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Abstract

This paper presents an algorithm for the implementation of a model that calculates shunt
currents in redox flow batteries. The formation patterns of the equivalent electrical circuit
that models shunt currents in redox flow batteries are analyzed in such a way that the
proposed algorithm is applicable for batteries with any number of cell stacks and any
number of cells per stack. Linear algebra is applied to solve the equation system related
to the equivalent electric circuit. The solution of such a system of equations is obtained
by performing the inverse of a matrix and premultiplying that matrix on both sides of the
equation system. This being rather trivial, the real problem lies in automating the generation
of the matrices relative to the system of equations. For this reason, it is analyzed how to
generate the matrixes in order to facilitate the implementation of their generation. Finally,
the most important parts of the implementation of the resolution algorithm are shown.

Keywords: vanadium redox flow battery; shunt currents; simulation; object-oriented
programming

1. Introduction

Redox flow batteries are composed of stacks of cells connected in series by means of
bipolar plates. At the time of operation, the load or supply is connected to the battery and
current flows through the cells at the same time as the electrolyte circulates through the
battery pipes, leading to redox reactions inside the cells [1,2]. Because the electrolyte is
conductive, and the cells and stacks are connected to each other, there are currents called
shunt currents that circulate through the pipes and impair the performance of the batteries
by decreasing the current flowing through the cells [3-6].

The existence of these currents negatively affects the battery, the most commented
effect being the decrease in coulombic efficiency of the battery [7,8]. While many studies on
the topic are conducted around reducing shunt currents to maximize performance, shunt
currents also negatively affect the lifespan of many types of batteries. The appearance
of these currents can raise the temperature of the electrolyte [7], thus raising the internal
temperature of the battery [9,10]. Elevated temperatures can accelerate undesirable side
reactions within the battery cells, leading to faster degradation of the electrode materials,
electrolyte decomposition, and an increased risk of thermal runaway. They also produce
the appearance of the self-discharge effect [10]. Another undesirable effect generated by
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shunt currents is the corrosion of battery materials that can occur in different components of
a flow battery, such as bipolar plates, electrodes, or current collectors, due to the secondary
reactions that can occur when the electrons that navigate through the electrolyte make
contact with the surfaces of the components [11].

For these reasons, it is crucial to analyze and quantify these currents in the battery
design phase in order to mitigate the problems inherent to their appearance. The anal-
ysis of the shunt currents is carried out by using an electrical model equivalent to the
battery [4,12,13]. This way of modeling electric currents in a redox flow battery was first
proposed by NASA researchers in [14], and until now it continues to be used, being the
most common way to model this aspect of the batteries [2,3,6,8,12,15,16].

The equivalent electrical circuit is a circuit composed of resistors and voltage sources,
making it possible to solve it using only Kirchoff’s laws to formulate the equations for nodes
and nets. These equations form a system of equations whose solution implies obtaining
the currents through the pipes and cells of the battery. There are several problems when
planning and solving the electrical circuit. On the one hand, due to the number of nets and
nodes that are generated in the electrical circuit, the solution of the system of equations
must be obtained with the help of computers. On the other hand, the inclusion of each
stack or cell contributes some variables and equations to the equation system, but not all
cells and stacks contribute in the same way. The generation of the equivalent electrical
circuit has certain patterns that are reflected in the equation system, so it is necessary to
carry out an in-depth analysis in order to arrive at an implementation that serves to solve
different configurations of the number of cells and battery stacks.

This article aims to explain in detail the analysis of the electrical circuit generation
patterns and a way to implement the solution of the system of equations. Due to the
nature of the problem, as well as the patterns found in the analysis phase, object orientation
has been consistently used when designing the implementation. The implementation
fragments shown in the article are the most important. That is, when it comes to coding the
implementation, there is actually more code and more object classes than shown.

This article is divided into six parts. The Section 2 reviews some articles related to the
topic, explaining the most important sections. The Section 3 briefly explains the motivation
behind writing this article. The Section 4 explains in detail the analysis performed for the
implementation and the most important aspects of the algorithm for said implementation.
The Section 5 shows comparisons of the results obtained with our implementation with
those reported in other articles, as a way of validating the results. The Section 6 is dedicated
to analyzing the execution times of the implementation for different cases, and the article
closes by giving the conclusion. In addition to these sections, an appendix (Appendix A)
has been added listing all the equations relating to the equivalent electrical circuit.

2. Related Work

This section is dedicated to a brief review of recently published articles related to
shunt currents models for VRFB.

In [16], an analysis of the current distribution in a 10-cell VRFB with a single 10-cell
stack was performed. This analysis consists of the comparison of a computational model
with experimental data. The model presented is the equivalent electrical circuit of the
10-cell battery. The Kirchhoff equations of the electrical circuit are presented with the
simplification that the current flowing in the upper channels is equivalent to the current
flowing in the respective lower channels. In this way, the number of variables and equations
is reduced by almost half. In the experimental part, the manufacture of a 10-cell laboratory
scale VREFB is described, giving information about the materials used for it. Finally, the
results of the experiment are shown and a comparison with the exposed model is made.
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A lot of information is given regarding the manufacture of the battery, which is useful for
replicating the experiment. In the part of the computational model, although the battery
has only one stack and simplifications have been made to reduce the number of equations
and variables, no information is shown on how the implementation has been carried out.

In [6], the mathematical model of the equivalent electrical circuit to a multistack VRFB
is shown. The configuration of the connections between stacks seems to follow a U-type
configuration which, according to the literature, is inferior to a Z-type configuration in
terms of reduction in shunt currents as stated in [12]. The methodology to obtain the model
equations is the same as in [16], being that Kirchoff’s laws of nodes and meshes are applied.
These simplifications are also applied at the inter-stack level, making the current flowing
through the lower trunk the same as that of the respective upper trunk. Although the
equations are ordered by differentiating cases, no further details are shown, such as how the
matrices are generated and how they have been implemented.

Ref. [12] is a widely cited article in which a study of a number of designs of VRFB
was carried out in order to obtain the best design in terms of efficiency, taking into account
pressure losses and shunt currents. The article is useful in obtaining data on parameters
related to electrolytes, electrodes, pipe measurements, etc. It is shown how the pressure
losses have been modeled, but as far as the shunt currents are concerned, it is limited to
only show the equivalent circuit.

Ref. [17] shows the battery electrical model and the mass and energy balance model of
a VRFB, comparing the models with experimental data. Regarding the electrical model in
which the shunt currents are calculated, not much detail is given. Two articles by the same
author are indicated for further details of the electric model [10,18] in which equivalent
electrical circuits of the batteries are shown. However, no details of the equations related
to the equivalent electrical model are shown, at least as far as Kirchoff’s equations are
concerned, nor are there details shown about the implementation of the electrical model
in any of the three, limiting themselves to commenting that the implementation has been
carried out in MATLAB.

A model of the equivalent electrical circuit formulated by Kirchoff’s laws is shown
in [8]. This model is applied for a case of a single stack with 19 cells; therefore, no
consideration is given to the equations related to the nodes and meshes of the stacks,
since they have only one stack. The model is simplified in the same way as in [16]. The
article proceeds to show comparisons of the values obtained by applying this model with
values obtained experimentally. No details of how the model has been implemented are
shown or given.

3. Motivation

As can be seen, it is quite common to present simplified models of the equivalent
electrical circuit, in which it is assumed that the same current flows in the input and output
channels of the cell. These same simplifications are usually made for the input and output
branches respective to the stacks. This implies certain limitations in the models. Having
the same currents in the output channels and branches implies that these channels have the
same electrical resistance. The electrical resistance of the pipes depends on their dimen-
sions and the conductivity of the electrolyte flowing through them. The conductivity of the
electrolyte depends on the concentrations of the vanadium species. If the dimensions of
the inlet and outlet pipes (which is logical), assuming that they have the same electrical
resistance, implies that the concentrations of the electrolyte species are the same at the
entrance and exit of the cell, which is not the case. For generic simulations, it is understand-
able to consider that the input and output channels and branches have the same electrical
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resistance, but it is preferable to introduce assumption in the parameters rather than in the
model itself.

Another aspect that has not been detailed is how the implementation has been carried
out. This is why there are doubts as to how they have approached this issue. There are
tools like Simulink that allows the building of electrical circuits and simulate them. For
example, for a specific case with a not very high number of cells and stacks, simulation
could be performed directly in Simulink; but even for cases with these characteristics, the
construction of the electrical circuit can be complicated. It is also possible to generalize the
circuit construction in Simulink by creating scripts to build the circuit and parameterizing
them with the number of cells and stacks. This is something the authors of this article have
already conducted, and at runtime, Simulink took a long time not only to execute, but also
to compile the model for cases where there were more than 100 cells. Due to this problem,
it was decided to implement the model via scripts, building the matrices related to the
equations of the nodes and meshes of the equivalent electrical circuit as well as performing
the operations to clear the unknowns. When implementing the scripts, we realized that it
was quite complex to do without a thorough analysis of the problem.

This article is motivated by these reasons and because, as far as we know, we have not
seen anything similar published.

4. Methods
4.1. Electrical Circuit Formation Analysis

In the analysis of the formation of the circuit, it was identified that the cells between
the first and last cells of a stack introduced more variables to the system of equations than
the first and last cells as well as the first and last stacks. This is because the first and last
cells introduce two manifolds each, while the intermediate cells introduce four each. And
with the stacks, the same happens but with the trunks (Figure 1). It was determined that
the first cell of each stack introduces anode manifolds and the last introduces cathode
manifolds, the reason being that the first cell does not form its own net on the cathode
while the last does not form its own net on the anode.

From this analysis, 9 different cases are identified, each one introducing different
unknowns, variables, and equations to the equation system (Table 1). The difference
between the case of the first cell of the circuit and that of the first cell of the stack is that,
in the equations of the first cell of the circuit, there is no dependence on variables from
cells prior to it. There is no difference between the case of the last cell in the circuit and the
last cell in the stack. They were simply differentiated to homogenize the implementation.
There is a special case, related to the configuration of having a single stack. This case differs
in that the stack does not add additional nets or nodes, and therefore, it does not add
additional variables, unknowns, and equations.

In this analysis, only one configuration has been discarded, which is that of the stacks
having a single cell, because it has not been seen to make much practical sense.
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Table 1. Variables, unknowns, and equations of the identified cases.

First Cell First Cell of Stack Middle Cell Last Cell of Stack
Variables Unknows Variables Unknows Variables Unknows Variables Unknows
EoC ICell EoC ICell EoC ICell EoC ICell
RCell IChA1 RCell IChA1 RCell IChA1 RCell IChA1
RChA1 IChA2 RChA1 IChA2 RChA1 IChA2 RChA1 IChA2
RChA2 IChC1 RChA2 IChC1 RChA2 IChC1 RChA2 IChC1
RChC1 IChC2 RChC1 IChC2 RChC1 IChC2 RChC1 IChC2
RChC2 IMnA1 RChC2 IMnA1 RChC2 IMnA1 RChC2 IMnC1
RMnA1 IMnA2 RMnA1 IMnA2 RMnA1 IMnA2 RMnC1 IMnC2

RMnA2 RMnA2 RMnA2 RMnCl1 RMnC2
Equations Equations RMnC1 RMnC2 Equations
From (A2) to (A10) From (A1) to (A7) RMnC2 From (A20) to (A26)
Equations
From (A11) to (A19)
First stack Middle stack Last stack
Variables Unknows Variables Unknows Variables Unknows Variables Unknows
EoC ICell RBrAl IBrA1l RBrAl IBrA1l RBrAl IBrA1l
RCell IChA1 RBrA2 IBrA2 RBrA2 IBrA2 RBrA2 IBrA2
RChA1 IChA2 RBrC1 IBrC1 RBrC1 IBrC1 RBrC1 IBrC1
RChA2 IChC1 RBrC2 IBrC2 RBrC2 IBrC2 RBrC2 1BrC2
RChC1 IChC2 RTrA2 ITrA2 RTrA1l ITrA1 RTrA1l ITrA1l
RChC2 IMnC1 RTrC1 ITrC1 RTrA2 ITrA2 RTrC2 ITrC2
RMnC1 IMnC2 Equations RTrC1 ITrC1 Equations
RMnC2 From (A29) to (A34) RTrC2 ITrC2 From (A43) to (A48)
Equations Equations
From (A20) to (A28) From (A35) to (A42)

The colours are associated with each case and are to facilitate quick identification in the rest of the article.

4.2. Analyzing the Equation System: Matrix Indexing

The equation system must be converted to matrix form for solution by computer. This
way, two column vectors (A and I) and a rectangular matrix (B) are defined, fulfilling the
equality shown in Equation (1):

[A] = [B][1] (1)

where A is a column vector with the independent terms of the system of equations, B is a
matrix with the coefficients of the equations of the system, and I is a column vector with
the unknowns of the system (the currents). The values of the unknowns are obtained by
premultiplying by the inverse of B on both sides. In order to generate these matrices, it
is necessary to define how they will be organized. It was decided to index the matrices
in such a way that the unknowns of the instances of the cases are contiguous in vector I.
Table 2 serves as an example of indexing vector I for a case with 4 stacks of 3 cells each.
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Figure 1. Electrical circuit formation patterns between cells (a—c) and between stacks (d—f). The

connections between the branches of the stacks and the cells are indicated by numbers. (a) First cells
of stacks; (b) middle cells of the stacks; (c) last cells of stacks; (d) first stack of the battery; (e) middle
stacks of the battery; (f) last stack of the battery.
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Table 2. Example of the indexing of the vector I for a case with 4 stacks and 3 cells for each stack.

# Name Case # Name Case # Name Case # Name Case
1 ICell 30 ICell 61 ICell 92 ICell
2 IChA1 31 IChA1 62 IChA1 93 IChA1
3 IChA2 32 IChA2 63 IChA2 94 IChA2
First First First First
4 IChC1 33 IChC1  cell of 64 IChC1  cell of 95 IChC1  cell of
cell
stack stack stack
5 IChC2 34 IChC2 65 IChC2 96 IChC2
6 IMnA1 35 IMnA1 66 IMnA1 97 IMnA1
7 IMnA2 36 IMnA2 67 IMnA2 98 IMnA2
8 ICell 37 ICell 68 ICell 99 ICell
9 IChA1 38 IChA1 69 IChA1 100 IChA1
10 IChA2 39 IChA2 70 IChA2 101 IChA2
11 IChC1 40 IChC1 71 IChC1 102 IChC1
Middle Middle Middle Middle
12 IChC2 = cell of 41 IChC2 = cell of 72 IChC2 = cell of 103 IChC2  cell of
stack stack stack stack
13 IMnA1 42 IMnA1 73 IMnA1 104 IMnA1
14 IMnA2 43 IMnA2 74 IMnA2 105 IMnA2
15 IMnC1 44 IMnC1 75 IMnC1 106 IMnC1
16 IMnC2 45 IMnC2 76 IMnC2 107 IMnC2
17 ICell 46 ICell 77 ICell 108 ICell
18 IChA1 47 IChA1 78 IChA1 109 IChA1
19 IChA2 48 IChA2 79 IChA2 110 IChA2
Last Last Last
20 IChC1 cell of 49 IChC1 cell of 80 IChC1 cell of 111 IChC1
stack stack stack
21 IChC2 50 IChC2 81 IChC2 112 IChC2
22 IMnC1 51 IMnC1 82 IMnC1 113 IMnC1
23 IMnC2 52 IMnC2 83 IMnC2 114 IMnC2
24 IBrA1 53 IBrA1 84 IBrA1 115 IBrA1
25 IBrA2 54 IBrA2 85 IBrA2 116 IBrA2
26 1BrC1 First 55 IBrC1 86 1BrC1 117 1BrC1 Last
27 I1BrC2 stack 56 IBrC2 = Middle 87 IBrC2 = Middle 118 IBrC2 stack
28 ITrA2 57 ITrAl stack 88 ITrAl stack 119 ITrC1
29 ITrC1 58 ITrA2 89 ITrA2 120 ITrC2
59 ITrC1 90 ITrC1
60 ITrC2 91 ITrC2

The colours are associated with each case and are to facilitate quick identification in the rest of the article.

Each row of matrix B follows the same indexing as the column vector I. The equations
of each case instance are entered one by one, in an orderly manner, into each row of the A
and I vectors as well as the B matrix. First, the equations related to the nodes are entered
and then those related to the nets. Thus, vector A is indexed as shown in Table 3 for the
example case of Table 2.

The first number in the parenthesis refers to the stack number and the second to the
cell number within that stack. In the previous indexing tables, it has not been specified in
this way because the indexing of each case instance refers to the variables of its own case.
The difference in this table is that the instances of the stack cases refer to variables specific
to the cells.
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Table 3. Example of indexing vector A for a case with 4 stacks and 3 cells for each stack.
# Name Case # Name Case # Name Case # Name Case
1 I 30 0 61 0 92 0
2 0 31 0 62 0 93 0
3 0 32 0 63 0 94 0
First First First First
4 0 cell 33 0 cell of 64 0 cell of 95 0 cell of
stack stack stack
5 0 34 0 65 0 96 0
6 EoC(1,1) 35 EoC(2,1) 66 EoC(3,1) 97 EoC(4,1)
7 EoC(1,1) 36 EoC(2,1) 67 EoC(3,1) 98 EoC(4,1)
8 0 37 0 68 0 99 0
9 0 38 0 69 0 100 0
10 0 39 0 70 0 101 0
11 0 40 0 71 0 102 0
Middle Middle Middle Middle
12 0 cell of 41 0 cell of 72 0 cell of 103 0 cell of
stack stack stack stack
13 EoC(1,2) 42 EoC(2,2) 73 EoC(3,2) 104 EoC(4,2)
14 EoC(1,2) 43 EoC(2,2) 74 EoC(3,2) 105 EoC(4,2)
15 EoC(1,2) 44 EoC(2,2) 75 EoC(3,2) 106 EoC(4,2)
16 EoC(1,2) 45 EoC(2,2) 76 EoC(3,2) 107 EoC(4,2)
17 0 46 0 77 0 108 0
18 0 47 0 78 0 109 0
19 0 48 0 79 0 110 0
Last Last Last
20 0 cell of 49 0 cell of 80 0 cell of 111 0
stack stack stack
21 0 50 0 81 0 112 0
22 EoC(1,3) 51 EoC(2,3) 82 EoC(3,3) 113 EoC(4,3)
23 EoC(1,3) 52 EoC(2,3) 83 EoC(3,3) 114 EoC(4,3)
24 0 53 0 84 0 115 0
25 0 54 0 85 0 116 0
26 0 First 55 0 86 0 117 0 Last
27 0 stack 56 0 Middle 87 0 Middle 118 0 stack
28 EoC(1,3) 57 EoC(1,3) stack 88 EoC(2,3) stack 119 EoC(3,3)
29 EoC(2,1) 58 EoC(2,3) 89 EoC(3,3) 120 EoC(4,1)
59 EoC(3,1) 90 EoC(4,1)
60 EoC(2,1) 91 EoC(3,1)

The colours are associated with each case and are to facilitate quick identification in the rest of the article.

4.3. Implementation

4.3.1. Particularities of Implementation

The implementation has been approached using object orientation. This is because the

problem to be solved fits very well with this paradigm. The programming has been imple-
mented with MATLAB 2023b. While MATLARB is ideal for both computation and modeling,
MATLAB’s object orientation has some peculiarities that have affected implementation,

making it a bit strange in some parts. To list some of these particularities:

1. By default, objects are passed by value and not by reference; to be passed by reference,

it is necessary that the classes of such objects inherit from a special MATLAB class [19].

2. Inthe classes, you can specify the type of attributes and parameters. Although this is not

necessary, it increases the robustness of the code and is useful at the time of programming.

3. There is no such thing as null as in other programming languages. When specifying

the attributes of the class, you can assign a value directly that serves as a default value

of the attribute when creating the objects [20]. If nothing is specified, the attribute
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will default to a specific value. For example, for numerical array-type attributes, the
default value is an empty array. For singular class types, as long as the constructor
of the class can accept 0 parameters, the default is an object of that class calling the
constructor with 0 arguments.

4. Itis possible to specify static methods, but not static attributes.

5. However, the default value of attributes whose type is of an object class that is shared
by all objects of that class. If at any time in the life of the object of the class the instance
of that attribute is not replaced, all the objects will be operating with a shared attribute
between them.

If you want to make a linkedlist-type structure specifying the type of attributes of the
nodes that make references to other nodes, things get complicated. If you want to make
classes that have attributes that are of a type of an abstract class, you have to specify as
default value an instance of a non-abstract subclass of that class. For these reasons, what
will be presented will be generic and the particularities introduced by MATLAB will be
ignored. What we want to show is a way to deal with problems of this type, rather than the
specific code of a programming language.

4.3.2. Class Definition

Each different case has been coded as a different class. Two superclasses are defined,
to define the common interfaces of the classes related to cells and those related to stacks.
Both cells and stacks can be viewed as nodes, which can be connected to two other nodes of
the same type. Therefore, both the superclass—from which the classes relative to the cases
of the stacks are derived—and the superclass—from which the relative cases of the cells are
derived—are also derived from a superclass in which the behavior of a node as described
above is implemented. In this way and roughly obviating implementation details, Figure 2
would show a diagram of the proposed hierarchy.

Each case class stores statically as constants the number of node and net equations, as well
as indexes relative to the indexation of its variables for the rows of the matrix B and the column
of vector I. There is no need to differentiate one set of variables for the indexing of the resistance
coefficients for matrix B and another for the currents of column vector I, since both indexing
processes follow the same pattern. The class instances, because they have node behavior, store a
variable to reference the previous node and another to reference the next node.

Node

Stack Cell
T r 3
Single stack First stack L:’:Sgie Last stack First cell Middle cell
F 3
First cell Last cell
of stack of stack

Figure 2. Proposed class hierarchy diagram.
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Stacks have been seen as lists of cells. Therefore, additionally and as implemented,
each instance of a Stack-type class has a variable referencing the first cell of the stack and
another one referencing last cell. As stated, there are some equations in the first and last
cells that change depending on whether the battery has more than one stack. If you want
to delegate that change to the cell classes in those cases, you will have to add an extra
reference referencing the stack to which it belongs. In this case, we wanted to delegate that
to the classes related to the stacks; therefore, it would not be necessary (although we did
include them in the implementation).

In an auxiliary mode, the stack instances also store the number of cells included in the
stack itself as well as the number of unknowns added by those cells; these two attributes
are necessary when coding the net equations of the stacks. Figure 3 shows a diagram to
show what navigability would look like for a specific example.

Instances

5-2 I:I First cell

|:| Middle cell

4
3
4

C-1.1

C-12

- C']..S + C'2.1 C'2.2 + > C'2.3 ul o I:I Last cell of stack

[ — -

I:I First cell of stack

- Last cell
I:l First stack

|:| Middle stack
I:I Last stack

54

Symbols
S-3

5  Stack

C  Cell

3
4
3
4
3
4

C-4.2

C-4.1 [ C-3.3 C-3.2 C-3.1 [« |«

FE— - Bidirectional

navigability

=== Unidirectional
navigability

Figure 3. Navigability diagram for an example of 4 stacks and 3 cells per stack.

In addition to these classes, there is another additional class that represents the list of
stacks of the battery and that following the linkedlist model used so far has references to
the instances of the first stack and the last stack of the battery or of the only stack in case
there is only one.

In the Stack superclass, two attributes have been added, corresponding to two vectors,
one of them being related to electrical resistance values and the other related to current
values. For the Cell superclass, 4 attributes have been added, corresponding to two vectors;
one for the electrical resistances and the other for the currents. The remaining two are to
store the cell’s EoC value and the voltage value. The size of the arrays as well as their
indexing are delegated to the classes that inherit from these superclasses and serve to store
the inputs for encoding the equation system and the outputs for solving it.

4.4. Algorithms

The four main operations of this part are the creation of the data structures, the
encoding of the node equations, the encoding of the net equations, and the decoding of the
current vector results. All methods are started in the stack list instance.
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4.4.1. Creation of the Data Structures

The creation of the data structures is where all instances of both stacks and cells are

initialized, creating the double-linked list. Algorithm 1 shows the method in which the

stacks are created from the stack list instance. In the constructors of all types of stacks, the

construction

of the intermediate cells is delegated to a method implemented in the generic

superclass, as shown in Algorithm 2. Note that the setNext method shown in the algorithms

generates the navigability in both directions, i.e., the reference of the next one is stored in

the object in which it is invoked and the reference of the previous one is also stored in the

instance that is passed as a parameter.

Algorithm

1. Algorithm of stacks list construction.

Input: sNum: the number of stacks, cPsNum: the number of cells per stack.
Result: Build the double linked list of stacks and cells.

Class the method belongs to: StackList.

procedure buildStackList(sNum, cPsNum)

1:

2: self.stackNumber = sNum;

3: if sNum ==

4: self.fStack = SingleStack(cPsNum);
self.varNum = 9-cPsNum — 4;
/** Each cell individually contributes 4 variables (4 channel currents and 1 cell
current). In addition, the manifold currents must be taken into account. The total

5: number of manifolds in a stack equals to The total number of manifolds in a stack
of cells is equal to 4 x (number of cells — 1). A single stack does not add any more
variables to the system, so the total number of variablesisnx (4+1) +4x (n-1) =

| 9n -4 with n being the number of cells of the stack. **/

6: else

7 self.fStack = FirstStack(cPsNum);

8: tmpS = self.fStack;

9: fori=1:(sNum - 2)

10: mStack = MiddleStack(cPsNum);

11: tmpS.setNext(mStack);

12: tmpS = mStack;

13: end

14: self.IStack = LastStack(cPsNum);
tmpS.setNext(self.IStack);

15: /** In case there are 0 middle stacks tmpS will refer to the object relative to the first

’ stack. In case of having one or more middle stacks tmpS will refer to the object

relative to the last middle stack **/
self.varNum = sNum-(9-cPsNum + 4) — 4;
/** It must be taken into account that each stack adds 9n - 4 variables relative to the
cells. As there is more than one, each stack adds 4 variables (the branch currents),

16: and in addition to that, the trunk currents must be taken into account. As with the
manifolds, the total number of trunks is equal to 4 x (number of stacks — 1). Where
m is the number of stacks and n is the number of cells per stack, the total number of

| variablesism x (9n -4) +4m +4 x (m - 1) =m x (9n +4) — 4. **/
17: end

18: end
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Algorithm 2. Algorithm of the generic construction of the stacks.

Input: fCell: instance of the first cell of the stack, [Cell: instance of the last cell
of stack, mCellNum: number of middle cells to be created.

Result: Build the internal linked list of cells of each stack.

Class the method belongs to: Stack.

1: procedure buildStackCells(fCell, ICell, mCellNum)

2: self.fCell = fCell;

3: tmpC = self.fCell;

4: fori=1: mCellNum

5: mCell = MiddleCell(); /l Create the middle cell objects.
6: tmpC.setNext(mCell);

7 tmpC = mCell;

8: end

9: self.1Cell = ICell;

tmpC.setNext(self.ICell);

[** Same as tmpS but with objects relative to cells. **/

11: end

10:

The generic method receives as the parameter the instances of the first and last cell of
the stack, due to the type differentiation between the first and last cell of the circuit and the
first and last cell of the stack.

4.4.2. Codification of Node Equations

The node equations refer to the structure of the electrical circuit. The coefficients of
these equations are always 1 or 0 and do not change as long as the circuit is not changed.
Therefore, it is only necessary to run the coding process of these equations once, regardless
of the simulation time imposed and the simulation steps to be performed. As explained
above, the execution of the operations always starts in the stack list instance.

This instance has 3 additional attributes: An instance of an object that serves as an
equation pointer, which refers to the row of the matrix or vector in which to encode the
equations; an instance of an object that serves as a stack pointer, referring to the previous
stack processed, the current stack to be processed and the next stack to be processed; and
an instance of an object that, being of the same type as the stack pointer, serves to reference
the previous cell processed, the current cell to process, and the next cell to process. These
two pointers do not refer to the objects itself. What they do is reference with the absolute
position number the first variable/unknown that introduces the case of the object in the
equation system.

Algorithm 3 shows the method of how the stack list instance starts the process of
encoding the node equations.

The first thing that is performed in the method is the reset of the positions to which
the pointers point, returning them to the starting positions. After that, it enters a loop in
which, for each stack, the buildNodeEquations method is invoked. Keep in mind that, as with
the variables, the equations of each case are codified sequentially in the matrix and vectors,
so that if a case introduces a total of 7 equations to the system (counting the equations of
nodes and nets), these 7 will be coded in contiguous rows. Since, in this method, only the
equations of the nodes of the cases are being codified, it is necessary to adjust the equation
pointer to omit the rows relative to the equations of the nets after processing each case,
which is why the updtRowPntr method is invoked. Algorithm 4 has been implemented for
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the buildNodeEquations method of the stacks.

Algorithm 3. Algorithm for the codification of the node equations (I)

Input: bMat: equation system coefficient matrix.
Result: Encode of the equations of stacks and cells nodes.
Class the method belongs to: StackList.

1: procedure buildNodeEquations(bMat)

2 self.eqPntr.reset(1);
' /** Reset pointer to point to row 1 of matrix and vectors. **/
self.cPntr.reset(1);
3: /** Reset the object so that the index indicating the absolute position of the first variable

of the next cell to be processed is equal to 1. **/

4: tmpS = self.fStack;

self.sPntr.reset(1 + tmpS.cellVarNumber);

/** Reset the object so that the index indicating the absolute position of the first variable
of the next stack to be processed is equal to the number of cell variables of the first stack
+1. %%/

6: for i = 1:self.stackNumber

tmpS.buildNodeEquations(bMat, self.cPntr, self.sPntr, self.eqPntr);

7: /** Call to the generic method of Stack type objects that is implemented in the Stack
superclass. **/

self.eqPntr.updtRowPntr(tmpS.netEquationsNumber);

/** The pointer is updated each time a cell or stack equation is encoded. However,
8: since the node and net equations of each cell/stack are encoded contiguously and
this method only encodes node equations, it is necessary to update the pointer after
processing each stack to omit the rows relating to the net equations of that stack. **/
9: | tmpS = tmpS.getNext();

10: | end

11: end

The updatePointerIndexes and buildSelfNodeEquations methods have their implemen-
tation delegated to the subclasses of the Stack class. As mentioned earlier in the article,
some equations of the first and last cells are modified in case there is more than one stack.
In addition, the equations that are affected depend on how the stacks are connected to
their cells (u-form or z-form, for example). To solve this peculiarity, we have assigned
as an attribute (named as stackConnector) to the Stack class an object type to delegate the
modification of these equations. As this work is oriented towards stacks connected in the
form of z, we have ensured that these objects are created in the constructors. But in cases of
allowing other types of connections, it would be an input parameter of the constructor or
another function of the Stack-derived classes. The class relative to the case of having only
one stack would have an object of this type, which would not perform any action. As with
the Stack-derived classes, the updatePointerIndexes and buildNodeEquations of the Cell class
have delegated implementations in the subclasses of Cell. This way, it is only necessary to
differentiate cases in the construction of the data structures. The method buildNodeEquations
of the Cell classes has the form shown in Algorithm 5.
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Algorithm 4. Algorithm for the codification of the node equations (II)

Input: bMat: equation system coefficient matrix, cPntr: cell pointer, sPntr:
stack pointer, eqPntr: equation pointer.

Result: Encode the equations of stack and their cells nodes.

Class the method belongs to: Stack.

1: procedure buildNodeEquations(bMat, cPntr, sPntr, eqPntr)
self.updatePointerIndexes(sPntr);

/** Call to the Stack type object’s own method to update the stacks variable pointer. Each
2: subclass of Stack implements this method. For objects relative to the first and middle
stacks the implementation is the same, but for objects relative to the last stack it differs.
**/

3: tmpC = self.fCell;

4: for i = 1:self.celINumber

tmpC.buildNodeEquations(bMat, cPntr, eqPntr);

5: /** Call to the generic method of Cell type objects implemented in the Cell
superclass. **/

eqPntr.updtRowPntr(tmpC.netEquationsNumber);

6: /** The same commented about the equation pointer in Algorithm 3 but applied to
the context of cell equations. **/

7 | tmpC = tmpC.getNext();

8: end

self.stackConnector.connect(self, bMat, sPntr, eqPntr);

/** To complete the equations relating to the nodes that connect the stack to the first and
last cell. It could have been implemented in the classes related to those objects. But
9: doing so would mean losing the generalization of the implementation of the first and
last cells in the case of there being only one stack. It was decided to create our own
objects to carry out this implementation, to make it possible to have it generalized in
case we wanted to implement other ways of connecting the stacks with the cells. **/
self.buildSelfNodeEquations(bMat, sPntr, eqPntr);

10: /** Call to the Stack type object’s own method to encode the equations relative to the
stack. Each subclass of Stack implements this method. **/

11: end

Algorithm 5. Algorithm for the codification of the node equations (III).

Input: bMat: equation system coefficient matrix, eqPntr: equation
pointer, cPntr: cell pointer.

Result: Encode of cell node equations.

Class the method belongs to: all types of Cell.

1: procedure buildNodeEquations(bMat, cPntr, eqPntr)
2: self.updatePointerIndexes(cPntr);

3 self.buildEql(bMat, cPntr, eqPntr);

4: eqPntr.updtRowPntr(1);

5: self.buildEq2(bMat, cPntr, eqPntr);

6: eqPntr.updtRowPntr(1);

7 /I ... Repeat to all node equations of the cell

8:

end
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Equation (2) is the first equation of the case relative to the first cell of the stacks.

0 = ICell;_y, — ICKSY — IChS

i—1n i—1n

— ICell;y — ICh{" — ICH]Y? )

This equation is encoded in the matrix B as shown in Algorithm 6. The coding of the
equations relative to the nodes have the same form.

Algorithm 6. Example algorithm of coding of Equation (2) relative to the case of first
stack cell.

Input: bMat: equation system coefficient matrix, eqPntr: equation
pointer, cPntr: cell pointer.

Result: Encode the first equation of the first cell of a stack.

Class the method belongs to: FirstCellOfStack.

1: procedure buildEql(bMat, cPntr, eqPntr)

2: bMat.setValue(eqPntr.row, cPntr.prevldx + self.previous.Cell, 1);

3 bMat.setValue(eqPntr.row, cPntr.prevldx + self.previous.ChC1, -1);
4: bMat.setValue(eqPntr.row, cPntr.prevldx + self.previous.ChC2, -1);
5: bMat.setValue(eqPntr.row, cPntr.actldx + self.Cell, -1);

6: bMat.setValue(eqPntr.row, cPntr.actldx + self. ChA1, -1);

7 bMat.setValue(eqPntr.row, cPntr.actldx + self. ChA2, -1);

8:

end

Before each stack or cell instance processing, the corresponding pointer instance is
updated. Remembering that these pointers store the absolute value of the first variable of
the previous case processed, the current case processed and the next case to be processed,
the update is performed as follows in Table 4.

Table 4. Update example of the cell and stack pointers.

Previous Current Next
Before update P1 P2 P3
After update P2 P3 P4

That is, the values are shifted to the left to adjust them to the current case to be
processed. Since this method is invoked before and not after processing the instance, in
the method to reset the pointers, the position of the first instance to be processed is passed
as a value but stored as the next instance to be processed. Table 5 shows an example of
the modification of the stack and cell pointers for a battery with 4 stacks and 3 cells per
stack. This method of updating the pointers is the same as the coding of the equations of
the nodes and nets.
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Table 5. Full example of the update of the stack and cell pointers.
#1 #2  Name Case #1 #2  Name Case #1 #2  Name Case #1 #2  Name Case
1 0 Cell 30 0 Cell 61 0 Cell 92 0 Cell
2 1 ChA1l 31 1 ChA1l 62 1 ChA1l 93 1 ChA1l
3 2 ChA2 32 2 ChA2 63 2 ChA2 94 2 ChA2
. First cell First cell First cell
4 3 ChC1 | Firstcell 33 3 ChC1 64 3 ChC1 95 3 ChC1
of stack of stack of stack
5 4 ChC2 34 4 ChC2 65 4 ChC2 96 4 ChC2
6 5 MnAl 35 5 MnA1l 66 5 MnA1l 97 5 MnA1
7 6 MnA2 36 6 MnA2 67 6 MnA2 98 6 MnA2
8 0 Cell 37 0 Cell 68 0 Cell 99 0 Cell
9 1 ChA1l 38 1 ChA1l 69 1 ChA1l 100 1 ChA1l
10 2 ChA2 39 2 ChA2 70 2 ChA2 101 2 ChA2
11 3 ChC1 40 3 ChC1 71 3 ChC1 102 3 ChC1
Middle Middle Middle Middle
12 4 ChC2 cell of 41 4 ChC2 cell of 72 4 ChC2 cell of 103 4 ChC2 cell of
stack stack stack stack
13 5 MnA1l 42 5 MnA1l 73 5 MnA1 104 5 MnA1l
14 6 MnA2 43 6 MnA2 74 6 MnA2 105 6 MnA2
15 7 Cell 44 7 Cell 75 7 Cell 106 7 Cell
16 8 ChA1l 45 8 ChA1l 76 8 ChA1l 107 8 ChA1l
17 0 Cell 46 0 Cell 77 0 Cell 108 0 Cell
18 1 ChA1l 47 1 ChA1l 78 1 ChA1l 109 1 ChA1l
19 2 ChA2 48 2 ChA2 79 2 ChA2 110 2 ChA2
20 3 cnc1 wsteell g g ooy Basteedl gy g oo Dasteell s o
of stack of stack of stack
21 4 ChC2 50 4 ChC2 81 4 ChC2 112 4 ChC2
22 5 MnC1 51 5 MnC1 82 5 MnC1 113 5 MnC1
23 6 MnC2 52 6 MnC2 83 6 MnC2 114 6 MnC2
24 0 BrA1l 53 0 BrA1l 84 0 BrA1l 115 1 BrAl
25 1 BrA2 54 1 BrA2 85 1 BrA2 116 2 BrA2
26 2 BrC1 First 55 2 BrC1 86 2 BrC1 117 3 BrC1 Last
27 3 BrC2 stack 56 3 BrC2 | Middle 87 3 BrC2 | Middle 118 4 BrC2 stack
28 4 TrA2 57 4 TrAl stack 88 4 TrAl stack 119 5 TrC1
29 5 TrC1 58 5 TrA2 89 5 TrA2 120 1 TrC2
59 6 TrC1 90 6 TrC1
60 7 TrC2 91 7 TrC2
Step Stack Cell Prevslous Actual s Next s Previous ¢ Actual ¢ Next ¢
0 - - 0 0 24 0 0 1
1 1 1 0 24 53 0 1 8
2 1 2 0 24 53 1 8 17
3 1 3 0 24 53 8 17 30
4 2 3—1 24 53 84 8 17 30
5 2 1 24 53 84 17 30 37
6 2 2 24 53 84 30 37 46
7 2 3 24 53 84 37 46 61
8 3 31 53 84 115 37 46 61
9 3 1 53 84 115 46 61 68
10 3 2 53 84 115 61 68 77
11 3 3 53 84 115 68 77 92
12 4 3—1 84 115 - 68 77 92
13 4 1 84 115 - 77 92 99
14 4 2 84 115 - 92 99
15 4 3 84 115 - 99 __

The colours are associated with each case and are to facilitate quick identification in the rest of the article.

4.4.3. Codification of Net Equations

The algorithmizing of the coding of the equations of the nets has been performed in

a very similar way to that of the equations of the nodes. This is no coincidence, as it is
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precisely what was sought. In this way, the mechanisms used for the coding of the node
equations could be reused.

Unlike with the node equations, to codify the net equations, additional inputs are
needed, relating to the EoC values of each cell as well as the resistances of each pipe
segment. These inputs could be considered as inputs to the methods related to the coding
of the equations. However, doing so was problematic. This is because introducing the
values as inputs, given that these inputs contain arrays with the values of the resistors
and EoC, implied that it was necessary to know from the outside how the electrical circuit
is generated and to have such arrays generated by differentiating the cases. This same
problem manifested itself with the output.

It was therefore decided to associate the Cell and Stack objects with the inputs and
outputs, making each object have attributes to receive the inputs and return the outputs.
These attributes are lists of objects and not double-type values. In this way, the reference to
those objects is stored not only internally in the case objects (Cell- and Stack-type objects),
but also in an ordered way, in an external object. The same applies for current vectors and
voltage variables. This makes it possible to externally modify the values without having to
iterate over the objects related to the cases. Although not detailed, the construction of the
external arrays is part of the construction of the data structures. Figure 4 shows a schematic
of the above.

Data structures | | External data structures

First cell

716

719 26 734 740 745 250

Eoc

RCell

RChA1 [ [RChA2 | [ RChCl | | RChC2 | |EMnAl| [RMnAZ|

Middle cell

2 3 F 5 6 7 5

)

74 379 282 286 295 2100 2112

Eoc RCell | [RChAL| [RChA2|[RChCL | [RChCZ| [RMnAl] [RMnA2| [RMnCl| [RMnC2)
Last cell
- [] 1 2 3 4 H &
3119 s121 |[ =131 |[ =137 |[ ;42 |[ =153 |[ =164 || s169
Eoc RCell | [RChAl||[RChA2||RChCl| | RChC2 | [RMnCl| [RMnC2
‘ Objects in memory |
] A6 | [ a9 | [ a2 [ [ a3 [ a0 | [ 245 | [ 550 | [ % ][ w8 |
033 65.05 | | 34742 [13325] | 21«4 | |a910,| [ 34635 \zzlos\ I oss | |1srs|

EZEN

282 | [ %86 | [ #%5 | [ 710 | [ =112 | [ =119 | [ =121 |

w74
159.12 | [ 14106 | [ 33136 | | 4223 | [ 29439 [ 1732 | [31698] | 003 | [38971]

2131 | [[#137 | [[s142 | [ 7153 | [ =1ed | [ 2169 ]

[22034] [18284] [19245] [19891] [ 416 | [ 2614 |

Figure 4. Diagram of the organization of the inputs (the outputs follow the same logic).
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This is the major difference in how the coding of the net equations has been performed
with respect to those of the nodes, with the rest being very similar. Algorithm 7 presents
how to start coding the net equations in the StackList object type. As can be seen, the
structure of Algorithm 3 is maintained.

Algorithm 7. Algorithm for the codification of the net equations (I).

Input: aVec: equation system column vector of the independent term, bMat:
equation system coefficient matrix, current: imposed current to the battery.
Result: Encode of the equations of stacks and cells nets.

Class the method belongs to: StackList.

5: procedure buildNetEquations(aVec, bMat, current)
6: self.eqPntr.reset(1);

7 self.cPntr.reset(1);
8.
9

/** The same resets are performed as in
the function buildNodeEquations of the
same class. **/

tmpS = self.fStack;

self.sPntr.reset(1 + tmpS.cellVarNumber);
aVec.setValue(eqPntr.row, 1, current);
/** Assign in row 1 of the column vector A the value of the current. In the call to the

10:

function the position of the column is also specified even if there is only one column.
**/

11: for i = 1:self.stackNumber

tmpS.buildNetEquations(aVec, bMat, self.cPntr, self.sPntr, self.eqPntr);
/** This time the equation pointer update is made in the stack object. This is because

12: when processing the nodes, the equation pointer is located in the first row relative
to the stack net equations. However, when the stack net equations are processed, the
equation pointer is located in the first row relative to the first node equation of the
first cell of the next stack. **/

13: | tmpS = tmpS.getNext();

14: | end

15: end

Apart from the method calling for stack objects, the only difference with respect to that
shown in Algorithm 3 is that the equation pointer is not updated. This update is performed
inside the method that was called for in the loop. Algorithm 8 shows the method related to
the encoding of the equations of the net of stack-type objects.

4.4.4. Decoding the Current Vector

After performing the operation of the inverse of B and premultiplying vector A with
this matrix, it is simply necessary to perform a complete iteration of the cell and stack
objects to obtain the values of the currents of vector I using the indices. The output values
are stored in the objects relative to the outputs of each Cell and Stack object, so that they
are accessible from the outside.
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Algorithm 8. Algorithm for the codification of the node equations (II).

Input: aVec: equation system column vector of the independent term, bMat:
equation system coefficient matrix, cPntr: cell pointer, sPntr: stack pointer,
eqPntr: equation pointer.

Result: Encode the equations of stack and their cells nets.

Class the method belongs to: Stack.

5: procedure buildNetEquations(aVec, bMat, cPntr, sPutr, eqPntr)

6: self.updatePointerIndexes(sPntr);

tmpC = self.fCell;

7: /** In the processing of the stack net equations, as with the nodes, the net equations of
the stack cells are first encoded. **/

8: for i = 1:self.cellNumber

eqPntr.updtRowPntr(tmpC.nodeEquationsNumber);

9: /** Since the equation pointer is located in the row of the first cell node equation, it
should be updated to be located in the row of the first cell net equation. **/

10: tmpC.buildNetEquations(aVec, bMat, cPntr, eqPntr);

11: tmpC = tmpC.getNext();

12: end

eqPntr.updtRowPntr(self.nodeEquationsNumber);
/** At the end of the loop, the same thing happens with the equation pointer as happened

13:
in the loop. Therefore, it is updated to place it in the row of the first net equation of the
stack. **/

14: | self.buildSelfNetEquations(aVec, bMat, cPntr, sPntr, eqPntr);

15: end

5. Comparative Experiments

This section is dedicated to validating the implementation of the algorithm. Since we
do not have our own experimental data, comparisons will be made using the parameters of
other papers and their results with what is obtained with our model.

5.1. First Comparison

A test of the model has been performed using the design parameters G of [12] and
comparing the results. The parameters of model G of item [12] are shown in Table 6.

Table 6. Parameters for comparison 1.

Parameter Name Value
Number of stacks 4
Number of cells per stack 30
EoC 1.4 volts
Cell electric resistance 1.33 x 103 ohm
Cathode trunk electric resistances 4.5271 ohm
Anode trunk electric resistances 5.4325 ohm
Cathode branch electric resistances 565.8842 ohm
Anode branch electric resistances 679.0611 ohm
Cathode manifold electric resistances 0.1857 ohm
Anode manifold electric resistances 0.2228 ohm
Cathode channel electric resistances 2777.88 ohm
Anode channel electric resistances 3333.33 ohm

Imposed current —90 amperes
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Figure 5 shows a comparison between the shunt current data obtained by the model
and the data shown in the article [12].

Comparation of shunt currents per cell
T T T

0.7

Our model values
Article model values

O ° 1 T
0 20 40 60 80 100 120
Cell index

Figure 5. Comparison using the G design of [12].

The data of the article with which the comparison has been made were obtained from
the image shown in that article, so they are not entirely accurate with respect to what was
obtained in the article from which they were taken. The shape of the graph is the same,
although there are differences in the values obtained. We would have liked to understand
the reason for this difference, but the article itself does not show the model. That said, the
differences are not too significant.

5.2. Second Comparison

The second comparison has been made with the case relative to the discharge of 54A
with SoC 0.5 of article [8]. Having analyzed the data given in the article, the following
parameterization has been extracted (Table 7).

Table 7. Parameters for comparison 1.

Parameter Name Value
Number of stacks 1
Number of cells per stack 19
EoC 1.3892
Cell electric resistance 4 x 1073 ohm
Cathode manifold electric resistances 0.376 ohm
Anode manifold electric resistances 0.376 ohm
Cathode channel electric resistances 89.5 ohm
Negative channel electric resistances 89.5 ohm
Imposed current 54 amperes

As with the previous comparison, the data with which they are compared have been
extracted using the graphs shown in the article. In addition, these data have also been
necessary for the obtaining of some of the parameters (cell’s EoC, for example). Figure 6
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Comparation of cell currents

shows the comparison of the cell currents and voltages obtained by our model and the one
obtained in [8] for a discharge current of 54 amps and a SoC of 0.5.

Comparation of cell voltages

56 1.174
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g\ Article model values /
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Our model values 1.166
Article model values
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0 10 15 20 0 5 10 15 20
Cell index Cell index
Figure 6. Comparison with the data of article [8] for 54 amperes of discharge current and a SoC 0.5.
6. Analysis
This part is dedicated to the analysis of the implementation execution times. The
program runs have been executed on a computer with 16 Gb of ram and an Intel(R) Core
(TM) i5-7500 processor. When measuring times, a differentiation has been established
between the part in which the objects are constructed together with the codification of the
node equations and the part in which the mesh equations are encoded and the system
is solved. The execution of the codification of the node equations is performed after the
construction of the objects in the same call, so they are measured together. To measure
the times, the functions for constructing the objects (together with the codification of
the node equations) and the function for codification the net equations and solving the
equation system have been executed in a loop. Table 8 shows the results for different
parameterizations of stack number and cell number per stack. The times shown have been
obtained by executing loops of 100 iterations except in the last cases, in which it has been
decided to reduce the number of repetitions to 20.
Table 8. Execution times of different cases.
Number of Numberof Number of Object + Nodes Nets + Solving
Stacks Cells Variables Worst Best Average Worst Best Average
1 5 41 0.026150 s 0.007174 s 0.009173 s 0.005379 s 0.002113 s 0.002686 s
2 5 94 0.045931 s 0.015634 s 0.019205 s 0.020645 s 0.004925 s 0.006057 s
4 10 372 0.069442 s 0.039403 s 0.041965 s 0.020572 s 0.014175s 0.015209 s
10 4 396 0.091467 s 0.044869 s 0.050066 s 0.033695 s 0.016368 s 0.018800 s
4 30 1092 0.189200 s 0.111410s 0.118100 s 0.122330 s 0.050881 s 0.056295 s
30 4 1196 0.195240 s 0.131630 s 0.138790 s 0.113220 s 0.061115s 0.066227 s
5 35 1591 0.245290 s 0.162310 s 0.175380 s 0.244050 s 0.093107 s 0.109930 s
35 5 1711 0.307980 s 0.186170 s 0.206200 s 0.225120 s 0.109450 s 0.126120 s
10 40 3636 0.637060 s 0.374170 s 0.434660 s 0.525830 s 0.454310's 0.482610 s
40 10 3756 0.667190 s 0.409510 s 0.478100 s 0.673530 s 0.477010 s 0.535770 s
10 100 9036 1.347400 s 0.960930 s 1.104900 s 4.651700 s 3.922800 s 4126100 s

Figure 7 is a graphical representation of the data obtained.
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Figure 7. Graphical representation of case execution times.

As can be seen, the times relative to the instantiation of the objects, together with the
codification of the equations of the nodes, follow a fairly linear pattern, for the codification
of the net equations and the resolution of the equation system is different as the number
of variables increases. This is to be expected, since to solve the system of equations, the
calculation of the inverse of a matrix of dimensions equal to the number of variables must
be performed.

As previously mentioned, before addressing the problem in the manner shown in the
article, a code was implemented which, based on the parameters of the number of stacks
and cells per stack, carried out the construction of the equivalent circuit in Simulink. The
problem with that is that the model compilation times were already very high, with the
order of hours for a cell count at around 120. Once compiled, execution was also very slow,
which is why these results are very positive.

Finally, it is worth highlighting the linearity with respect to the number of variables
with which the times of object creation increase, not to mention the introduction of the
coefficients of the node equations. This was something to be expected, since, in the end, the
algorithms are linear. However, in the times relative to the insertion of the coefficients of
the net equations and the resolution, this linearity does not exist, because an inverse of a
matrix is performed in the resolution.

7. Conclusions

This work arises from the need to model the shunt currents of a generic vanadium
flow redox battery. While there are quite a few articles that discuss modeling shunt currents,
many of them make simplifications that limit the possibility of testing different hypothetical
cases. In addition, none of the articles consulted by the authors on this topic showed how
they had carried out the implementation, possibly due to its complexity, the use of external
tools to simulate, or that they have only been able to carry out the implementation for a
specific case.

This article has shown a way to implement the resolution of shunt currents in a generic
way for batteries with any number of cells and stacks (except for the special case of one
cell per stack, since it was thought that it did not make much sense). The factors to be
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taken into account and the patterns that must be identified in order to be able to reach
implementation have been discussed.
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Appendix A

This appendix is dedicated to showing the equations of the equivalent electric circuit
by organizing them as shown in the analysis of the electric circuit formation. The authors
have previously published the model in a more detailed form in another journal [21].

Appendix A.1. Equations of the First Cell of the Stack and the First Cell of the Circuit
The Equations (A1)-(A7) are those relative to the first cell of the stacks.

0= ICell; 1, — ICh(",  — ICh? | — ICell;1 — ICh{;" — ICh{}? (A1)
0= IChy" — IMnf;' (A2)

0 = ICh{y* — IMn{* — IBr{"* (A3)

0= ICh{;' — IMng;' — IBr{"! (A4)

0 = ICH{{? — IMn§3 (A5)

Al Al

EoC;1 = ICell;1RCell; | — IChfl'lRChi, . — IMnf{'RMnf;" + ICh{félRChi,z (A6)
A2 A2

EoC;1 = ICell;1RCell; | — IChfl'zRChil ;- IMn{{?RMnf? + IChfz'zRChi’Z (A7)

The first cell of the circuit is a particular case of the first cell of a stack. In this case, the
application of Equation (A1) is replaced with that of Equation (A8):

I = ICellyy + ICh{y' + ICh{'? (A8)

where [ is the current imposed in the charge or discharge of the battery. In this case, the
possibility of the battery having only one stack is also considered, replacing Equations
(A3) and (A4) with Equations (A9) and (A10) due to the disappearance of the trunks and
branches that join stacks.

0= ICh{* — IMn{}? (A9)

0 = ICh{;' — IMng;' (A10)
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Appendix A.2. Equations of Middle Cells of Stacks
The Equations (A11)-(A19) are those relative to the intermediate cells of the stacks.

Al
0= ICell;; 1 — IChfjcll - IChfer = ICell;; — IChij - ICh;j‘]fz (A11)
0= IMng'll + IChfj'l - IMn;j‘]rl (A12)
0= IMn{}j'z + ICh;j‘jfZ — IMn;j‘],'z (A13)
0 = ICH ! + IMngf — IMng 7L (A14)
0= IChf]rz + IMnff - IMng]gZH (A15)

EoC;; = ICell;jRCell;j — ICh{;'RCh;" — IMn['RMn[/' + ICh{;1 \RCh{sr,  (Al6)

EoC;; = ICell;jRCell;j — ICh{?RCh* — IMn[*RMn[* + ICh{' 3 \RCh{7},  (A17)

EoC;j = ICell; jRCell;j — ICH{?!

C1 C1 C1 C1 C1
LRCHE + ICH'RChE — IMn ' RMn(7' (A18)

/]
EoC;j = ICell; jRCell; ; — IChiC]fz_ 1RChiC]52_ L+ IChiC]szChiC]fz - IMniC]szMnin (A19)

These equations are not affected by the number of battery stacks.

Appendix A.3. Equations of Last Cell of the Stack and Last Cell of the Circuit
The Equations (A20)-(A26) are those relative to the last cells of the stacks.

0= ICell;y_y — ICh{;" | — ICh{> | — ICell;, — ICh{;" — ICh{;? (A20)
0=—IMnjs" | — ICh! + 1B (A21)

0= ICh;” + IMn{"2 | (A22)

0 = ICh; + IMng;! (A23)

0 = —IChS?2 — IMn{2 + IBr{” (A24)

EoCj, = —ICh{;' |RCh{;" | + ICell; ,RCell;,, + ICh{;'RChi:' — IMn{;'RCh{7!  (A25)
EoCj, = —ICh{;” |RCh{;> | + ICell; ,RCell;, + ICh{?RCh{ > — IMn{?RCh{7>  (A26)

Just as it happened with the first cell of the circuit, the last cell of the circuit is a
particular case of the last cell of the stack. The equations that apply to this particular case
are similar to all the previous ones, except if the battery has a single stack, the Equations
(A21) and (A24) would be replaced with the Equations (A27) and (A28).

0= —IMn{;!  —ICh{} (A27)
0= —ICh{? — IMng;” (A28)

Appendix A.4. Equations of the First Stack of the Circuit
The Equations (A29)-(A34) are those relative to the first stack of the circuit.

0= IBr{' — I1Trg! (A29)

0= IBr{"* — ITr{? (A30)
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0= IBr§{t — ITrS! (A31)
0= IBrS? — ITr5? (A32)

EoCy,, = ICelly 4RCelly ,, — ICh{"?RChy — IBr{"*RBr{"* — ITr{*RTr"?

A33
+IChy P RChy + IBry”RBry” + Y11 (IMnf,fRMnf;f) (A35)
EoCyy = —ICKS! RCHSY — IBr$ARBrS! — ITCIRTAS + ICelly 1 RCelly s
+ICHS, RCHS, + IBrS RBrS 4+ Y70, (IMnf'klRMnlc',}) (A34)
Appendix A.5. Equations of the Middle Stacks of the Circuit
The Equations (A35)-(A42) are those relative to the middle stacks of the circuit.
Al Al Al
0=1IBri~ +1Tr;" —ITri (A35)
0 = ITr{3 + 1Bri? — ITri? (A36)
0=ITre! + IBre! — ITrc! (A37)
C2 C,2 C,2
0= IBri? + ITr;” — ITr ] (A38)
EoC;_1, = ICell;_y,RCell;_, — ICh{*} RCh{ — IBr{"RBr{"} + ICh{;'RCh}' (A39)
Al Al Al Al -1 Al Al
+1Br RBr/ — 1T/ RTr M 4 2=t (1M R )
EoC;, = ICell; ,RCell;,, — ICh{*RCh{"? — IBr{*RBr{** — ITr{*RTr{** (AL0)
A2 A2 A2 A2 -1 A2 A2
+ICh 1 RChiYy ) + IBriiRBriy + (IMni,k RMn; ¢ ))
EoCii11 = —IChSARCHS! — 1BrORBrEA — ITrE RTYC! + ICell; 11 RCell;yq Ad)
C1 C1 C1 C,1 C1 C1
HIChi 7y RChiy o + 1By RBrivy + Yy (IMni,k RMn;; )
EoC;y = —IChS2 RChS?  — IBr<%RBr<2 — ITrS?RTrS? 4 ICell; 1 RCell; o
+IChSRCHST + IBrCRBr(? + Yy (IMnf2RMn(?) (42)
Appendix A.6. Equations of Last Stack of the Circuit
The Equations (A43)-(A48) are those relative to the last stack of the circuit.
0 = IBrit 4 1T (A43)
A2
0 = IBrit? + ITr,?, (A44)
0=IBrS + 1S (A45)
0 = IBrS? + ITrS? (A46)
EoCyy_10 = ICellyy_1,RCelly 1, — ICH," | RCHA!,  — IBri! RBriy' "
+ICh/ RChy} + IBriy' RBriy! — ITrp ' RBrovt + Y=} (IMnﬁ/,l{RMnnA;’}() (A47)
EoCy1 = —ICHS?, RCHS?Z,  — IBrS2 RBrS? | — ITrSARTrS2 + ICell,, 1 RCell As8)

HICKSERCHS? + IBrGPRBIS? + T, (IMnSARMnS2 )
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Appendix A.7. Equations of Single Stack

In the case that the battery has only one stack, the considerations made for the first
and last cells of the circuit must be taken into account. Otherwise, no additional equations

are added.
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