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Abstract—It has been decades since category theory was
applied to databases. In spite of their mathematical elegance,
categorical models have traditionally had difficulty representing
factual data, such as integers or strings. This paper proposes
a categorical dataset for power system computational models,
which is used for AC Optimal Power Flows (ACOPF). In
addition, categorical databases incorporate factual data using
multi-sorted algebraic theories (also known as Lawvere theories)
based on the set-valued functor model. In the advanced metering
infrastructure of power systems, this approach is capable of han-
dling missing information efficiently. This methodology enables
constraints and queries to employ operations on data, such as
multiplicative and comparative processes, thereby facilitating the
integration between conventional databases and programming
languages like Julia and Python’s Pypower. The demonstration
illustrates how all elements of the model, including schemas,
instances, and functors, can modify the schema in ACOPF
instances.

Index Terms—ACOPEF, Category, Compositional, Database,
Functor.

I. INTRODUCTION

The power system is composed of a centralized bulk gener-
ation sector and a downstream dedicated consumption sector.
In addition, the model can be adapted to include residential
loads with or without distributed energy resources downstream
at the end user. The users are aware of how to participate
meaningfully in the grid. Figure 1 illustrates the interactions
between the different sectors of the power system. There are
two types of interactions that are possible in this model,
physical interactions and communication interactions. It is
important to note that the dotted lines represent the actual
flow of power, which is similar to the power flow in a real
power system. In this model, the enabling and challenging
components are all solid lines, which are secure communi-
cation flows. System operators are primarily responsible for
controlling these interconnected systems under coordinated
platforms. An operator of a power system typically operates
the optimal power flow in the day ahead and the real-time
market in order to provide the least cost or maximum social
welfare operation, the minimum congestion, overloading, and
minimize the violation of the state variable. With the use of a
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Fig. 1. Interactions among different power system sectors

cloud, the operation conditions, such as the topology, physical
operation, and economic and financial characteristics of each
sector, are represented. Each of these clouds can be zoomed in
on. It is evident that there are many standards being developed
that provide guidance, such as specifying the exchange of
model information among all sectors while protecting the
privacy of all participants. The purpose of this research is
to investigate the information model and its exchange of
information. There are many formal features of AC optimal
flow (ACOPF), but the relationship between these pieces
still needs to be mapped out [1], [2], [3]. This connectivity
is formalized by reconstructing existing workflows and best
practices in categorical terms. System integration generally
requires two factors [4]: First, The first step is to understand
the physics of the power system and ACOPF; Second, The
remainder is a matter of mathematics [5], [6], [7].

It is recommended to represent systems as algebras if the
science of interconnection in a dataset is to be described by
given mathematics. Those algebras are then composed together
in category theory [4].

An algebraic structure on a graph is a general definition of
a category. Our goal is to provide an intuitive explanation of
the fundamental concepts of the categorical theory in datasets
of ACOPF. Objects are grouped into categories along with
arrows (including identity arrows) which a composition rule
can formally link together. Examples of valuable categories
include sets and functions, graphs and graph transformations,
and states and transitions between them [8], [9]. In Section II, a
paradigm is presented for an issue related to ACOPF, including
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the definition of category theory, its underlying elements, and
the conical form of ACOPF problem. An instance of a database
is a functor derived from a database schema (i.e., a directed,
recursive multigraph) and a database schema is a finitely
introduced category. Section III describes the implementation
in CATLAB [10]. As schemas are viewed as categories, model
mappings are functors from schema to schema. A functor of
this type will inevitably result in many translations between
instances adhering to different schemas at the source and
destination. As a result of these mappings, a framework for
linking numerous models and technologies is described in
Section IV. Section V examines a particular class of ACOPF.
It is intended that the concept of different generation units
in ACOPF provides a formal abstraction or characterization
of the critical characteristics of a diverse range of energy
resources, such as renewable energy resources and batteries.
Our study presents a class of models of generation resources
as instinctive graphs, where morphisms are viewed as model
transformations or synthesis. A monoidal structure is permitted
in this category, with different generation unit aggregation as
a tensor product.

II. PROBLEM FORMULATION AND MODEL ARCHITECTURE

The purpose of this section is to provide an overview of the
proposed model in its essential components.

A. Category Theory

There is this common information model which is not
unique to power systems, while there is a set of standards
that focus on utilizing that in the context of power systems.
They are basically UML-based kind of models, and then they
use XML for their Model exchange. There is a whole bunch
of other standards that are related in really complicated ways
to all the things in Fig. 1. Therefore, our approach is based on
techniques from categorical databases. This technique applies
to ACOPF problems for model management. In this model, we
define some schemas for ACOPF as an object and then define a
set-valued function in instances. The objects will be connected
by functors between the schemas, those will induce functors
between the instances. One of the main objects is the solver
and many other tools, such as a schema reader for running
the ACOPF problems. In the end, we embedded connecting
different tools in this categorical database model [11], [12].
The following diagram is meant to represent data in a category
consisting of three objects X, Y, and Z, identity morphisms
on theirs id's, and two morphisms f and g, along with their
composition rule g o f. Figure 2 shows a simple category and
its morphisms [13], [14], [15].

B. Categorical database as an object and functor design

There is this standard information model which is not
unique to power systems, while there is a set of standards
that focus on utilizing that in the context of power systems.
They are basically UML-based kind of models, and then they
use XML for their Model exchange. There is a whole bunch
of other standards that are related in really complicated ways

f idy
Cx
idx fog g
Z

idz )

Fig. 2. A graphical representation of a category is provided, with
objects X, Y, and Z, as well as morphisms f, g, and g o f.
Additionally, the category includes three identity morphisms, namely
idx, 1dy, and idz.

to all the things in Fig. 1. Therefore, our approach is based on
techniques from categorical databases. This technique applies
to ACOPF problems for model management. In this model, we
define some schemas for ACOPF as an object and then define
set-valued functions in instances based on Lawvere’s theory
[11]. The objects will be connected by functors between the
schemas, and those will induce functors between the instances.
One of the main objects is the solver and many other tools,
such as a schema reader for running the ACOPF problems.
In the end, we embedded connecting different tools in this
categorical database model. The first step in modeling the
behavior of the system is to create a Markov chain. As a result,
different operating points indicate states which correspond to
various failure modes, working models, dispatching, or other
changes to the ACOPF problem to which we would like to
assign transition probabilities. We implemented our proposed
model using the CATLAB tool. The beauty of this model is
that we have some groups as an object for the dataset, and we
spent a lot of time trying to build these realistic data models
for all generation resources and any other system assets. In
order to build a base model, you must define functors between
these objects at the instance level. A base model can then be
constructed from the combination of these functors and applied
to other instances and case studies. As a result, it is similar
to building up a model repository of these asset models under
various conditions. It helps the system operator utilize this
model as a generic tool for operating conditions. For instance,
running the ACOPF for various use cases and test cases at
steady-state operation.

C. AC Optimal Power Flow Model

Physical power flow mapping constitutes the fundamental
basis for traditional grid monitoring and planning instruments,
as demonstrated in [5],

pi =Y |vil [ok| (gik cos Bir, + bir sin O ,
o (1)

n
gi =Y [vil [ve| (gir sin Oz — big cos Oz ) ,
k=1
The expression under consideration holds for indices ¢ =

1,--- ,n. The variables p; and ¢; are used to denote the real
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and reactive power injections at the i*" bus, respectively. The
(i, k)" element in the admittance matrix, denoted by Y =
G++/—1B, is represented as (g;x + v/—1b;1,). The magnitude
of voltage at the i bus is represented as |v;|, and the phase
angle difference between the i*" and k" bus is represented
by eikw

To create a model for the optimization solver in the fol-
lowing content, we transform the trigonometric functions into
polynomial functions using rectangular coordinates [1], [6],
[7]. This is accomplished by the following definition:

u; = |vi|cos8;,  w; = |v;|sin by, 2)

vy = u; + v —1w; 3)

where u; and w; are the real and imaginary parts of the bus

voltage phasor, the nodal power flow equations of the power

network (1) could be represented as functions of u; and w; :
n

- @

n
q; = Z (’szkglk — UWEGik — UUEbi — wlwkbzk)
k=1
In addition, we define

u=[uy; Uy, w=lwy;swy], ®=uw]. (5)

It is then possible to abstractly represent the underlying power
flow equations (5) in the following way:

pi = [fp; (),

g = . qi ($ )

According to traditional practices, the power flow equations
fp, and f,, are governed by the network topology and electri-
cal parameters of the transmission lines, transformers, shunt,
and series components of the system. Note that all parameters
and topology of the system are assumed to be known and
provided. A lack of accurate topology information and missing
line parameters may prevent the use of physical law-based
illustrations of power flow equations. Increasing data availabil-
ity in distribution grids has been observed as a solution to the
problem. The AC power flow problem originally is non-convex
and in the form of SDP, the X;; = w;w; and X;; = u;w; are
the hermitian matrix entries in (7).

(6)
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In the SOCP formulation, the following additional equations
are added to the ACOPF (4) as follows,

XX > ij (8)
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Fig. 3. creation of a schema for ACOPF problem in CATLAB based
on Pypower

III. SCHEMA CREATION WITH CATLAB

As a result of the ACOPF problem, we can determine how
hard it is for active and reactive power to flow through the
network in an optimal and feasible manner. In this type of
diagram, it is much more complicated than we can imagine.
Objects or entities of the ACOPF schema are shown in this
diagram. The ACOPF (or even a customized ACOPF with
different objective functions and constraints) can have all the
attributes required to specify one of these problems in the
physical constraint setup or in the engineering information
setup. For example, the maximum voltage across the trans-
mission line, the maximum current through the line, or some
sort of type system on any bus in the system.

A. Schema for ACOPF datasets

Pypower, a Python implementation, was used to create these
objects and attributes [16]. A brief description of some of the
attributes can be found in Figure 3. These include Devices, line
datasets, bus datasets, generation datasets, and optimization
solver attributes. We then constructed a QL or CQL for this
schema based on all of Pypower’s test cases.

Constraints can be enforced using path equations in CQL.
As an example, in Pypower, buses have an integer_ID,
BUS_ID, and branches have integer variables, From_BUS,
To_BUS. We have the same statement for the generation unit
at each network bus. Figure 3 shows the category of buses,
lines, and generation unit connectivity in the physical network.
These variables specify the values of BUS_ID for the source
and target of each branch. Our schema on the left reinforces
this constraint with the equations on the right,
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FROM_Bus=s.BUS_1ID,
TO_Bus=t.BUS_1ID, 9
Bus_Gen_ID_Bus=TO.BUS_1ID.

The Pypower and Gurobi solvers provide numerical solu-
tions to AC optimal power flow problems [16].

B. Definition of functors among ACOPF’s datasets

A fundamental question that arises at this stage is how
to define the mapping, represented as a functor, between
the corresponding schemas in the datasets of ACOPF. These
functors enable the conversion of a model of an abstract solver
into a model of a specific solver. An instance of such a functor
is the inclusion of entities and attributes from the generic
model, with a selection of attributes from the particular model
remaining unaffected.

It is proposed that a functor, denoted as F', can be defined
to map between two databases, S representing line data and
T representing bus data. In [17], it is established that functors
F : S — T lead to the formation of triples, consisting
of Xp,Ap,IIF, among the instances affiliated with these
functors. Here, A maps from T-Inst to S-Inst and X, IIp
map from S-Inst to T-Inst. As a result of these functors,
it is possible to formulate queries between databases, with
Q : S — T, as described in [18]. Evaluating such a query
is possible via (@), which maps from S-Inst to T-Inst, in
a manner analogous to relational data models. Additionally,
the functorial data model facilitates the dual operation of co-
evaluation, represented by ¢(Q), which maps from T-Inst to S-
Inst. With the combination of functors for data migration and
queries, CQL presents a viable solution for transforming data
from various solvers, given its capability to compute colimits
within categories of instances.

The objective of this paper is to outline the method for
transforming instances from one solver schema S to another
solver schema S’ through the use of a generic solver schema
G. The transformation from S to G is represented by @ :
S — G, while the transformation from S’ to G is denoted
by Q' : S — G. The combination of these transformations,
(Q) ot (Q) : S-Inst — S’-Inst, translates the generic data
from S to S/, but can result in loss of non-generic data linked
to the instance. To mitigate this loss, an auxiliary schema A
is introduced. The functors FF : A — S and F/' : A — 5’
integrate the data of A into the two solver schemas. The
composite functor Ag o g : S-Inst — S’-Inst transfers
data from S to A and then to S’. The resulting instances in
S’ are represented by S’ : 1(Q')(e(Q)(I)) and X g/ (Ap(I)),
which capture the original instance / in G and the data in A,
respectively. By employing an appropriate Colimit in S’-Inst,
a single instance of S’ can be derived, incorporating all the
translated data from S.

IV. SIMULATION RESULTS

In this section, we illustrate the proposed categorical dataset
for ACOPF. To examine the efficiency of the proposed model,

TABLE I
THE SOLUTION RESULTS OF DCOPF IN CASE 1, WHEN THE REACTIVE
POWER AND OHMIC LOSS HAS IGNORED.

No. of Buses | Total time (s)
57 0.12
118 0.30
300 0.48
TABLE I

THE SOLUTION RESULTS OF LINEARIZED ACOPF IN CASE 2, WHEN
OHMIC LOSS HAS IGNORED.

No. of Buses | Total time (s)
57 0.09
118 0.09
300 0.25

we sequentially added some datasets as new objects into the
model to evaluate the performance of category theory as a
formalism to the ACOPF problem. The physical model of
the instances carried out by Pypower and the optimization
problems handled by Gurobi solver. The ACOPF is solved
by two existing models, Semidefinite Programming (SDP) and
Second Order Cone Programming (SOCP) which have been
proposed in [1], [2], [3]. Four case studies are investigated.

o Case 1) The solution results of DCOPF when the reactive
power and ohmic losses have ignored.

e Case 2) The solution results of linearized ACOPF when
the ohmic loss has ignored.

o Case 3) The solution results of ACOPF when the opti-
mality gap is less than %0.05.

o Case 4) The solution results of ACOPF when the op-
timality gap is less than %0.05, and one generation is
connected to bus 10 in all test cases.

The simulation results are given in Tables I, II, III, and
IV. Cases 1 and 2 illustrate a simple network and a simple
optimization problem. In comparison to case 3, the results
of this case are very rapid. In case 4, we assumed that a
new generation unit was added to the system. The bus and
generation schema will be changed as a result of this event.
From a system operator’s perspective, it will add additional
time to the realistic ACOPF total solution time. The time over-
head when we do not use the categorical dataset techniques is
computed in Galaxy servers at Center for Research Computing
(CRC) cluster (galaxy servers are using HTC cluster), located
at University of Pittsburgh [19]. The results of overhead time
with categorical datasets are also computed in CATLAB.

Table IV indicates that the categorical database has less

TABLE III
THE SOLUTION RESULTS OF ACOPF IN CASE 03, WHEN THE GAP IS LESS
THAN %0.05.
No. of Iter Total time (s) | Last iter. Time (s)
No. of Buses | SDP  SOCP | SDP SOCP | SDP SOCP
57 6 3 1.8 1.4 0.4 0.6
118 12 5 9.8 6.2 1.3 1.8
300 9 6 50.2 36.3 8 10
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TABLE IV
TIME OVERHEAD COMPARISON BETWEEN TWO CASES 3 AND 4 BY
ADDING A NEW GENERATION UNIT AT BUS 10.

No. of buses | Time overhead in Case 3 | Time overhead in Case 4
57 272% 5%

118 314% 2.5%

300 65% 3%
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Fig. 4. Convergence graph of SDP and SOCP for large-scale IEEE
300-bus test system

overhead time in case 4 while the overhead time is very
high in our simulation studies. The percentage is calculated
based on the original total time without overhead time. This
relative overhead appears to vary greatly depending on the
instance. Those results confirm the superior performance of the
categorical dataset model. As a result, any topological changes
to the schema are very easy, and we can regard the schema as
a standard tool. This means that we can use this structure as a
pocket calculator since we have an organized set of schemas
and functors at our disposal. An IEEE 300-bus test system is
utilized to study the convergence rate of SDP and SOCP and
the impact of the proposed database categorical method on the
ACOPF problem. The value of the duality gap is equal to the
Duality Gap = “.—*2. The tolerance of the duality gap
is chosen by default 10~7. Figure 4 illustrates the convergence
of SDP and SOCP for a large-scale IEEE 300-bus test system.
The last iteration of SDP occurred at 8 seconds while the last

iteration of SOCP occurred at 10 seconds.

V. CONCLUSION

We provided an overview of a new platform for computa-
tional techniques related to power systems, such as ACOPF.
A category-theoretic approach to problems involving multiple
models, tools, and scales was demonstrated by the framework.

We also considered a category whose objects are power
system datasets and optimization solver computational layers
whose morphisms were transformations between topological
and parametric changes in the grid in response to natural
disasters or any unexpected events such as cyber-physical
attacks on power systems. To build more complex networks

and systems, it would be helpful to level-shift and consider a
category whose morphisms are datasets as schema. It will take
additional work to extend this idea to other management layers
of power systems, such as communication, gas networks, and
water nexuses.
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