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AR economic considerations. This paper proposes a novel
distribution network. paper prop

bidding Structure for reactive power provision by three-
phase inverter-based distributed energy resources (TIDERS)

to enable their participation in the reactive power market.
The proposed structure incorporated the additional costs
incurred by TIDERSs in generating unbalanced reactive power
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Extended Abstract

Introduction

In recent years, the increasing penetration of
distributed energy resources (DERs)  within
distribution networks has drawn increasing attention
to their potential role in providing ancillary services.
One of the key ancillary services these resources can
offer is the provision of imbalanced reactive power to
reduce voltage unbalance, a subject explored in
numerous studies. References [8] and [9] investigate
centralized control strategies for the single-phase and
three-phase inverters aimed at voltage balancing. In
[10], a method was proposed for controlling three-
phase grid-connected inverters under unbalanced
conditions by using symmetrical components to
reduce current and voltage imbalance at the PCC.
Thus, TIDERs can provide unbalanced reactive power
as an ancillary service to improve voltage imbalance
in distribution systems. In [22], recognized voltage
imbalance mitigation as an ancillary service but also
highlighted the associated operational challenges and
adverse impacts on DER performance. Furthermore,
references [13] and [14] emphasized that current
imbalance across phases could degrade the DC link
and increase overall system losses, underscoring the
detrimental effects of imbalanced operation on three-
phase inverter-based distributed energy resources
(TIDERSs). References [15-16] introduced a didding
structure model for DER participation in the reactive
power market. However, the current structures are
inadequate when DERs supply imbalanced reactive
power as they fail to account for the associated costs.
Accordingly, this paper presents a novel bidding
structure for resource participation in the reactive
power market, which explicitly accounts for the
additional costs imposed on DERs due to the the
provision of unbalanced reactive power.

Materials and Methods

As outlined in [41], the reactive power bidding
structure for inverter-based resources is expressed by
equation (16). This bidding structure is applicable
when DERs supply balances reactive power.
However, when DERs provide unbalanced reactive
power, this structure no longer reflects the full scope
of costs incurred by these resources accurately. As
demonstrated in Section 4, unbalanced reactive power
injection leads to additional costs for DERs, which
must be incorporated into the reactive power bidding
structure. By integrating the conventional pricing
model with the cost components identified in Section
4, this paper proposed a new bidding structure for
reactive power provision by TIDERs, presented in
Equation (17). The proposed structure
comprehensively accounted for all the cost
components associated with the production of both
balanced and imbalanced reactive power by TIDERs.
Accordingly, the reactive power market was
formulated as an optimization problem, aimed at
minimizing the total payment function to market

participants. The optimization was carried out
subjected to the constraints related to TIDERS,
voltage unbalance standards, the network, and market
clearing. To demonstrate the importance of TIDER's
contribution to imbalanced reactive power generation
and to assess its impact on market settlement costs
and voltage imbalance mitigation, this analysis
compared two total payment functions, TPF1 and
TPF2, defined in equations (18) and (19) respectively.
It is important to note that the upstream grid’s reactive
power purchase price (Cq) is assumed constant. The
proposed framework was implemented on the IEEE
13-bus test system, incorporating four TIDER units.
The reactive power market clearing problem was
formulated as a nonlinear programming (NLP)
problem and was solved using the GAMS
optimization environment.

Results

This paper investigated the effectiveness and
significance of a proposed bidding structure for
reactive power market clearing in the distribution
networks equipped with three-phase inverter-based
distributed energy resources (DERSs). To evaluate this
bidding structure, market clearing was implemented
under three scenarios:

e scenario 1: objective function TPF1, and
TIDERs cannot produce unbalanced reactive
power;

e scenario 2: objective function TPF1, and
TIDERs can produce unbalanced reactive
power;

e scenario 3: objective function TPF2, and
TIDERs can produce unbalanced reactive
power.

The analysis of these scenarios without voltage
imbalance constraints showed that in Scenario 2,
inspite of the fact that the total reactive power
procurement cost decreased compared to Scenario 1
due to unpaid unbalanced reactive power, the lack of
financial incentives discouraged the effective
participation of resources in imbalanced reactive
power provision. Conversely, Scenario 3 introduced a
fair payment mechanism that motivated resource
participation, improving voltage quality and reducing
overall reactive power costs. To assess the impact of
voltage imbalance constraints, three different limits
(no limit, 4%, and 2%) were considered at network
buses. Results indicate that stricter constraints
increased the need for unbalanced reactive power
production, consequently raising operational costs.
However, without resource participation in producing
unbalanced reactive power, reducing voltage
imbalance was practically unfeasible. Sensitivity
analysis also revealed that lowering imbalance limits
significantly escalated costs and might have exceeded
the capability of existing equipment. Overall, the
proposed model, by establishing a competitive market
and the proposed bidding structure, successfully
enhanced the resource participation in imbalanced
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reactive power provision, lowered operating costs,
and improved voltage quality in the distribution
networks. This bidding structure enabled the system
operator to achieve optimal and economical power
quality management in the restructured distribution
systems.

Discussion and Conclusion

This paper demonstrated that imbalanced reactive
power generation imposes additional costs on
TIDERSs, reducing their willingness to provide this
ancillary service. To address this, a new bidding
structure was proposed for the TIDERs participation
in the reactive power market within restructured
power systems, incorporating the costs associated
with imbalanced reactive power provision. The

proposed bidding structure was evaluated on the IEEE
13-bus distribution system, showing both the
technical and economic benefits of TIDERs and the
DSO. Results revealed that without considering these
costs, TIDERs would face reduced revenues and
participation, whereas the proposed pricing
encourages participation, increased DER revenues and
reduced the voltage imbalance in the network.
Additionally, while the DSO payed for imbalanced
reactive power under the proposed structure, the total
operational costs decreased due to localized, cost-
effective procurement. This study also showed that
achieving voltage imbalance mitigation was
challenging without DER participation, underlining
the role of DERs in supporting voltage balance and
improving the performance of the distribution system.
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