variables. The set of decision
variables, X s

V , is passed to step 4.

b: WORST OVERFLOW STATE
The objective function and constraints that search the worst
overflow state X s

F are as follows:

max
X s
F

∑
l∈Ls

rsk

|sf ,l |2/|S f ,l |2

subject to (5a–5c), (5f–5h), (9a–9d) (10)

where the set of decision variables is X s
F = {θ

s, |vs|, ps, qs,
psf , q

s
f , s

s
f }. The objective function is the sum of the square

line usage rates of the lines in Lsrsk (10). Eqs. (5a–5c) and

(9a–9d) are also included like in the worst overvoltage state.
Eq. (5f–5h) are added. The results, X s

V and X s
F , are passed

to step 3.

C. STEP 3: CHECKING VIOLATIONS IN THE WORST CASE
SCENARIO
From step 2, the worst cases, X s

V and X s
F , are obtained.

In step 3, the DSO checks for overvoltage problems in X s
V

and overflow problems in X s
F . Overvoltage violations OV s

i
are calculated using values in X s

V , and overflow violations
OF sl are calculated using values in X s

F . OV
s
i and OF sl are

calculated as follows:

OV s
i = |v

s
i | − V ∀i ∈ N , |V s

i | ∈ |V
s
| ∈ X s

V , (11a)

OF sl = |s
s
f ,l |

2
− S

2
f ,l ∀l ∈ L, |Ssf ,l | ∈ |S

s
f | ∈ X s

F , (11b)

Each OV s
i and OF sl is positive if the overvoltage or over-

flow occurs on each bus or line. The following conditions for
OV s and OFs determine whether the latest DERA bid passes
the prequalification process (12).

max
i∈N

OV s
i < εV (12a)

max
l∈L

OF si < εF (12b)

where εV and εF are small positive numbers that are the
criteria for the prequalification test. If all OV s and OFs are
negative, it is assumed that no problems occur even when
uncertainties are realized. However, because of non-linearity
of the distribution system, the bid cannot pass the pre-
qualification process even though the DERA follows the
bid-modification guidelines. Therefore, to admit trivial
errors, εV and εF are introduced, which are set to 1.0e-4.
If the conditions in (12) are satisfied, the DSO estimates its
system as reliable. The prequalification process then passes
to step 5. However, if the conditions in (12) are not satisfied,
the system, including the uncertainties, is assumed to be
unreliable, and the process passes to step 4.

D. STEP 4: CALCULATING THE BID-MODIFICATION
GUIDELINES
In step 4, the DSO calculates the bid-modification guidelines
using X s

V and X s
F . A bid-modification guideline consists of

the degree of violation and sensitivity. The degree of viola-
tions is OV s and OFs, as determined in step 3. The methods
for calculating the sensitivity are described in the following
subsections.

1) VOLTAGE SENSITIVITIES
The DSO calculates the voltage sensitivity to the DERA bid
based on the inverse linearized Jacobian matrix:[

1θ−1
1|v−1|

]
=

[
Jpθ (x) Jp|v|(x)
Jqθ (x) Jq|v|(x)

]−1 ∣∣∣∣
x=X s

V

[
1p−1
1q−1

]
=

[
Senspθ (x) Sensp|v|(x)
Sensqθ (x) Sensq|v|(x)

] [
1p−1
1q−1

]
(13)
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where J denotes the Jacobian matrix, and JAB is a Jacobian
matrix of A to B for Jpθ , Jp|v|, Jqθ , and Jq|v|; 1θ−1 =
[1θ2, · · · ,1θN ], 1|v−1| = [1|v2|, · · · ,1|vN |], 1p−1 =
[1p2, · · · ,1pN ], and 1q−1 = [1q2, · · · ,1qN ], are small
variations in the voltage angle, voltage magnitude, active
power, and reactive power, respectively; Senspθ and Sensqθ
are the sensitivity matrices of the voltage angle to the active
and reactive power, respectively; Sensp|v| and Sensq|v| are
sensitivity matrices of the voltage magnitude to the active
and reactive power, respectively. It should be noted thatX s

V is
used to calculate Jacobian matrices (13).

2) FLOW SENSITIVITIES
The DSO also calculates flow sensitivity to the DERA bid.
The flow sensitivity is obtained using partial differentiation
and the chain rule, which are calculated as follows:

|sf ,l |2 = p2f ,l + q
2
f ,l, (14a)

Sensssp,l,k =
∂|sf ,l |2

∂pk
=2

(
pf ,l

∂pf ,l
∂pk
+ qf ,l

∂qf ,l
∂pk

)∣∣∣∣
x=X s

F ,

(14b)

Sensssq,l,k =
∂|sf ,l |2

∂qk
=2

(
pf ,l

∂pf ,l
∂qk
+ qf ,l

∂qf ,l
∂qk

)∣∣∣∣
x=X s

F

∀l ∈ L,∀k ∈ N (14c)

where

∂pf ,l
∂pk
=
∂pf ,l
∂|vi|

∂|vi|
∂pk
+
∂pf ,l
∂|vj|

∂|vj|
∂pk

+
∂pf ,l
∂θi

∂θi

∂pk
+
∂pf ,l
∂θj

∂θj

∂pk
(14d)

∂qf ,l
∂pk
=
∂qf ,l
∂|vi|

∂|vi|
∂pk
+
∂qf ,l
∂|vj|

∂|vj|
∂pk

+
∂qf ,l
∂θi

∂θi

∂pk
+
∂qf ,l
∂θj

∂θj

∂pk
(14e)

∂pf ,l
∂qk
=
∂pf ,l
∂|vi|

∂|vi|
∂qk
+
∂pf ,l
∂|vj|

∂|vj|
∂qk

+
∂pf ,l
∂θi

∂θi

∂qk
+
∂pf ,l
∂θj

∂θj

∂qk
(14f)

∂qf ,l
∂qk
=
∂qf ,l
∂|vi|

∂|vi|
∂qk
+
∂qf ,l
∂|vj|

∂|vj|
∂qk

+
∂qf ,l
∂θi

∂θi

∂qk
+
∂qf ,l
∂θj

∂θj

∂qk
(14g)

∂pf ,l
∂|vi|

= |vj|(Gij cos θij + Bij sin θij)− 2Gij|vi| (14h)

∂pf ,l
∂|vj|

= |vi|(Gij cos θij + Bij sin θij) (14i)

∂pf ,l
∂θi
= |vi||vj|(−Gij sin θij + Bij cos θij) (14j)

∂pf ,l
∂θj
= |vi||vj|(Gij sin θij − Bij cos θij) (14k)

∂qf ,l
∂|vi|

= |vj|(Gij sin θij − Bij cos θij)+ 2Bij|vi| (14l)

∂qf ,l
∂|vj|

= |vi|(Gij sin θij − Bij cos θij) (14m)

∂qf ,l
∂θi
= |vi||vj|(Gij cos θij + Bij sin θij) (14n)

∂pf ,l
∂|vi|

= |vj|(Gij cos θij + Bij sin θij)− 2Gij|vi| (14o)

SenssSP,l,k is the sensitivity of |sf ,l |
2 to pk , and SenssSQ,l,k is

the sensitivity of |sf ,l |2 to qk . It should be noted that the values
inX s

F are used to calculate the sensitivities to reflect the worst
overflow state (14b, 14c).

3) BID-MODIFICATION GUIDELINES FOR THE DERA
After the DSO calculates OV s, OFs, Sensvp, Sensvq, Senssp,
and Senssq, the DSO sends the bid-modification guidelines
as linear constraints, which are as follows:

−OV s
i ≥

∑
j∈G

(Senssvp,i,j1p
s
g,j

+ Senssvq,i,j1q
s
g,j), ∀i ∈ N (15a)

−OF sl ≥
∑
k∈G

(Sensssp,l,k1p
s
g,k

+ Sensssq,l,k1q
s
g,k ), ∀l ∈ L (15b)

where the set of decision variables is 1psg and 1qsg. 1p
s
g

is the modification of the active power bid, and 1qsg is the
modification of the reactive power bid. Eq. (15) represents the
constraint in which the values of X s

V and X s
F are substituted

into eq. (4). As DERA submits a modified bid satisfying
eq. (15), the process goes back to step 1.

E. STEP 5: CHECK BID CONVERGENCE
In step 5, the DERA decides whether to modify the bid again
or to accept the prequalification result and submit the quali-
fied bid to the wholesale market. As the iteration progresses,
the DERA bids converge in the point that maximizes the
profit of DERAwithout causing the overvoltage and overflow
problems.

V. CASE STUDY AND DISCUSSION
A. SIMULATION SETTINGS
1) FORMULATIONS OF DISTRIBUTED ENERGY RESOURCE
AGGREGATOR
To verify the proposed prequalification process, let us con-
sider a DERA with the following objective function and con-
straints. TheDERA aims tomaximize its profits on the energy
market without considering information related to physical
constraints in the distribution system. The objective function
and constraints are as follows:

max
X s=0
bid

∑
i∈G

psg,i (16)

subject to (psg,i)
2
+ (qsg,i)

2
≤ (P̄g,i)2, ∀i ∈ G (17a)

qsg,i ≤
∣∣∣psg,i tan(arccos(pf))∣∣∣, ∀i ∈ G (17b)
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TABLE 4. Test system parameters: line parameters.

where the set of decision variables is X s=0
bid = {p

0
g, q

0
g}; G is

a set of generator bus indexes; psg,i and qsg,i are the active
and reactive power of the DERA bid, respectively; P̄g,i is the
DRES output forecast; and pf is the lower limit of the power
factor. After step 4 of the prequalification process, the DERA
modifies its bid to include the bid-modification guidelines.
The formulations, including the guidelines, are as follows:

max
X s
bid

∑
i∈G

psg,i (18)

subject to (15, 17)

psg,i = ps−1g,i +1p
s
g,i,∀i ∈ G (19a)

qsg,i = qs−1g,i +1q
s
g,i,∀i ∈ G (19b)

where the set of decision variables isX s
bid = {R

s
E , p

s
g, q

s
g,1p

s
g,

1qsg};1p
bid,s
g and1qbid,sg are the modifications in the active

and reactive power bid, respectively. The objective function
and constraints in the initial bidding are also included. The
DERA relieves violations of OV s and OFs by modifying
1pbid,sg and 1qbid,sg , respectively (19a, 19b). The DERA
submits updated values of psg and q

s
g to the DSO, and the next

iteration begins from step 1 all over again.
Although the DSOwas not meant to do this, it can uninten-

tionally suppress the DERA bid because of the nonlinearity
of the distribution system. Although the bid is prequalified,
the DERA can increase its output in the system constraints.

Therefore, even though the bid is prequalified, the DERA
could be dissatisfied with its bid. To resolve this situation,
the proposed algorithm allows the DERA to decide whether
to submit a prequalified bid to the TSO or return to the
prequalification process. It is assumed that the DERA decides
based on the following criterion (20):∣∣∣∑

i∈G

{
psg,i − p

s−1
g,i

}∣∣∣ ≤ εB (20)

where εB is a positive small number. When the sum of
the DRES outputs converges, the DRES generation can no
longer be increased in the distribution system. Therefore,
the convergence of the sum of the DRES outputs is set as
the convergence criterion. If the criterion is satisfied, then the

DERA is satisfied with its qualified bid and submits the bid
to the wholesale market. Subsequently, the prequalification
process is terminated.

2) PARAMETERS
The proposed prequalification algorithm is verified using
the IEEE33-bus distribution system in [45] and presented
in Figure 5. Bus 1 is the slack bus, representing the intercon-
nection point with the transmission system. The line param-
eters are taken from [45] and are listed in Table 4.

FIGURE 5. IEEE 33-bus distribution network with a high penetration of
distributed renewable energy sources.

The demand and generation are presented in Table 5.
To increase the line usage rate, which is a severe situation
in the distribution system, the active power demand in each
bus is set to twice the original data given in [45], whereas
the reactive power demand is set to be equal to that in [45].
Five wind generators are assumed to be located in buses 6, 12,
31, 18, and 19, and five photovoltaic generators are located
in buses 7, 9, 11, 33, and 21. To assume a distribution system
with a large integration of DRESs, the output of the wind and
photovoltaic generators are doubled compared to the original
data [46]. The total amounts of active power demand, reactive
power demand, and generation are set to 7.43, 2.30, and
12.00, respectively.
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TABLE 5. Test system parameters: Load and generation parameters.

Three cases are simulated to demonstrate the robustness
of the proposed prequalification scheme. Inspired by [39],
Case I conducts a prequalification only to relieve overflow
problems andignore the uncertainties. Case II is an improved
model based on Case I, in which the DSO considers uncer-
tainties from its system, but the voltage constraint is still not
considered. Case III prevents both overvoltage and overflow
problems by considering uncertainties.

Parameters of the three cases are provided in Table 6.
To consider the voltage constraint, the upper limit of the volt-
age magnitude is set only in Case III. To ignore uncertainties,
the ranges of the DERA bid and demand are set to zero in
Case I, whereas each uncertainty range is set to 10 % in
Cases II and III. All other parameters are set to the same value
in the three cases.

The unit of voltage magnitude is per unit of which base
voltage is 12.66 kV. The line usage rate in percentage [%] on
each line is |sf ,l | divided by |S̄l |.
The simulations are conducted under the Julia/JuMP envi-

ronment using the IPOPT solver to solve the non-linear
programming problem. The tolerance is set to 1e-7 for all
simulations. An Intel Core i7-8656U CPU @ 1.80 GHz is
used to run the simulations.

B. COMPARISON OF THE PROPOSED METHOD AND THE
BRUTE-FORCE SEARCH METHOD
The brute-force search method finds nb scenarios in which
the bus voltage is maximum and nl scenarios in which the line
usage rate is maximum in each line. In contrast, the proposed
method finds only two scenarios wherein the sum of the bus
voltages in Nrsk is maximum and the sum of the line usage
rates in the lines in Lrsk is the maximum.

Table 7 presents a comparison of the twomethods. Because
the brute-force search method finds nb+ nl uncertainty sce-
narios, it takes a longer time for the DSO to review the system
compared to the proposed method. The proposed method

TABLE 6. Test system parameters: uncertainty range, constraint inputs,
and convergence criteria.

TABLE 7. The ratio of overvoltage violation and overflow violation among
all scenarios.

requires 18.68 s only, which is much less than the 233.01 s
required for the brute-force search method.

Furthermore, the DSO transfers nb2 + nl2 constraints
to the DERA in the brute-force search method. However,
the constraints decrease to only nb + nl in the proposed
method. Moreover, the sum of the DRESs’ output only differs
by 0.04 % in both methods. The result demonstrates that the
proposed method enables the DSO to review DERA’s bid in
a more efficient manner.

C. EFFECT OF UNCERTAINTY ON THE OVERVOLTAGE AND
OVERFLOW
To confirm the impact of uncertainties, Figure 6 depicts the
state of the bus voltages and line flows in both cases, with

FIGURE 6. Overvoltage buses and overcurrent lines in the first iteration of
Cases I, II, and III.
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and without the uncertainties. The pattern of each bus and
line represents one of the following states: 1) Black state:
no problem occurs even though uncertainties are included.
2) Yellow state: a problem occurs when uncertainties are
included. 3) Red state: a problem occurs regardless of the
inclusion of uncertainties.

In Case I, the DSO restrains problems that would occur
in the red lines while ignoring uncertainties. In Case II, the
DSO prevents expected problems that could occur in the
yellow and red lines considering the uncertainties. In Case III,
the DSO prevents expected overvoltage and overflow prob-
lems that could occur in the yellow and red buses and lines
considering uncertainties.

D. COMPARISON OF THE RESULTS FOR EACH CASE
UNDER UNCERTAINTY SCENARIOS
A Monte Carlo based simulation is conducted to verify the
robustness of the proposed prequalification scheme. To repre-
sent a real-time situation, 100,000 test scenarios with forecast
errors are generated. Furthermore, to determine the errors
of the DRES schedules and demand forecasts, each scenario
has 42 random variables, including 10 random variables for
each DRES and 32 random variables for the demand on each
bus. Each random variable is distributed with a truncated
normal distribution T (0, 0.0612, [−0.1, 0.1]), of which the
lower and upper limits are -0.1 and 0.1, respectively. In each
scenario, the violations of the voltage and flow constraints are
evaluated. By calculating the power flow using the generated
scenarios with forecast errors, the voltage magnitude in each
bus and flow in each line are calculated for each scenario.
The maximum voltage and maximum line usage rate in each
scenario are obtained from the calculated voltage magnitudes
and flows, respectively.

Figure 7 illustrates the distribution of themaximumvoltage
and maximum line usage rate for each scenario, where each
dot represents an individual scenario in Cases I, II, and III.
The vertical dashed line denotes the upper limit of the voltage.
The dots on the right side of the line indicate that the volt-
age constraint is violated in those scenarios. The horizontal
dashed line denotes the upper limit of the line usage rate. The
dots above this line indicate that the flow constraint is violated
in those scenarios. The ratio of the overvoltage and overflow
scenarios in each case is presented in Table 8.

In Case I, it is demonstrated that all the scenarios
(100.00%) violate the voltage constraints, and the overflow
problem occurs in 61.11 % of scenarios. The reason for such
a high rate is that Case I did not consider the impact of
the uncertainties in the prequalification process. In Case II,
overvoltage still occurs in 81.12 % of the scenarios. How-
ever, no scenario experiences an overflow because Case II
manages congestion by considering the influence of uncer-
tainties. Furthermore, no overvoltage and overflow occur in
Case III. The results demonstrate that the proposed prequal-
ification algorithm works in the intended way and enables
the DSO to manage anticipated threats from uncertainties.
It is demonstrated that the ratio of overvoltage scenarios in

FIGURE 7. Maximum voltage and line usage rates for each case in each
uncertainty scenario.

TABLE 8. The ratio of overvoltage violation and overflow violation among
all scenarios.

Case II is 81.60 %, which is smaller than the 100% ratio in
Case I, even though Case II did not manage the overvoltage
problems. The reason for this is that the some overvoltage
problems are mitigated when the DRES output is reduced to
prevent overflow problems. Additionally, in Case III, there
is no scenario where the maximum flow exceeds the flow
limit. Figure 7 shows that the distribution in Case III does
not breach the line usage rate and voltage limits. The reasons
for this trend will be presented in Figures 8 and 9.

FIGURE 8. Voltage distributions on buses 12, 18, 31, 32, and 33.

Figure 8 presents the voltage distribution between two
buses among the five buses, namely buses 12, 18, 31, 32,
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FIGURE 9. Distribution of line usage rates on lines 5, 18, 22, 23, and 30.

and 33, in Case III. Table 9 presents the Pearson correla-
tion coefficient between the bus voltages. The five buses
exhibit a high average voltage in the Monte Carlo scenar-
ios. The figure shows that the voltage distribution between
buses 12 and 18 and the distribution among buses 31,
32, and 33 are highly correlated. The reason can be that
buses 12 and 18 are on the same main feeder, and buses 31,
32, and 33 are adjacent buses. Other distributions also exhibit
a high positive correlation, even though no two buses are
adjacent. It is shown that theworst case found by the proposed
method reached a voltage limit of 1.05 p.u., but the Monte
Carlo distribution did not. This indicates that the proposed
method can find theworst case, which is difficult to find in the
Monte Carlo method. This confirms that the worst scenario
that maximizes the sum of risky bus voltages is represented
by the points where each risky bus has the maximum voltage.

Figure 9 presents the distribution of the line usage rates
between two lines among the five lines, namely lines 5,
18, 22, 23, and 30, in Case III. On average, the five lines
have a high usage rate in the scenarios of Case III. Table 10
presents the Pearson correlation coefficient between the line
usage rates. The correlation coefficient between lines 22 and
23 is 0.989. It can be inferred that they are highly correlated
because both lines are adjacent. The correlation coefficient
between lines 5 and 30 also exhibits a positive value of 0.745.
It is demonstrated that the other lines are independent of each
other. Although there are no correlations, the distributions are
rectangular. In each distribution, black circle point represents
scenario when the sum of the line usage rate for both lines is
the biggest. Simultaneously, this point has a bigger value on
both axes than most points in the distribution. Some points
have a bigger value than the black circle point in the dis-
tribution because the distributions are not perfect rectangles.
However, the proposed method found the worst case, which
is marked as x. The worst case has bigger values than other
points in the distribution. Furthermore, the point is where the
sum of the line usage rate for both lines is maximized. This
confirms that the worst scenario, which maximizes the sum

TABLE 9. Pearson correlation coefficient between bus voltages.

TABLE 10. Pearson correlation coefficient between line usage rates.

of the line usage rates for the risky lines, is the point where
each risky line has the maximum line usage rate.

Figure 10 shows the trend in the ratios of the overvolt-
age and overflow scenarios using standard deviation of the
random variable in Case III. In particular, to evaluate the
robustness of the proposedmethod, a normal distributionwith
no upper and lower limits is used. In the figure, P(−0.1 <
X < 0.1) denotes a probability that a random variable lies
between −0.1 and 0.1, which is the uncertainty range cov-
ered in the prequalification process in Case III. Even though
the standard deviation increases, the range covered by the
prequalification remains close to 100 % in the overestimate
interval. It is shown that the ratios of the overvoltage and
overflow scenarios are close to 0%. In the robust interval,
the ratios still do not increase, even though the range covered
by the prequalification decreases to 85%. In the underesti-
mate interval, as the standard deviation increases, the ratio
of the overflow and overvoltage scenarios starts to increase.
This is because the scenarios that are worse than the expected
worst case in the prequalification become more frequent.

FIGURE 10. Ratio of the overvoltage and overflow scenarios.
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TABLE 11. Detailed results of the prequalification process in Case III.

The results indicate that it is imperative for the DSO to
set the uncertainty range properly before the prequalification
process.When the DSO overestimates the uncertainties, there
can a side effect in that the DSO can excessively decrease
the profit of the DERA. Further study regarding the effect
of the uncertainty range on the DERA profit is provided in
Section V-F. In contrast, if the DSO underestimates the risk
and sets the uncertainty range to be smaller than the real
value, the risk of overvoltage or overflow problems increases.

E. DETAILED RESULT FOR THE PROPOSED
ALGORITHM IN CASE III
Figure 11 and Tables 11 and 12 present the detailed results
for Case III from iterations s = 0 to s = 4. Figure 11-(a)
presents the voltage profiles on the selected buses in X s

V .
Figure 11-(b) presents the line usage rates on the selected
lines in X s

F . Table 12 presents the DERA bid in each itera-
tion. In iteration s = 0, the overvoltage problem occurs on
buses 6 to 18 and buses 26 to 33. The maximum voltage
is 1.1191 p.u. on bus 18. Moreover, the overflow problem
occurs in lines 3 to 5, line 8, and lines 27 to 30. The maximum
line usage rate is 288.05 % on line 5.

TABLE 12. Result of DERA bid in each step in Case III.

In iteration s = 1, to mitigate the overvoltage and over-
flow problems, the DERA reduces the sum of the DRES
outputs from 12.00 MW to 9.45 MW. Even though the sum

FIGURE 11. Comparison of the system states for iterations s = 0 to s = 3
in step 3 under Case III: (a) Voltage profiles in X s

V ; (b) Line usage rates
in X s

F .

is decreased, the outputs of the DRESs on bus 9, 11, 19,
and 21 do not decrease. Specifically, the DRES outputs on
buses 19 and 21 are not modified because those DRESs are
far from the overvoltage buses. As a result, all overvoltage
problems are mitigated, and the maximum voltage decreases
to 1.0411, which is lower than the voltage limit of 1.05 p.u.
However, overflow problems still exist in lines 4 and 5.

Thus, the DERA reduces the sum of DRES outputs once
again to mitigate the remaining overflow problem in line 5 of
iteration s = 2. The outputs of DRESs on buses 6, 7, 31,
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and 33 are decreased, and those on buses 12, 18, and 31 are
increased. It can be inferred that sensitivities to the flow of
line 5 are greater in buses 6, 7, 31, and 33 than in buses 12, 18,
and 31. Owing to the decrease in the sum of DRES outputs,
the overflow problem is mitigated but an overvoltage problem
with a small violation recurs. Although the DERA follows
the guidelines from the DSO, an unintended violation occurs
because of non-linearity of the distribution system. Thus,
the process progresses to the next iteration.

Despite an increase in the sum of the DRESs output,
the small overvoltage violation is resolved, but a small over-
flow violation occurs in iteration s = 3. It can be inferred
that the DERA resolved the overvoltage problem in bus 33
by decreasing the DRES output that is more sensitive and
increased the output of bus 12, which is insensitive to the
voltage of bus 33.

In iteration s = 4, because the DERA bid is qualified and
the bid convergence criterion is also satisfied, the prequali-
fication process is terminated. The results demonstrate that
most overvoltage and overflow problems are resolved in iter-
ation s = 1 or s = 2. Furthermore, small violations and bid
convergence conditions cause an increase in the number of
iterations of the process. It can be inferred that the additional
safety margin for the voltage limit and line usage rates can
reduce the number of iterations.

F. EFFECT OF THE EVALUATED UNCERTAINTY RANGE ON
THE DERA PROFIT
To evaluate the impact of the DSO’s uncertainty assessment
on the profit of DERA, the profits under various uncertainty
ranges are compared. σ lowg,i and σ highg,i are assumed to be the

same values, and σ lowd,i and σ highd,i are also assumed to be the
same values. The DERA profits in the simulation sets are
compared across 121 parameter sets as σ lowg,i and σ highg,i range

from 0% to 10%, and σ lowd,i and σ highd,i range from 0% to 10%.
To compare the DERA profits for each set of parameters,

the relative profits are used. The relative profit is the value
expressed as a ratio of each profit to the total profit when
σ lowg,i , σ

high
g,i , σ lowd,i , and σ

high
d,i are 10 %.

The result is given in Figure 12. The brightness of each cell
denotes a relative profit for the DERA. The darker the cell,
the closer the relative profit is to 1.15, and the brighter the
cell, the closer the relative profit is to 1. When the uncertainty
range of demands is fixed, a bigger uncertainty of the DRESs
leads to a smaller profit of the DERA.

To compare the impacts of the uncertainty range of a single
DRES, the simulations are conducted where the conditions
are nearly the same as Case III in Table 6 and only an
uncertainty range of one DRES is changed. Four DRESs are
selected based on the following conditions from Figure 6:
the DRES on bus 18, 6, 31 and 19. The results are shown
in Figure 13. Regarding the DRESs on bus 6, 18, and 31,
the smaller uncertainty ranges σg,6, σg,18, σg,31 lead to the
bigger sum of DRESs’ output. The increase in the sum is
biggest in σg,31 followed by that of on σg,6 and σg,18. The

FIGURE 12. Relative profit with various uncertainty ranges of generation
and demand compared to a zero-uncertainty profit.

FIGURE 13. Sum of output of DERA’s bid regarding the uncertainty range
of generators on bus 6, 18, 19, and 31.

reason can be inferred from the fact that pg,31, pg,6, and pg,18
have different values in final step of Table 12. pg,31, pg,6, and
pg,18 are 2.40, 1.43, and 0.53 in MW respectively.
On the other hand, the uncertainty range of the WT on

bus 19 σg,19 does not affect the sum ofDRESs’ output. To find
the reason for this, sensitivities toDRES outputs and activities
of voltage and flow constraints need to be analyzed. Figure 14
shows voltages of risky buses and voltage sensitivities to
the DRESs output on each bus. Figure 15 shows line usage
rates and its sensitivities to the outputs of DRESs on each
bus. In both figures, bigger sensitivities are colored darker
and lower sensitivities are colored brighter in each row. It is
shown that sensitivities of risky bus voltages to pg,19 are close
to zero. Also, sensitivities of line usage rates on risky lines
except line 18 to pg,19 are close to zero. For the usage rate of
line 18 of which sensitivity to pg,19 is not zero, it is still 85 %
that flow constraint of line 18 is inactive. This means pg,19 is
not curtailed because of the flow on line 18. Because of these
reasons, changes in σg,19 do not affect the sum of DRESs’
output.

In the long term, under the proposed prequalification pro-
cess, the DERA has an incentive to predict the DRES out-
put accurately and fulfill the submitted bid in real time.
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FIGURE 14. Sensitivitiy of voltage to DRES output in X4
V .

FIGURE 15. Sensitivitiy of line usage rate to DRES output in X4
F .

In addition, the proposed method can give conservative
DSOs an incentive to overestimate the uncertainty in DERA’s
resources. Therefore, it is important for the DSO to accurately
and properly assess the uncertainty of DRES and demand not
only to ensure robustness but also to ensure that the profit of
the DERA is not suppressed.

VI. CONCLUSION
The participation of DERA in power markets using
DRESs requires additional information exchange between
the DSO and the DERA. The proposed prequalification pro-
cess enables coordination between the minimal DSO and
the DERA. The minimal DSO cannot directly dispatch the
resources in its jurisdiction. Because DERA resources are
variable DRESs, the DSO should consider the uncertainty of
DRESs as the DSO manages its system.

Compared to the brute-force search method, the proposed
prequalificationmethod enables the DSO tomaintain a robust
distribution system in a more efficient manner. The proposed
method is as robust as and much faster than the brute-force
search method.

To verify the robustness of the proposed prequalification
method, Monte Carlo simulations are conducted using the
IEEE 33-bus distribution network under three cases. The
results demonstrate that the proposed scheme is sufficiently
robust for the expected uncertainty ranges. However, it is
observed that it is important for the DSO to assess the uncer-
tainties in its system properly. Overestimation can needlessly
decrease the profit of a DERA, and underestimation can
lead to overvoltage and overflow problems in the distribution
system.

In contrast, even though the DSO does not know the bid-
ding strategy of the DERA, it can guide the DERA bid using
the bid-modification guideline. Furthermore, the guideline

does not include full network information; instead, it includes
just the violations and sensitivities, which are linear
constraints.

The proposed algorithm helps the minimal DSO maintain
a robust distribution system while allowing a new entity
to be introduced to the distribution system. The proposed
algorithm can be applied only to a distribution system with
a single DERA. Therefore, further researches are necessary
with respect to the prequalification algorithm that can be
applied to multiple DERAs in a single distribution system.
In addition, the further researches should consider theDERAs
that aggregate non-renewable distributed generators and elec-
trical energy storage, taking into account multiple time steps
and inter-temporal constraints.
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