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Assessing Active Distribution Network Flexibility:
On the Effects of Nonlinearities and Nonconvexities
Andrey Churkin, Pierluigi Mancarella, Senior Member, IEEE, and Eduardo A. Martı́nez Ceseña, Member, IEEE

Abstract—A widespread approach to characterise the aggre-
gated flexibility of active distribution networks (ADNs) is to
estimate the boundary of the feasible network operating areas
using convex polygons in the P-Q space. However, such approx-
imations can be inaccurate under realistic conditions where,
for example, the nonlinear nature of the network is captured,
and the behaviour of flexible units is constrained. This letter
demonstrates, using a small ADN example with four flexible
units and considering only nonlinearities from the network, that
reaching the full P-Q flexibility areas would require perfect
coordination of units and high ramping rates. Without these
requirements, the P-Q areas become nonconvex. Thus, if the
effects of nonlinearities and nonconvexities are ignored, existing
approaches in the literature can result in overestimation of ADN
flexibility and give rise to impractical solutions, hampering coor-
dination between transmission and distribution system operators.

Index Terms—Active distribution network, network flexibility,
distributed energy resources, flexible resources, nonlinearities,
nonconvexities, TSO-DSO coordination.

I. INTRODUCTION

RECENT advances in the integration of renewable and
distributed energy resources (DERs), information and

communications technologies, and network automation have
led to the emergence of active distribution networks (ADNs).
Such networks can aggregate and utilise the flexibility pro-
vided by flexible units - resources with the technical ability to
control power exchange with the grid, e.g., controllable DERs,
battery energy storage systems, prosumers, electric vehicles,
etc. Recent studies, e.g., [1]–[3], have proposed characterising
the flexibility of ADNs as a set of feasible network operating
points in the P-Q space. This approach enables estimating the
limits of aggregated flexible active and reactive power that
an ADN can provide. Different methods have been used in
the literature to approximate the boundary of the network
feasibility area, including random sampling and optimal power
flow (OPF) methods [4], [5]. Such approximations are usu-
ally considered as a tool for coordinating transmission and
distribution system operators (TSOs and DSOs) in flexibility
procurement at the TSO/DSO interface.

However, despite the rapidly evolving research on ADN
flexibility, existing studies overlook nonlinearities and non-
convexities of network flexibility models and do not consider
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related issues of ADN operation. This research gap arose due
to the use of flexibility estimation algorithms that approximate
the feasible network operating area in the P-Q space by
convex polygons. Some studies, e.g. [1], [3], do not question
the correctness of this convexification. Other works, e.g. [4],
deliberately use linearised and convexified OPF formulations.
Moreover, the focus has been placed on estimating the bound-
ary of the network feasibility area. It is usually implied, for
example in [6], that the larger this area approximated by the
boundary, the more flexibility the network can provide, and
the more useful TSO-DSO coordination can be achieved. By
focusing on the boundaries of the flexibility area, existing
studies inherently assume perfect DER coordination and active
network management with fast unit response. In practice, how-
ever, such coordination will require incentives, information
exchange, high ramping requirements, and other factors that
may not be in place. Therefore, existing approaches in the
literature can lead to overestimation of ADN flexibility and
give rise to impractical solutions.

This letter aims to raise concerns about the nonlinearities
and nonconvexities associated with ADN flexibility. The non-
linear behavior of flexible power provision is illustrated by
the case study of a radial distribution network with four units.
Only the nonlinearities of the network power flow model
are considered, while other parameters are assumed linear
(individual P-Q capabilities of flexible units and their cost
functions) or omitted in the modelling (minimum stable level
of generation for units, ramping constraints, etc.). The results
demonstrate that flexible units perform active network man-
agement to ensure the feasibility and cost-efficiency of certain
operating points. For example, some units can produce flexible
power while others consume it. This power swap effect enables
alleviating voltage constraints to maximise the aggregated
network flexibility. The network feasibility set also contains
areas where flexible units have to shift their power output
rapidly and precisely between close operating points. Such
effects of nonlinearities and nonconvexities pose challenges to
the operation of ADNs and should be accurately considered
in future research on distribution network flexibility.

II. SIMULATION RESULTS AND DISCUSSION

To illustrate the nonlinearities and nonconvexities of ADN
flexible power provision, a cost-minimising OPF model was
selected as a tool for network flexibility analysis. A generalised
formulation of this model is given by (1a)-(1d). The objective
function (1a) minimises the cost of upward and downward
regulation of flexible active and reactive power for flexible
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MODEL Cost-minimising flexibility estimation
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↓
k) (1a)

s.t.
p↑k − p↓k = pk − p0k ∀k ∈ K (1b)

q↑k − q↓k = qk − q0k ∀k ∈ K (1c)

pk, qk ∈ F =
{

∆Sk : ∀k ∈ K (1d)

vk ≤ vk ≤ vk ∀k ∈ K

pl
2 + ql

2 ≤ sl
2 ∀l ∈ L

}

units located at each node of the system, k ∈ K. Equations
(1b) and (1c) define the volume of regulations depending on
the initial flexible power output of units, p0k and q0k, and the
output at the new operating point, pk and qk. The flexible
power output of units is limited by the feasibility set F in (1d),
where the output of each unit is bounded by its P-Q capability,
∆Sk, and the network constraints are imposed depending on
the selected OPF model, e.g., power balance and voltage limits
for each node, and power flow limits for each line l ∈ L. In
this study, the analysis of network flexibility is based on the
nonlinear DistFlow OPF formulation, which is an exact OPF
model for radial distribution networks [7], [8].

A popular case study, the IEEE 33-bus radial distribution
network [8], is selected to illustrate the effects of nonlinearities
and nonconvexities. Four flexible units with identical P-Q
capabilities are placed in the network at buses 22, 25, 33, and
18 (one at the end of each feeder). Parameters of the units are
specified in Table I. Note that the P-Q capability constraints
and the cost functions are assumed to be linear. Thus, the
only nonlinearities come from the network power flow model.
The buses with flexible units have different voltages, which
imposes different constraints on the flexible power provision
due to voltage limits. For example, units C and D operate
at voltages close to the lower limit of 0.9 p.u. and therefore
cannot increase their power consumption significantly. Model
(1a)-(1d) was solved for multiple feasible operating points,
both at the boundary of the feasible network operating area and
within the boundary. Specifically, the model was solved 58,067
times for the discretised operating area with a step of 16.66
kVA. The results are displayed in Fig. 1, where the aggregated
network flexibility is shown from the perspective of flexible
power regulation by different units. Since there are four units
regulating P and Q components of flexible power, the figure
has a total of eight subplots. Moreover, the consumption and
production of flexible power is differentiated using a red-blue
heatmap. This visualisation enables a clear interpretation of
the flexible unit actions at different feasible operating points.

Since the operation of flexible units is limited by voltage
constraints, the units cannot achieve their maximum total
power consumption, which is displayed as the reduced upper
right part of the network flexibility area. Note that apply-
ing the cost-minimising OPF model (1a)-(1d) for flexibility
analysis results in solutions where cheaper flexible units get
activated first, subject to the network constraints. It can be

observed that units C and D (the cheaper ones) participate
in the flexibility provision at operating points close to the
initial operating point. Units A and B (the more expensive
ones) get activated later, at the operating points closer to the
feasibility boundary. However, the optimal operation of the
flexible units exhibits highly nonlinear behavior. For example,
at operating point 1©, flexible units B, C, and D consume
active power and increase the total power consumption of the
network. Yet, unit D produces reactive flexible power. This
counterintuitive solution is justified by the fact that unit D is
located at the part of the network with a low voltage profile
and cannot increase its power consumption further. Thus, unit
D still produces reactive power, while unit B consumes it.
This flexible power exchange (swap) enables units to alleviate
the voltage constraints and maximise the network feasibility
area. But, perfect coordination of units is required to work
at such operating points, which might not be the case in
realistic distribution networks. Without the flexible power
swap, the network feasible operating area reduces and becomes
nonconvex, as shown by the dashed boundary.

Another effect of the model’s nonlinearities is the rapid
shifts in flexible power output of the units between close
operating points. This can be demonstrated by comparing
flexible reactive power management at operating points 2©
and 3©. At point 3©, the cheapest unit D is activated to
produce reactive power. But, at the nearby point 2©, most
of the reactive power production is shifted to unit C. This
shift is justified by the cost-minimising model that identifies
the least-cost flexible power production, subject to network
constraints. Other notable examples of rapid and nonlinear
active network management by flexible units are operating
points 4© and 5©. These points belong to the areas where units
B, C, and D shift their active power consumption to reactive
power consumption. If adding ramp constraints or forbidding
such shifts, the feasible operating area will also reduce and
become nonconvex.

Ignoring these effects of nonlinearities and nonconvexities
can lead to overestimating the aggregated network flexibility
and developing inaccurate models that are not applicable to
real case studies. As demonstrated by the simulations, feasible
network operating areas can be nonlinear and nonconvex when
network constraints and additional limitations are imposed.
Such effects can be noticed even in existing studies. For
example, in [1], even though not discussed by the authors,
the flexibility areas constrained by the maximum flexibility

TABLE I
PARAMETERS OF FLEXIBLE UNITS PLACED IN THE NETWORK

Parameter Flexible unit

A B C D

Bus # 22 25 33 18
Initial bus voltage (p.u.) 0.991 0.970 0.917 0.913
P regulation limits (kW) ±500 ±500 ±500 ±500
Q regulation limits (kVAr) ±500 ±500 ±500 ±500
P cost ($/kWh) 0.375 0.350 0.325 0.300
Q cost ($/kVArh) 0.188 0.175 0.163 0.150
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Fig. 1. Flexible active and reactive power of the units for different flexibility requests defined by the cost-minimising OPF model, in MW and MVAr. The
consumption and production of flexible power is differentiated using a red-blue heatmap. The areas characterise the aggregated network flexibility in the P-Q
space at the TSO/DSO interface. The cross-markers correspond to the initial operating point, while the coordinates represent the network’s power consumption.

costs are nonconvex (Fig. 2 in [1]). It is important for
future research to investigate the conditions under which the
flexibility area remains convex. There is also a need to study
possible coordination issues related to the power swap between
flexible units and the rapid nonlinear shifts in unit operation.

III. CONCLUSION

This letter raises concerns about the nonlinearities and
nonconvexities associated with ADN flexibility. Estimation of
aggregated flexibility as a boundary of the feasible network
operating area (or even approximating it by the Minkowski
addition) overlooks the actions that units take to reach this
boundary. As demonstrated in this work, due to the nonlin-
earity of the network power flow model, operation of flexible
units exhibits highly nonlinear behavior, which requires perfect
unit coordination and high ramping requirements. If these
effects of nonlinearities and nonconvexities are ignored, ex-
isting approaches in the literature can result in overestimation
of ADN flexibility and give rise to impractical solutions.
Future research on the flexibility of distribution networks
should accurately consider these effects when modelling and
analysing operating points both at the boundary of the network
feasibility set and within the boundary.
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[6] S. Stanković, L. Söder, Z. Hagemann, and C. Rehtanz, “Reactive Power
Support Adequacy at the DSO/TSO Interface,” Electr. Power Syst. Res.,
vol. 190, 2021.

[7] M. E. Baran and F. F. Wu, “Optimal capacitor placement on radial
distribution systems,” IEEE Transactions on Power Delivery, vol. 4, no. 1,
1989.

[8] M. E. Baran and F. F. Wu, “Network reconfiguration in distribution
systems for loss reduction and load balancing,” IEEE Transactions on
Power Delivery, vol. 4, no. 2, 1989.


	I Introduction
	II Simulation Results and Discussion
	III Conclusion
	References

