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Abstract—The increasing proliferation of distributed gener-
ation (DG) and flexible resources in distribution systems has
introduced new operational challenges, particularly in manag-
ing network congestion and ensuring coordinated interactions
between transmission and distribution system operators. This
article investigates coordinated operational planning frameworks
for congestion management in active distribution networks with
high DG penetration. To this end, we develop and analyze two
representative distribution system operator (DSO) architectures,
the Minimal DSO and the Total DSO, designed to operate within
the day-ahead market framework. The proposed architectures
differ in their levels of coordination, communication, and control
between the Transmission System Operator (TSO), the DSO, and
DG aggregators. The Minimal DSO adopts a sequential, valida-
tion and mitigation approach for market-cleared DG schedules,
whereas the Total DSO performs an integrated optimization that
jointly maximizes market revenues and enforces network con-
straints. A comparative analysis is performed to assess the oper-
ational and economic performance of both architectures in terms
of congestion mitigation, DG utilization, and system reliability.
The developed models are implemented and validated on the
IEEE 123-bus test system, incorporating realistic DG profiles and
day-ahead market scenarios. The results demonstrate that while
both architectures ensure reliable network operation, the Total
DSO framework achieves higher DG utilization under network
constraints, highlighting its potential as an enabling structure
for future active distribution networks. However, this comes at
the cost of increased DSO responsibility, data/communication re-
quirements, and computational complexity to support integrated
operational planning.

Index Terms—Distribution system operator, TSO-DSO coordi-
nation, congestion management, optimal power flow, aggregation

I. INTRODUCTION

POwer distribution system is witnessing rapid proliferation
of behind-the-meter (BTM) flexible loads, distributed

generations (DGs), battery energy storage systems, and de-
mand response resources. These resources, if managed prop-
erly, can provide market and grid services to transmission
and distribution systems. This transformation is driven by
the increasing need for grid flexibility, technological advance-
ments, and evolving regulatory frameworks. In particular,
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FERC Order No. 2222 [1] allows aggregated resources located
in distribution system (DS) with a minimum capacity of 100
kW to participate in wholesale markets [2]. This regulatory
development has opened new revenue streams for consumers
and aggregators, potentially making energy more affordable.
However, while such bulk market participation frameworks
enhance system flexibility and efficiency at the transmission
level, they may simultaneously introduce operational chal-
lenges at the distribution level. One of the most significant
challenges is distribution system congestion, which arises
from the fact that these resources are dispatched over the
DS and causes uncertain bidirectional power flows due to
the stochastic nature of DERs. Congestion management for
the distribution system involves strategies to balance supply
and demand across the network, ensuring that the power flow
remains within the physical constraints of the grid.

These operational complexities necessitate new coordination
mechanisms between transmission system operators (TSOs),
distribution system operators (DSOs), aggregators, and con-
sumers to ensure reliable and efficient operation across grid
layers. Consequently, the role of the utilities have become
increasingly critical as a network operatorresponsible for
congestion management, DER coordination, and seamless
TSO–DSO interaction [3]. Effective congestion management
in distribution networks requires proactive rather than reactive
operational strategies. Day-ahead operational planning plays a
pivotal role in anticipating potential network congestion and
allocating DERs in a manner that ensures both grid reliability
and economic efficiency [4]. Managing network congestion
while maximizing aggregator revenues is typically achieved
by solving the Optimal Power Flow (OPF) problem, which
is inherently challenging due to its nonlinear and nonconvex
characteristics [5]. Several approaches, ranging from conven-
tional parametric formulations to modern data-driven methods,
have been proposed to address OPF in distribution systems
[5]. While OPF itself is a computationally intensive task, in-
corporating TSO–DSO interactions further increases its com-
plexity. This hierarchical coordination problem is commonly
formulated as a bi-level optimization, where the TSO defines
a feasible operating region that implicitly constrains the DSO-
level OPF. In [6], this complex bi-level problem was addressed
using a decomposition-based technique with a convex AC-
OPF formulation to guarantee convergence. Similarly, [7],
employs the Alternating Direction Method of Multipliers to
solve the TSO–DSO coordination problem based on iterative
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information exchange between the two entities. In [8], the bi-
level optimization is reformulated as a Mathematical Program
with Complementarity Constraints and solved using an inte-
rior–exterior penalty approach.

As the penetration of DERs continues to rise, solving this
hierarchical coordination problem efficiently has motivated
the development of both data-driven [9] and analytical [10]
methods for OPF. Within the TSO–DSO coordination context,
capturing real and reactive power flexibility while achieving
economic objectives is critical. For example, [11] quantifies
PQV-based distribution system flexibility using a two-stage
sampling strategy combining bounding-box projection and
Fibonacci direction techniques to characterize the feasible
operating region. Other studies have focused on specific
coordination goals: [12] models reactive power capabilities
as probabilistic capability charts using probabilistic curve
representations, while [13] proposes analytical methods to
quantify probabilistic line loading, a key metric in volatile
market participation.

However, most existing OPF-based coordination frame-
works implicitly assume traditional roles and responsibilities
for the TSO and DSO. With the rapid growth of DERs
and aggregators, new operational challenges have emerged,
necessitating redefinition of the DSO construct. The DSO,
conceived not merely as an organizational entity but as
a functional and market-oriented framework, represents a
paradigm shift toward actively managed distribution networks
[14]. Modern DSOs are expected to manage bidirectional
power flows, integrate distributed flexibility resources, and
operate the transmission–distribution (T–D) interface in near
real time. By integrating planning, market, and operational
functions, DSOs can unlock the value of flexibility services
while deferring costly infrastructure upgrades [15]. Therefore,
this work analyzes congestion management under various
DSO architectures and evaluates their performance in terms of
operational cost and DER utilization. Specifically, we model
and assess congestion management in two representative DSO
architectures—the Minimal DSO and the Total DSO. The key
contributions of this work are as follows:

‚ Development of a comprehensive DSO–DER coordina-
tion and control architecture for congestion management
under both the minimal DSO and Total DSO operational
paradigms. The proposed framework systematically con-
trasts limited-control environments with fully coordinated
architectures, highlighting the structural and informa-
tional requirements needed for effective distribution-level
decision making.

‚ Formulation of an optimization-driven congestion man-
agement strategy using an OPF framework tailored to
both minimal and Total DSO scenarios. The OPF mod-
els explicitly incorporate network constraints, DER ca-
pabilities, and voltage-sensitivity information, enabling
the DSO to perform informed, system-wide curtailment
decisions that balance reliability, operational constraints,
and renewable utilization.

‚ Implementation and validation of the proposed architec-
tures on the IEEE 123-bus test system, demonstrating
how each DSO model influences DER dispatch efficiency,

voltage regulation effectiveness, and overall curtailment
requirements. The results quantify the improved DER uti-
lization and operational performance achievable through
enhanced coordination in high-DER-penetration distribu-
tion networks.

The remainder of the paper is organized as follow; Section II
illustrates the minimal and total DSO frameworks. Section III
presents the mathematical modeling of both the DSO models.
Section IV discuss the siumulation results and Section V
concludes.

II. DSO ARCHITECTURES

The Minimal DSO and Total DSO architectures primarily
differ in their levels of coordination, communication, and
control among the TSO, the distribution utility, and DERs.
These differences determine how economic optimization and
network feasibility are integrated within the overall operational
framework.

Fig. 1: Minimal DSO Architecture

As shown in 1, the Minimal DSO architecture, commu-
nication between the TSO and the DSO/utility is limited
and largely unidirectional. The TSO clears the wholesale
market based on aggregated DER offers, and the DSO sub-
sequently validates these dispatch results against the physical
constraints of the distribution network. Any infeasibilities,
such as voltage or thermal limit violations, are handled locally
through curtailment or adjustment of DER outputs. Hence, this
approach emphasizes simplicity and institutional separation
but at the expense of full DER utilization and overall economic
efficiency.

Conversely, the Total DSO architecture in 2 features a more
advanced coordination mechanism, characterized by bidirec-
tional communication and integrated decision-making between
market and network layers. Here, the DSO directly incorpo-
rates both economic objectives (such as revenue maximization)
and network constraints (such as voltage stability and line

Fig. 2: Total DSO Architecture

979-8-3315-8138-1



3

loading) into a single optimization framework. This unified
control structure enables simultaneous congestion manage-
ment and optimal DER dispatch, ensuring efficient resource
utilization and minimizing post-market interventions.

Despite their structural differences, both architectures share
a common goal, to maximize DER participation and economic
returns while maintaining secure and reliable network opera-
tion. The choice between them depends on the desired level
of institutional integration, data exchange, and operational
complexity that a utility or regulatory framework can sup-
port. In practice, the Minimal DSO represents an incremental
step toward active distribution management, while the Total
DSO reflects a more comprehensive and future-oriented model
aligned with high DER penetration scenarios.

III. MATHEMATICAL MODELING

This sections details the optimization formulation for the
Minimal and Total DSO architectures. Firstly, various DERs
in the system are modeled, later these DER models will
be considered as constraints in the OPF formulations. This
work considers price response demand response, solar PV, and
battery energy storage systems as DERs. The price-responsive
demand response loads are modeled as;

pdri,ϕ “ P dr
i,ϕ if ρt ď ρb1 (1)

pdri,ϕ “ ϵ1i,ϕP
dr
i,ϕ if ρb1 ď ρt ď ρb2 (2)

pdri,ϕ “ ϵ2i,ϕP
dr
i,ϕ if ρt ě ρb2 (3)

where P dr
i,ϕ and pdri,ϕ are the demand response load dispatches

and flexible load availability at ith node of ϕth phase. ϵ1i,ϕ and
ϵ2i,ϕ are the fraction of flexible demand response load possible
through the day-ahead optimization. ρb1 and ρb2 price bands.
Model for the solar PVs with the respective constraints is;

0 ď psi,ϕ ď P s
i,ϕ (4)

where psi,ϕ and P s
i,ϕ are the possible solar PV dispatch and

available capacity of generation at ith node of ϕth phase. The
BESS capacity and charge/discharge constraints are;

pb
i,ϕ “ pdis

i,ϕ ´ pcha
i,ϕ (5)

pcha
i,ϕ ď βi,ϕP

cha
i,ϕ (6)

pdis
i,ϕ ď p1 ´ βi,ϕqP dis

i,ϕ (7)

SoCi,ϕ “ SoCinit
i,ϕ `

´

ηchapcha
i,ϕ ´

pdis
i,ϕ

ηdis

¯

(8)

SoCmin
i,ϕ ď SoCi,ϕ ď SoCmax

i,ϕ (9)
βi,ϕ P r0, 1s (10)

Here, pbi,ϕ is the BESS dispatch. pdisi,ϕ and pchai,ϕ are the
charging and discharging schedules; βi,ϕ is a binary variable
decides either to charge or discharge of BESS at ith node
of ϕth phase; P dis

i,ϕ and P cha
i,ϕ are the maximum discharging

and charging capabilities of respective BESS; following their
respective charge discharge efficienciesηcha and ηdis; State of
charge SoCi,ϕ follows the respective SoCmin

i,ϕ and SoCmax
i,ϕ

constraints.
OPF Formulation:

argmin
PDER

N
ÿ

i“1

Ψ
ÿ

ϕ“1

´

ρppgϕq

¯

(11)
subject to

pgi,ϕ `

N
ÿ

i“1

pbi,ϕ `

N
ÿ

i“1

psi,ϕ “

N
ÿ

i“1

pli,ϕ `

N
ÿ

i“1

N
ÿ

j“1

pi,j,ϕ @ t (12)

pli,ϕ “ pfixi,ϕ ` pdri,ϕ (13)

pgi,ϕ ` pbi,ϕ ` psi,ϕ “ pli,ϕ `

N
ÿ

j“1

pi,j,ϕ (14)

Pi,ϕ “ Vi,ϕ

N
ÿ

j“1

Vj,ϕYi,j,ϕ cosp´θi,j,ϕ ` δi,ϕ ´ δj,ϕq (15)

Qi,ϕ “ Vi,ϕ

N
ÿ

j“1

Vj,ϕYi,j,ϕ sinp´θi,j,ϕ ` δi,ϕ ´ δj,ϕq (16)

Pi,ϕ “ pgi,ϕ ` pbi,ϕ ` psi,ϕ ´ pli,ϕ (17)
pi,j,ϕ “ Vi,ϕVj,ϕYi,j,ϕ cosp´θi,j,ϕ ` δi,ϕ ´ δj,ϕq (18)

Vmin ď Vi,ϕ ď Vmax (19)
Here, the objective (10) is to maximize the utility revenue

by maximizing the utilization of DERs. ρ is the market price
that decides the power derived from the grid pgi,ϕ for all the
nodes i P N and phases ϕ P Ψ. PDER P pdr, pb, ps are the
DER outcomes. The Constraints (11)-(18) ensure the network
constraints, such as power balance, power flows, and voltage
limits; Pi,ϕ, Qi,ϕ are the active and reactive power injections
at ith node of ϕth phase. Vi,ϕ is the voltage magnitude of
ith node of ϕth phase. The above optimization formulation
is NP hard, and it is computationally intensive. In this work,
the DSO models follow different approaches to solve the OPF
based on the architecture limitations

A. Minimal DSO

In the Minimal DSO architecture, the distribution utility
primarily functions as a network validator, ensuring that
the operation of DERs does not compromise local network
reliability. In this configuration, DERs or their aggregators
directly participate in the wholesale market operated by the
TSO/ISO, submitting bids and dispatch quantities based on
market clearing results. The DSO subsequently receives the
aggregated DER schedules or outputs and validates them
against the distribution network constraints, such as voltage
limits, thermal ratings, and power flow feasibility.

If the validated dispatch results in network congestion,
typically observed as voltage violations or line overloads,
the DSO communicates the curtailed DER outputs back to
the TSO/ISO. This feedback ensures that system reliability
is maintained, albeit at the cost of reduced DER utilization.
The congestion mitigation process in this architecture is often
governed by rule-based or heuristic curtailment strategies,
applied locally by the utility without co-optimization of market
and network objectives.

Because the revenue optimization (performed by the market
operator) and network validation (performed by the DSO)
are decoupled, the overall decision-making process follows a
sequential or decoupled OPF framework. While this approach
simplifies coordination and preserves the autonomy of both
entities, it leads to suboptimal economic outcomes and under-
utilization of DER flexibility. As a result, the Minimal DSO
architecture represents a pragmatic but limited coordination
model, suitable for systems with moderate DER penetration
where real-time congestion is infrequent. However, as DER
proliferation increases, its limitations in achieving system-
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wide efficiency and flexibility utilization become more pro-
nounced.

B. Total DSO

In the Total DSO architecture, the distribution utility as-
sumes an integrated operational and market coordination role,
performing both revenue maximization and network validation
within a unified optimization framework. Unlike the Minimal
DSO, where economic and physical feasibility analyses are
performed sequentially and independently, the Total DSO
model formulates a co-optimized problem that simultane-
ously considers market clearing objectives and distribution
network constraints. This integrated approach ensures that
DER dispatch decisions are both economically optimal and
electrically feasible, thereby eliminating the need for post-
market curtailment or rule-based adjustments.

By jointly optimizing DER participation and network oper-
ation, the Total DSO architecture enables efficient utilization
of distributed flexibility resources, including generation, stor-
age, and demand response. This results in improved system-
wide efficiency, reduced congestion, and enhanced reliability
across the distribution network. Moreover, since the DSO
manages both the technical and economic dimensions of DER
coordination, it can implement fair and transparent allocation
mechanisms, ensuring equal opportunity for all participating
DERs. Such mechanisms promote equitable access to market
revenues while maintaining adherence to local operational
limits.

Additionally, the Total DSO model enhances the coor-
dination between transmission and distribution systems by
providing aggregated, network-aware flexibility offers to the
TSO/ISO. This facilitates a more accurate representation
of the distribution network’s operational capabilities in the
wholesale market. Through this holistic framework, the Total
DSO architecture not only improves DER owners’ satisfaction
and market participation equity, but also contributes to the
broader objectives of system reliability, economic efficiency,
and sustainable grid operation.

IV. TEST SYSTEM AND RESULTS

The proposed DSO–DER coordination architectures are
evaluated on the IEEE 123-bus test system for both the mini-
mal DSO and Total DSO configurations. In the minimal DSO
architecture, operational limitations restrict the controller’s
ability to perform location-specific actions; consequently, the
utility relies on a uniform DER-curtailment scheme to preserve
network reliability under varying DER operating conditions.
Under normal, uncongested conditions, no DER curtailment
is necessary. A congested operating scenario is identified by
simulating the system over a range of day-ahead loading con-
ditions and DER dispatch levels. During peak DER production,
particularly around 2 PM in the day-ahead schedule, nodal
voltages exceed the acceptable operating band of 0.95–1.05
p.u. Although some utilities permit a wider voltage margin
(0.9–1.1 p.u.), the simulation results demonstrate that under
high DER penetration, node voltages can surpass even the
1.1 p.u. upper bound, as illustrated in Fig. 3. This highlights

the increasing need for coordinated DER management in
distribution networks with high renewable adoption.

In the minimal DSO architecture, acceptable voltage levels
are traditionally restored by uniformly curtailing DER outputs
across the network. However, when the spatial distribution
of DERs is known, voltage-sensitivity information can be
leveraged to identify the most influential DER locations for
targeted curtailment. The latter strategy is adopted in this work
to avoid overly conservative system-wide DER reductions.
Using the voltage-sensitivity–based approach, nodal voltage
magnitudes are brought back to within the acceptable range
(ď 1.05 p.u.) by proportionally reducing DER outputs at
nodes exhibiting higher voltage impacts. The resulting nodal
voltages and DER curtailment profiles are illustrated in Fig. 3.
As shown, DERs located near nodes with voltages exceeding
1.05 p.u. experience greater curtailment, while DERs at non-
critical nodes remain largely unaffected. Following the targeted
curtailment, all nodal voltages are successfully regulated to
ď 1.05 p.u., confirming the effectiveness of the proposed
approach.

Fig. 3: Generator power and nodal voltages for Minimal DSO
In the total DSO architecture, the utility solves the optimal

power flows (OPF) to maximize DER utilization and revenue.
OPF for total DSO the proposed studies is formulated us-
ing current-voltage (IV) formulation, which enables a robust
representation of voltage and current variables suitable for
unbalanced distribution networks. The OPF is implemented
using the PowerModelsDistribution package, an open-source
Julia-based framework for scalable distribution-system opti-
mization [16]. The proposed modeling framework enables
flexible experimentation with various DSO architectures and
DER coordination strategies within unbalanced distribution
networks. In the Total DSO architecture, the operator leverages
detailed network information, DER capacities, and voltage-
sensitivity relationships to maintain nodal voltages within the
acceptable operating band of 0.95–1.05 p.u. while minimizing
total DER curtailment. This enhanced flexibility allows the
DSO to distribute the required curtailment optimally across
multiple DERs, thereby reducing the overall curtailment bur-
den compared to rigid or location-specific methods. Unlike
the minimal DSO architecture—where curtailment is applied
only to DERs located at nodes exhibiting overvoltage con-
ditions—the Total DSO strategy coordinates DER outputs
system-wide to achieve voltage regulation with significantly
lower aggregate curtailment. As a result, the system attains
improved voltage compliance and higher renewable utilization.
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Fig. 4: Generator power and nodal voltages for Total DSO

A comparison of the total DG real-power output and the
corresponding curtailment percentages for both architectures
is provided in Table I. Prior to any congestion management,
the aggregate available DG capacity in the system is 10,749
kW. After applying the respective congestion-management
strategies, the minimal DSO architecture yields a total DG
output of 4,625 kW, whereas the Total DSO architecture
delivers a substantially higher output of 6,425 kW. These
results clearly demonstrate the advantages of the increased
operational flexibility offered by the Total DSO approach.
Specifically, by coordinating curtailment decisions across the
entire network, rather than targeting only DGs located at
overvoltage nodes, the Total DSO achieves nearly double the
usable DG real-power contribution compared to the minimal
DSO. This improvement reflects a more efficient utilization
of DGs and highlights the importance of system-wide
optimization in high-DG-penetrated distribution networks.

TABLE I: Comparison of Min DSO and Total DSO

Total P % Curtailment
Min DSO 4,625.08 56.97
Total DSO 6,425 39.68

These results demonstrate that the enhanced flexibility of
the Total DSO architecture enables significantly more efficient
DER coordination compared to the minimal DSO approach.
By leveraging detailed network models, voltage sensitivities,
and system-wide optimization, the Total DSO maintains all
nodal voltages within acceptable limits while minimizing
overall curtailment. Consequently, the usable DER real-power
output nearly doubles relative to the minimal DSO, high-
lighting the critical value of coordinated, distribution-level
optimization in high-DER environments.

V. CONCLUSION

This work develops a coordinated DSO–DER control ar-
chitecture for congestion management under both minimal
and Total DSO frameworks. An OPF-based congestion man-
agement formulation is proposed, incorporating network con-
straints, DER capabilities, and voltage sensitivities to guide op-
timal curtailment decisions. In the minimal DSO architecture,
utilities preserve network reliability by applying rule-based
curtailment to DERs after the economic optimization step,
often resulting in conservative operation and reduced DER par-
ticipation. In contrast, the Total DSO architecture enforces re-
liability through a fully integrated techno-economic optimiza-
tion, enabling coordinated DER dispatch that simultaneously
satisfies system constraints and maximizes economic value.

The proposed architectures are implemented on the IEEE
123-bus system, demonstrating how increased coordination
significantly improves voltage regulation and DER utilization
in high-penetration distribution networks. Future work will
extend this framework to a multi-period optimization setting
to capture the temporal flexibility of DERs and energy storage
systems. Additionally, a detailed phase-level investigation will
be conducted to better understand the impacts of three-phase
unbalance and further enhance the practical applicability of
the proposed coordination architectures.
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