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Online state of charge estimation for a vanadium redox flow battery

with unequal flow rates
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Abstract This study presents an observer-based methodology to estimate, in real-time, the state of charge of a Vanadium redox
flow battery. Different from the available results in the literature, this work presents a new estimator that distinguishes between the
concentration in the tank and cell parts of the system. Moreover, it presents an estimation of the state of charge that can deal with
both balanced and unbalanced situations. The model used for the observer design is a nonlinear electrochemical model. A nonlinear
observer is proposed, designed and validated through simulation and in an experimental prototype.
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1 Introduction

In the current energy situation where energy storage
systems (ESS) have become one of the greatest needs,
the search of a large-scale, long-life and low-cost stor-
age systems has become crucial. Indeed, an ESS that
meets these requirements could be implemented in
large-scale facilities where energy generation can be in-
termittent, as is the case of solar and wind plants.

Within this scenario, redox flow batteries (RFB)
have become one of the most promising solutions [4].
Its operating principle is based on the use of four dif-
ferent species separated two by two by a membrane.
These species are dissolved in a liquid, known as elec-
trolyte, that is transported to an electrochemical cell
where the redox reaction takes place. Depending on
the flow of electrons from the charge or discharge cur-
rent, the species concentration will vary, according to
the phenomena of oxidation and reduction.

Although there exist different types of RFB, depend-
ing on the materials and the nature of the chemical
species, all of them share similar components and struc-
ture, as it can be seen in Figure 1. First, the RFB presents
the tanks that contain the electrolytes. Depending on
the side of the system, it is possible to differentiate be-
tween catholyte and anolyte. Second, the RFB includes
a set of pumps, that allow the injection of the elec-
trolyte through the entire system, closing the tank-cell
cycle. Finally, the electrochemical cell serves as an en-
closure where redox reactions take place.
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Figure 1: Vanadium redox flow battery scheme with its
main components and particular color of each species.

30 Despite its low-energy density (compared to other
31 ESS) [14], which takes values from 15 to 40 Wh-I71, its
32 flexible and modular design, among other characteris-
33 tics, make the RFB a good option for large-scale facili-
34 ties. On the one hand, the power is determined by the
35 dimension and number of cells that can be put in series
36 conforming the stack. On the other hand, the capacity
37 depends exclusively on the volume of the tanks where
38 the electrolytes are stored. Therefore, as the capacity is
39 directly related with the tank volumes, RFB are suitable
40 for large-scale energy applications that may have large
41 areas to contain large tanks, as is the case of power
42 plants.

43 The main distinction between different RFB sys-
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tems is given by the nature of the active species that
conform the electrolytes. In this way, it is worth high-
lighting the all-vanadium redox flow battery (VRFB) de-
veloped by professor Skyllas-Kazacos [29]. The main
advantage of a VRFB is that all species are oxides of
vanadium, guaranteeing that a possible mixture of elec-
trolytes due to the transport phenomena through the
membrane will not cause any damage. The anolyte is
composed by the existent vanadium species V2* and
V3* and the catholyte by the vanadium valences V**
and V°* that on the nature, exist as the oxides VO**
and VO3, respectively.

Although extensive analysis of different aspects
concerning the VRFB has been done during all these
years, control techniques and internal variable estima-
tors are still an open area of study. Specially, within the
control field, one of the most important challenges cor-
responds to determine the state of charge (SOC) of a
RFB [26].

The SOC gives information about the energy that
is stored in the system, being directly related with the
proportion of species contained on it. As in any type
of battery or ESS, knowledge of the SOC is essential to
analyze the correct system operation [11], being also a
variable used for the design of optimal-flow controllers
[2, 12]. As the SOC can be directly computed from the
species concentration, one of the major fields of study
consists on finding possible sensors to measure these
concentrations in real-time. Currently, most of the
physical properties used to compute the SOC are the
electrolyte color, viscosity or conductivity [32]. How-
ever, none of them have yielded encouraging results.
For the case of the color analysis of a VRFB, each vana-
dium species has a particular color corresponding to the
ones shown in Figure 1. However, once the species are
dissolved in sulfuric acid, the electrolyte turns almost
black and is hardly possible to extract color informa-
tion [31]. Viscosity or conductivity measures require
offline analysis, due to the fact that is very difficult to
differentiate between valences of the same species in
real time. Therefore, either for their inaccuracy or they
intrusivity, these measures are not the best solution for
the real-time estimation of the SOC.

Considering the lack of sensors that allow obtain-
ing accurate measurements in real time, the use of ob-
servers is an attractive alternative [3]. This technique
has been used to solve monitoring problems in similar
electrochemical systems [8, 9] using simple to measure
signals. Within the field of lithium batteries, lot of re-
search has been done in order to choose the appropri-
ate variables to measure, which commonly are the volt-
age, current and temperature [38]. Specially, there ex-
ist some observers intended to estimate the SOC even
in situations of sensor uncertainty, as it is presented in
[39]. Measurement noise is another important factor

99
100
101
102
103
104
105
106

107
108
109
110
111

112
113
114
115
116
117
118

119
120

122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

137
138
139
140
141
142
143
144

145
146
147
148
149
150
151
152
153

that must be taken into account when designing an ob-
server, being essential to achieve a good performance,
as has been studied in the literature [37]. For that rea-
son, previously to the implementation of a SOC estima-
tor, it is necessary to choose the proper sensors, seeking
a trade-off between simplicity in their implementation,
reliability and richness in terms of information for the
estimation.

Among all the possible variables to be used to in-
fer the SOC value for VRFB, voltage and temperature
stand out. Both measures depend on the species con-
centrations inside the cell, existing numerous models
that relate them [18].

However, it should be noted that while the influence
of the concentrations in the voltage value are decisive, it
is not so for the temperature where ohmic losses have
a much greater influence. Therefore, the open-circuit
voltage (OCV) characterized by the Nernst equation is
the most widely used variable chosen for the develop-
ment of VRFB observers [34].

In the literature there are different observers that
have been developed to estimate the SOC for VRFB.
Nevertheless, most of them make a set of assumptions
to simplify the model that are hardly met on reality.
One of the main assumptions is to consider that the
electrolyte flow rate is large enough so that the tank
and cell concentration is the same one, thus allowing
to express the OCV as a function of the SOC. More-
over, within this assumption, it is also assumed that
the flow rate is the same for both parts of the system.
Using these hypothesis, Skyllas-Kazacos has presented
different estimators. For only SOC estimation, an Ex-
tended Kalman Filter (EKF) is presented in [44] and a
Sliding Mode Observer (SMO) considering a reduced
model with only two states is presented in [10]. For
both SOC and SOH estimation, SMO [42] and an adap-
tive estimation based on an online identified battery
model [41] have been presented.

Another type of estimators that also appears fre-
quently in the literature use equivalent circuit models
[13]. Other examples are the case of [43] and [45] which
present a dynamic electric model to estimate the SOC
considering that concentration in cell and tank are ex-
actly equal. For all these cases, the effect of the flow
rate is neglected, which can lead to long-term observer
malfunction.

Previous VRFB SOC estimation works assume that
the VRFB operate at very-high flow rates and that the
flow rate is equal in both VRFB pumps. These as-
sumptions implies that cell and tanks concentrations
are almost the same. Unfortunately, these hypotheses
are not very realistic in most real VRFB. On the one
hand, very high flow rates may not be beneficial for
the pumps, generating more losses. There are different
studies that analyse the benefits of variable flow rates
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depending on the operating conditions, maximizing the
battery efficiency when cell and tank concentrations are
different [15]. On the other hand, for an optimal op-
eration it is convenient to adapt the flow rates to the
operating conditions. Equal flow rates are very conve-
nient when the VRFB is balanced. However, RFB have
a natural tendency to system imbalance due to the ion
transport caused by different phenomena such as diffu-
sion, migration or convention. Operating the system at
different flow rates is a strategy to reduce the system
imbalance phenomena [16].

Considering these limitations, this paper presents
a SOC estimator based on a nonlinear electrochem-
ical model. The model considered differentiates be-
tween cell and tank species concentration, presenting
new definitions of the SOC that differ from those com-
monly used in the literature where the SOC is assumed
to be the same in both sides of the system. For that rea-
son, the SOC is expressed in terms of available mass of
species, differentiating between anolyte and catholyte
sides of the system. Within this scenario, it is essential
to choose a good observer strategy for nonlinear sys-
tems. The use of High-Gain Observers (HGO) [6] and
Sliding Mode Observers (SMO) [7, 22] are one of the
most used techniques for nonlinear systems, and have
been analyzed and implemented within VRFB systems
or similar electrochemical systems. However, the main
point of HGO and SMO techniques, is the computation
of a mathematical map that transforms the system in a
certain canonical form, which can be computationally
unfeasible for high-order systems. Therefore, in this
work it is proposed the design of a nonlinear observer.
The estimator has been formulated using Linear Matrix
Inequalities (LMI) to compute the observer gains, that
can be selected in order to make the observer less sen-
sitive against measurement signals noise.

This paper has been organized as follows: Section
2 presents the problem formulation with the nonlinear
model and the OCV expression. Section 3 shows the
model reduction based on the conservation principles.
In Section 4 the design of the observer by means of LMI
formulation is presented. All the study has been val-
idated through numerical simulation in Section 5 and
experimentally in Section 6. Finally, Section 7 presents
the main conclusions of this work.

2 MODEL FORMULATION

This work is based on the nonlinear electrochemical
model developed by Skyllas-Kazacos [21]. This model
has been validated in real VRFB systems, being ac-
cepted and used in many works for state and parameter
estimation purposes [40].

Even though this model presents a great correspon-
dence with a real system, multiple authors impose ad-

207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247

248
249
250
251
252
253
254
255
256
257
258
259

ditional assumptions to simplify the estimator design,
and might not be extrapolated in all scenarios. On the
one hand, it is common to consider that the electrolyte
flow rate g, is the same one in both sides of the sys-
tem, and large enough to guarantee that the vanadium
species concentration in both cells and tanks are equal.
On the other hand, all SOC observers proposed use the
hypothesis of a balanced system, assuming same con-
centration in the cathode and the anode sides of the
system. These considerations are restrictive and not
reasonable in many practical scenarios. It is usual that
the flow rates are variable and different in both sides of
the system.

In terms of developing a SOC estimator that can be
extrapolated to any scenario, where the concentrations
of both sides can be different due to the presence of
side reactions, the typical assumptions discussed must
be obviated.

In this work, the model differentiates between the
catholyte and anolyte sides, as well as between the tank
and cell parts, without the assumption of large flow
rates. Moreover, the diffusion effect has been neglected,
introducing a new variable that depicts the system im-
balance. In this way, the model presented in this work
considers all possible transport phenomena, such as dif-
fusion, migration or convection, without the need to
explicitly formulate them mathematically. This is im-
portant, because these transport phenomena have very
slow dynamics, compared to the ones produced by the
effect of flow rates and current, making difficult to dif-
ferentiate between various effects or even a possible
degradation.

With these considerations, the VRFB dynamics can
be described through an 8™ order model. In order to
present it in a more compact form, which also allows to
develop observers in a more understandable way, the
system dynamics has been rewritten using the state-
space formalism. The main benefit of its use is the pos-
sibility of formulate the LMIs required to compute the
observer gains in an efficient way. Therefore, the sys-
tem dynamics are formulated as follows:

x=Ax-qg-+A,x-q;+b-j, (1)
where x = [¢§, 5, ¢§, ¢5, ¢5, ¢k, ch, ct] T is the state vector,
c{? stands for the concentration of vanadium specie V*
in k, with k = {c, t} meaning the concentration in the
cell and the tank respectively, g— and g, are the flow
rates of the anolyte and catholyte parts and j is the cur-
rent. Matrices A. and A, are related with the flow rate
part, and the vector b depicts the flux of electrons that
appear between the current collectors, making possible
the redox reaction inside the cell. Both matrices A;, A_
and vector b appear summarized in the Appendix A2
with their corresponding parameters defined in Table 3
of Appendix A1.
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The system output considered in this work is the
voltage, which can be computed as the sum of two
terms. On the one hand, the Open Circuit Voltage
(OCV), which is commonly the most used measurement
in VRFB parameter estimation [28]. On the other hand,
the overpotential term n, which is structured as the ad-
dition of three overpotentials: ohmic, activation and
concentration overpotentials.

E=OCV+y. )

With respect to the overpotential 1, assuming that
the battery works in nominal currents operating con-
ditions where the SOC is limited between 20 to 80%
[33], the contribution of the concentration and activa-
tion overpotentials is very small in comparison to the
ohmic overpotential [20]. Therefore, in this work, only
the ohmic term is considered:

q%r'j’ (3)

being r the ohmic resistance.
With respect to the OCV, it depends exclusively on

the cell concentrations and can be computed by means
of the Nernst equation:

RT cS - ¢ c?
OCV=E9+?~ln(u , (4)

c . .C
C3°Cy

where E? is the standard electrode potential, ¢y is the
concentration of hydrogen ions, R is the ideal gas con-
stant, T is the electrolyte temperature inside the cell
and F is the Faraday constant. From (4) it is possible to
split the OCV in two parts differentiating the vanadium
and hydrogen concentrations as follows:

2RT

- -In(cy) .

®)

c . ¢

c . .
OCV=E9+E-ln(Cz 05)+
F 3 4

As the hydrogen ions concentration is difficult to
obtain, it is possible to introduce its weight in the E?
term as follows [19]:

/ 2RT
Ea =E9+T ln(CH) s

(6)
where E?" is the sum of the standard electrode potential

with the hydrogen ions term. Therefore, it is possible to
define the OCV function used in this work as:

., RT ¢S - ct
OCV=E9+?-ln(Z 5). 7)

37 1

With the model presented in (1), it is possible to for-

mally define the expression of the SOC. In this work,
the SOC is defined as follows:

SOC = min{SOC_, SOC,} , (8)
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where SOC_ and SOC; are used to define, respectively,
the SOC in the anolyte and catholyte sides, with the
following expressions:

ctol + cSo¢
SOC_ = ( 2 2 )

t,t C,C t,t C,\C
CZU— +CZZ) +C3Z)_+C3Z)

©)

ctol + co¢
SoC, = ( >t 5 )

tl L oCoc 4 olgl 4 oCoc
€ Uy + CqU° + ccuy +cc

being v¢, v and v’ the cell, anolyte tank and catholyte
tank volumes, which are assumed constant and appear
defined in Table 2. As it can be noticed, the SOC com-
putation requires the estimation of the species concen-
tration inside the cell. This is a novelty compared to
other studies, that assume a negligible volume of the
cell with respect to the tanks.

Finally, considering the previous formulations of
the model, it is convenient to re-write the system in the
following form:

x=Ax-q-+A,x-q;+b-j

y=h<x>=ln(—x1'x‘*) ,

X9 *+ X3

(10)

where y is the system output, that corresponds to ex-
tract from equation (2) the ohmic overpotential  and
from the OCV defined in (7) the parameter E?" and the
constant factors which are known. Therefore, the sys-
tem output is a nonlinear function h(x) that depends
exclusively on the states. The aim of this work is to pro-
pose an observer that is able to estimate these states x,
and therefore the SOC by means of the equation in (8),
using only the measured signal y.

3 MODEL REDUCTION

The studied VRFB model satisfies a set of conservation
principles that can be utilized to reduce the dimension
of the system and ease the observer design.

3.1 Conservation principles

As the VRFB model presented assumes that there are
no losses inside the system, the mass and charge con-
servation laws can be applied.

On the one hand, according to the mass conserva-
tion principle, the total mass of species inside a VRFB
must remain constant. In terms of a RFB system, this
principle can be extrapolated to the conservation of to-
tal number of moles inside the system, which can be
computed by means of the following expression:

my = (c5+c5+c5+c)oc+ (ch+c5)ol +(ch+cd)ok, (11)

where m; represents the total number of moles of vana-
dium species inside the system. In order to verify that
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m; is constant, it is possible to analyze its dynamics,
which can be written as:
Me=v-%, (12)
being v the volume vector that takes the form: v =
[0, 0%, 0%, 0%, 0!, 0%, 0!, 0l]. Using (1), it can be seen that:

(13)

which shows that the total vanadium mass is constant.

On the other hand, considering the charge conser-
vation principle, the total charge must be equal along
the time. For this case, the expression that express this
law for the VRFB system is:

m; =0,

cr = (2¢5 + 3¢5 + 4c§ + 5¢5)0° + (2¢5 + 3¢5)0t
t £y, (14)

+ (4cq + 5¢5)0, ,
where ¢, is used to express the total charge of the sys-
tem, which depends on the valence i of each vanadium
species VI*. It is possible to analyze the total charge
evolution as:

(15)

where in that case the volume vector is v, =
[20°, 30, 40°, 50°, 20%, 30", 40!, 501 ], obtaining that its
value is zero, which means that the total charge re-
mains constant inside the system.

Finally, the imbalance can be included to the sys-
tem, by means of a third expression that can be ex-
tracted from the mass conservation principle. It is pos-
sible to express the total mass in one side of the system,
in this case it has been considered the catholyte, m, by
means of the following expression:

ét=vc~5c,

(16)

By means of this expression, it is also possible to com-
pute the mass in the anolyte side, defined as m_, as the
difference between the total and the catholyte mass.

(17)

my = (c§ +c$)o¢ + (cj + ci)ol .

m_=m;—my .

3.2 Reduced model formulation

As expressions (11), (14) and (16) are linearly indepen-
dent between them, they can be used to reduce the
number of states to 5, adding the 3 new known pa-
rameters m; and ¢; and the vanadium mass in the
catholyte side m,, that despite not being constant, its
value changes very slowly over time.

Therefore, it is possible to reformulate the model
choosing the states that will be removed from the orig-
inal system. In this work, in order to facilitate the ob-
server design, it has been decided to keep the cell states,
which appear directly in the system measured output
equation. Thus, the tank concentrations ¢}, ¢} and cf
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have been the removed ones. Assuming that both flow
rates q— and g are constant, it is possible to formulate
the new system dynamics:

i = AJZ' + BJ +¢(mta Ct, m+)

18

y=h®) 1)

where x € R? is the reduced dimension state variable,
being x = [c§, 5, ¢5, ¢S, c5] T, A is the new matrix of flow
rate effect, b the current effect vector and ¢ is the vec-
tor of the new parameters my, ¢; and m, that can be
expressed as ¢p(my, c;, my). All these new matrices are

summarized in the Appendix A3.

4 OBSERVER DESIGN

This section will cover the procedure developed to de-
sign a nonlinear observer for the nonlinear system pre-
sented in (18). Due to the nonlinear nature of the sys-
tem, the EKF appears as a possible candidate technique
[44], but it has some significant drawbacks.

On the one hand, this technique is only a local so-
lution, that is, it only converges if the observer state is
initialized near to the real value. In a RFB system, it is
difficult to initialize due to the fact that the electrolytes
do not provide any variable that can be measured in
a simple way and provide information on the species
concentration. Therefore, the concentrations are con-
sidered totally unknown and it is not possible to ensure
that the observer state is near to the real value.

On the other hand, this technique implies a lin-
earization of the system, which may eliminate some
properties that can be useful to design an adequate es-
timator in a more direct way. This is critical in RFB sys-
tems, as the model presents a particular property that
allows the design of a global nonlinear observer in a di-
rect way.

4.1 System property

A key property to remark is that the main non-linearity
of the system, which appears in the in the output func-
tion h(x), satisfies a bounded jacobian condition. That
is,

oh
kpy < — < kpa,
) % )

(19)
where kp ;1 and kp 2 are the lower and upper vectors of
values that bound the output jacobian.

This fact can be deduced from the following. Con-
sidering that the output & is the OCV defined by means
of (2), its jacobian computation takes the following

form:

-1 1

o le w = = 0], (20)
4 G
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that fulfills the bounded jacobian condition (19) accord-
ing to the values of kp 1 and kp 2 that can be computed
as:
1 -1 -1 1
kh’l = C C C C
cz,max c3,min c4,min cS,max
(21)
1 -1 -1 1
kh’z = C C C C
cZ,min CS,max c4,max c5,min
where ¢f ;. and ¢{ are respectively, the minimum

and maximum concentration of vanadium species i.
By fulfilling the bounded jacobian condition, the
system model can be rewritten in the following form:
*x=Ax+bj+
_ ¢ (22)
y = kp1x + h(x)

where h(%) is a monotonic function that can be com-
puted as:

h(%) = —kp1% + h(Z). (23)

The main characteristic of a monotonic function is
that it always increases or decreases according to the
states evolution. For the case of the VRFB system, is
always a mononotic non-decreasing function for the
case of a charging process, and a monotonic decreas-
ing function for the case of a discharging ones. This
monotonic output behaviour, is very useful for devel-
oping observers [27] and will be exploited in this work.

4.2 Observer structure

Taking into account the formulation of the new sys-
tem dynamics fulfilling the bounded jacobian condi-
tion (22), the nonlinear observer that is proposed in this
study has the following dynamics:

%= A% + 1 [y —kn1x —h (% +x2(y — kp1x — h(x))]
+bj+¢, (24)

where X is the observer state vector, and k7 and k»
are the observer gains in R> to be tuned. A scheme of
the proposed observer is presented in Figure 2 where
it is possible to see how it is composed by a copy of
the system dynamics and combination of a linear and
a nonlinear feedback term. The main advantage of this
structure is that using the property of bounded jacobian
the observer can be proved to work in all the operating
region, thus, avoids the need of initializing the observer
states.

Regarding the design of the gains, there exists
a simple computational way to find their values, by
means of a LMI [5]. For the present work, these gains
must be tuned using the following LMI, that must be

445
446

447
448
449
450
451
452
453

454
455
456
457
458
459
460
461
462
463

464

465
466
467
468
469
470

fulfilled for some symmetric positive definite matrix
P € R> and a vector Y € R>:

[ATP+PA+2eP—k] YT —Yky; *

o | 0

(25)
0 *

<0

- oh
s N (= ke — I
i ( Kzax)

where * denotes the symmetric terms of the respective
matrices, 0 and I are the zero and identity matrices of
the corresponding dimensions. Then, if the observer
gains are tuned as k1 = P~!T and «; is obtained directly
from (25), the estimation error e, defined as e = (x — x),
will be asymptotically stable satisfying the following
condition [35]:

%) = %(®)|| < k||%(0) - x(0)|| e~ , (26)

where || - || is the norm operation, € is the convergence
rate, k is a positive constant and t defines the time. This
condition ensures the observer stability, with the ad-
vantage of being able to tune the € parameter. Thus, the
larger € is, the faster the state will converge to the real
value. However, increasing € also increases the noise
sensitivity of the observer, so it should be chosen seek-
ing a balance between variance and convergence rate.
The proof of the observer stability is presented in the
Appendix A4.

d J & = :
1 1
1 1
1 1
I 1
I v 1

1
: - l Y
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1 1
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H - [ - '
1 @ L 1

1
i ta- fa+ Plant !
D 1

b Linear term ~ +
Observer -
ki1 \.D_—V
k=Ab+xv+bj+g Nonlincar term .

(% + K2(y — kpax - h(x))

Figure 2: Observer scheme.

5 NUMERICAL SIMULATION

In order to validate the proposed observer, a series of
simulations have been carried out to study if it is capa-
ble of estimating the states X, and therefore, the SOC.
For this numerical analysis, realistic vanadium concen-
trations have been considered, with a total vanadium
concentration of species in the electrolyte equal to 0.4
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M [10]. The other parameters of the system appears
summarized in Table 1.

A key-point of the proposed approach is the capa-
bility of estimating the internal states considering that
the vanadium species concentration can be different in
the cell and tank. Therefore, the flow rates that have
been chosen in such a way that there is a significant
concentration difference between both sides of the sys-
tem. On the one hand, for the anolyte part, a flow rate
g- = 5 ml/min has been chosen, while for the catholyte
part has been chosen a lower ones g; = 50 ml/min.

Figure 3 shows the evolution of the active species
V% and V* during a constant current charge and dis-
charge cycle, with an absolute value of 1.5 A, assum-
ing an electrolyte temperature of 298 K. Notice that, as
the electrolyte flow rate of the catholyte part is high,
the difference of concentrations between the cell and
the tank for the vanadium species V> is small. How-
ever, for a low flow rate as the ones introduced in the
anolyte side, the difference is considerable as can be no-
ticed looking the profiles of ¢§ and c}.

¢ (mol'm~3)

50 b

0 I I I I I I I I
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

t (s)

Figure 3: Concentration dynamics of the active species
in the system with different flow rates g- = 5 ml/min
and g4 = 50 ml/min and a constant charge and discharge
current of 1.5 A.

Table 1: Numerical VRFB parameters.

Nomenclature Value

ct 0.28 mol e~
ms 0.8-10~2 mol
my 0.4-10~2 mol
¢ 45107 m3
ot 1-107* m3
ol 11074 m?

T 298 K

As it can be noticed, under the proposed flow rates

493 conditions, it is necessary to estimate all states sepa-
494 rately, in order to compute the SOC of the system. To
495 do so, the proposed observer in the previous section has

496 been implemented.
497 Selecting a value of € = 0.8, and considering that the
498 minimum and maximum concentrations of the vana-

499 dium species are 0.005 and 0.395 M, the LMI problem
500 defined in (25) can be solved. It is important to remark
501 that the minimum concentration has been considered
502 greater than zero because otherwise it makes not phys-
503 ical sense (negative concentrations can not exist). This
504 consideration has also practical relevance, since for a
505 correct operation of the VRFB, as well as to extend its
506 useful life, it is recommended that the SOC varies be-
507 tween 10 and 90%, without ever reaching null concen-
508 trations.

509 Solving the LMI, the value of the matrix P and vec-
510 tors X and x; are:

3.1943 2.9537 2.2191 0.5110 1.5224
2.9537 4.3734 2.5695 0.6362 1.8727
P=10%2.2191 25695 2.3021 0.6680 1.5772
0.5110 0.6362 0.6680 0.8645 0.5121
1.5224 1.8727 1.5772 0.5121 1.9589
622.4988 2.2515
654.2821 —2.0591
T =1924.3394 K = |—4.0621
818.3161 0.0165
784.8318 0.2498

511 Finally, the gain x1 can be computed from the above
512 matrices as:

—0.0763

—0.1822
0.3551
0.7633
0.1487

Kj1 = P_lr = (27)

513 With these results, the observer has been imple-
514 mented in order to analyze its robustness and efficiency
515 in terms of SOC estimation. For this purpose, the VRFB
516 dynamics have been initialized with the following ini-
517 tial concentrations x(0) = [40 350 350 40 40]T, assum-
518 ing the system is balanced in its initial moment. On the
519 other hand, the estimation dynamics have been initial-
520 ized randomly with the following concentrations x(0)
521 = [15 78 24 324 256] " assuming there is no information
522 about the system states.

523 As can be seen in Figure 4, the estimated SOC de-
524 noted as SOC converges to the real ones, which indi-
525 cates that the designed observer works correctly. As
526 have been explained, increasing the value of € allows
527 to obtain a faster convergence. This can be seen in the
528 same figure where have been plotted the estimated soc
529 considering an € of 0.1 and 0.8.
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Figure 4: Comparison between the real SOC and the
observed ones with different values of €.

In order to analyze the robustness of the observer
in term of €, uncertainty and noise have been intro-
duced into the system. On the one hand, the values
of the cell volume, v¢, and tank volumes, v%,0", have
been varied, from the ones shown in Table 1 to 5-107°
m3 and 0.9-107* m?, respectively. On the other hand, it
has been introduced Gaussian distributed noise of vari-
ance 0.5 to the OCV measure, which is a significantly
large value for the considered system.

SOC (e =0.8) ——SOC
——S0C (e =0.1)

100 200 300 400

t (s)

500 600 700

Figure 5: Comparison between the real SOC and the
observed ones with different values of € introducing un-
certainty and noise inside the system.

As can be noticed in Figure 5, even in the presence of
significant measurement noise and model uncertainty,
the observer achieves a correct estimation of the SOC.
It is possible to see, how due to the system noise and
uncertainty, the SOC with € = 0.8 is more sensitive than
the ones of 0.1. Therefore, it is shown how € must be
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selected searching a trade off between convergence rate
and reliability.

Finally, Figure 6 shows the relative error of the esti-
mated SOC for both cases of € considering the previous
noise and uncertainty. It is possible to see that, on the
presence of noise and uncertainty in the model param-
eters, the estimated concentration presents an error of
less than 10% for the case of € = 0.1 and peaks of 40% for
the case of € = 0.8. It is important to remark, that with-
out the presence of noise and uncertainty (see Figure 4),
the observed error is null, making it asymptotically sta-
ble according to the procedure develop for the observer

design.

500 SOC (e=0.8)]
——S0C (e=0.1)

0 100 200

Figure 6: Relative error of the estimated concentration
with (red) and without (blue) the consideration of pa-
rameter uncertainty and noise.

6 EXPERIMENTAL DESIGN

Once the designed observed has been numerically vali-
dated, it has been implemented in a real battery proto-

type.

6.1 Experimental setup

The experimental VRFB setup is shown in Figure 7 and
is composed by a single cell of 25 cm? active area devel-
oped by the danish company Redox-Flow [1, 23], with a
Nafion-117 membrane and 3 mm thick carbon felt elec-
trodes [24]. Through the peristaltic pump BT600L from
the Leadfluid manufacturer, the electrolyte flow rates
can be monitored and controlled. The tanks used to
perform the different experiments have a capacity of
80 ml.

The electrolytes are composed of 1.6 M concentra-
tion of vanadium in a solution of sulphuric acid. Ini-
tially, there is only a single electrolyte reservoir with
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Figure 7: VRFB experimental setup with its main com-
ponents. 1: Anolyte tank, 2: Current-Voltage sensors, 3:
Cell, 4: Current collectors, 5: Catholyte tank, 6: Pump.

a vanadium valence of 3.5, therefore it is necessary to
perform a charging process in order to obtain the vana-
dium species V#* and V°*.

In order to ensure that the vanadium species V2*
and V>* are reached, the following procedure has been
carried out:

1. Introduce the same quantity of V3-* electrolyte
in the two reservoirs of 80 ml.

2. Charge the battery at a constant current of 2 A
until the voltage reaches 1.7 V using flow rates of
5 ml/min.

3. Maintain the battery in charging mode at 1.7 V,
allowing a variation in the current value. In this
way, the current will decrease until there is no
more electrolyte left to react, at which point it is
possible to conclude that vanadium species V*
and V°* have been generated.

Current (A)

6000 8000

I
4000

t (s)

I
0 2000

Figure 8: Voltage and current profiles for the generation
of vanadium species V* and V°*.

593 The profiles of the current and voltage for the gen-
594 eration of the vanadium species is shown in Figure 8.
595 As can be noticed, as soon as the 1.7 V are reached, it
596 is maintained constant and current starts to decrease
597 from 2 to less than 0.4 A. At this point, it is possible to
598 visually identify if the electrolyte has been generated
599 correctly. The nature color of vanadium species V°7 is
600 yellow, while the color of V#* is purple, so it can be dis-
601 tinguished from the initial solution that had a bluish
602 color. Figure 9 shows the initial and final colors of the
603 electrolytes obtained from develop the procedure ex-
604 plained. As can be seen, Figure 9a presents the origi-
605 nal bluish electrolyte color corresponding to the V3%,
606 while Figure 9b shows the final electrolytes colors, cor-
607 responding to vanadium species V?* and V°*.

|

a) b)

Figure 9: Electrolyte color inside the pipes. At its initial
state (a) and at the end of the V2" and V>* generation
process (b).

608 Figure 10 shows the color of the original electrolyte
609 with V3-* concentration contained in the reservoir, and
610 the V>* obtained from the generation process. In this
611 scenario, it is possible to assume that the system is ini-
612 tially full charged, and therefore the initial concentra-
613 tions are known.

Figure 10: Reservoirs with the original V3->* electrolyte
(left) and the V>* concentration electrolyte (right).
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Once the electrolytes for the cathode and anode
side of the system have been obtained, it is possible to
carry out the different experiments to validate the SOC
estimator.

6.2 Model calibration

Before implementing the observer designed to estimate
the SOC, first of all it is necessary to calibrate the
model. The calibration has been done using a charging
process at constant current of 2 A with a constant flow
rates of 5 ml/min, after the battery has been partially
discharged.

As the total vanadium concentration is 1.6 M, as-
suming that the system is initially balanced with the
same amount of electrolyte of 80 ml in each reservoir, it
is possible to compute the value of m;, ¢; and m, which
appear summarized in Table 2 jointly with the system
dimensions.

The parameters that have been estimated to cali-
brate the model are the ohmic resistance r, the stan-
dard electrode potential E? and the initial concentra-
tions x(0). In order to relax the problem, it has been
assumed that same evolution is presented for the ac-
tive vanadium species V?* and V", and the same for
V3* and V**. Therefore, it is only necessary to estimate
the initial concentration inside the tank and cell of one
species. In that case, choosing the V2* species, the ini-
tial concentration parameters are c5(0) and c5(0).

Using a particle swarm optimization technique [10],
it is possible to estimate the set of parameters p = [r, E?,
¢5(0), c4(0)], that satisfy the following problem:

N

ming ) E(k-T) ~ £k T3)]
k=1

subject to

E(k-Ty) = f(p)
p € c(p)

being N the total number of measures that has been
taken, considering a sample period T;, k denotes each
sample, f denotes the cell voltage expressed by (2) as a
function of the parameters and c is the constraint set
over the unknown parameters. For the experiment per-
formed, the value of T; is one second and the constraint
set is ¢ (p) = [0..1, 0..2, 0..1600, 0..1600].

The values of the estimated parameters are pre-
sented in Table 2, and the calibrated profile that has
been obtained is shown in Figure 11.

As it can be noticed from Figure 11, the calibrated
profile of E is close to the real E, so the calibration per-
formed by means of the PSO algorithm has achieved
good results.
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Table 2: Measured and calibrated VRFB parameters.

Nomenclature Value

¢y 0.896 mol e~
my 0.256 mol
my 0.128 mol
¢ 7.5-107% m3
ol 8:107° m?
ol 8-107° m®
T 298 K

r 0.11Q

E? 1235V
c5(0) 216.75 mol
c5(0) 2.578 mol

1500 2000 2500 3000 3500 4000
t(s)

0 500 1000

Figure 11: Measured and calibrated profiles of the volt-
age output.

As a quality estimation measure, the mean squared
error (MSE) has been computed, which can be calcu-
lated as:

N
MSE = % Z(E(k -Ty) — E(k - Ty))?
k=1

obtaining that the MSE value is 3.45-107°. There-
fore, it is possible to guarantee that the model repro-
duces the real VRFB behavior accurately.

6.3 Results and discussion

Implementing the proposed observer, it is possible to
analyze its behaviour in real time. Figure 12 shows the
real voltage profile and the estimated ones, obtained
with a constant current of 2 A, when the battery is ini-
tially full discharged. As can be noticed, the estimation
tracks the real value in less than 20 seconds, so the con-
vergence of the states is really fast and accurate.

As the flow rates of 5 ml/min are relatively low for
the considered system, it is expected to find a sub-
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Figure 12: Measured and estimated profiles of the volt-
age output.

stantial difference between the cell and tank concentra-
tions, as it was shown in Figure 3. In order to analyze
this effect, the evolution of ¢§ and ¢} have been plotted.

Figure 13 shows the evolution of ¢§ and ¢} where it
is possible to see how there exists a clear distinction be-
tween cell and tank concentrations due to the low flow
rate. Therefore, although the voltage reaches a value of
1.7 V which is obtained when the SOC of the cell is near
to the 100 %, the real SOC is near the 80 %. This is be-
cause the volume of the tanks is much greater than the
one of the cells, and the real SOC of the global system
is related with the tank concentrations.

Thus, it is possible to see the effect that generates a
low flow rate in the determination of the real SOC of a
VRFB, and how assuming cell and tanks concentrations
are equal may lead to large estimation errors.

1600
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800
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600

400 |

200 |

1000 1500 2000 2500 3000 3500 4000
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0 560
Figure 13: Estimated SOC and cell and tank concentra-
tions of vanadium species V?*.

In order to validate the accuracy of the SOC estima-
tion, a coulomb counting analysis has been performed
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[25]. The coulomb counting has been obtained integrat-
ing the current, which in this case is constant, obtaining
a ramp that defines the real SOC of the system, assum-
ing that the initial conditions are known. Its compu-
tation depends on the nominal capacity of the battery
which can be directly related with the total charge ¢,
using the Avogadro constant Na:
t
! /'jm
A Jo

The drawback of this method, is the requirement of
knowing the initial conditions in terms of SOC(0) and
the nominal capacity of the system. With respect to
the nominal capacity, it is possible to compute its value
knowing the total charge of the system, which has been
seen is conserved along the time.

With respect to the initial SOC, its value will de-
pend on the distribution of concentrations in each side,
accordingly to (9). Therefore, in order to initialize
the Coulomb counting method it is necessary to know
which are the proportion of concentrations of species to
determine the initial SOC(0). Therefore, to get a certain
idea of its value, what is commonly done is to take the
system to a known operating point, where species con-
centrations can be approximated with non-significant
error. Usually, to determine the initial SOC(0), the op-
erating point that is used is the one corresponding to
the end of a charging or discharging process. There-
fore, it is possible to initialize the Coulomb counting
assuming that the initial SOC(0) is close to 100% or 0%,
respectively.

SOC(t) = SOC(0) +

— 28)

In order to validate the observer presented in this
work, it has been considered the case where the sys-
tem is totally discharged, starting from a 0% SOC. It
should be stated, that the proposed observer approach
does not need to know the initial conditions of the sys-
tem.

Figure 14 shows the profile of the measured SOC
by means of the coulomb counting technique, the esti-
mated one SOC and the ones estimated using the cell
dynamics and assuming that the concentration in tanks
and cells are equal SoC..

As can be noticed in Figure 14, the SOC estimation
using the assumption of equal concentration in tanks
and cells leads to a low accuracy estimation of the real
SOC of the system. On the other hand, by means of
the proposed observer, the estimation presents a low
error compared to the measured value. Comparing the
MSE of each case, computing the MSE with the cell
SOC leads to 230.56, while for the case of computing
the SOC with the proposed observer, its value is only
3.8615 which is low. Therefore, it is possible to verify
the correctness of the observer proposed for SOC esti-
mation in cases of low and unequal flow rates.



740

741
742
743
744
745
746
747
748

749
750
751
752
753
754
755
756
757
758
759
760
761
762

763
764
765
766
767
768
769
770
771
772

60| |—S0C. —so0C
soc

0 I I I I I I I I
0 500 1000 1500 2000 2500 3000 3500 4000
t(s)

Figure 14: Estimated SOC with low order model (SOC,),
proposed in this work (SOC) and the computed by the
coulomb counting (SOC).

7 CONCLUSIONS

This work has presented an observer-based methodol-
ogy to estimate the SOC of VRFB, proposed methodol-
ogy combines a nonlinear electrochemical VRFB model
and OCV real-time measures. Differently, from previ-
ous existing methodologies, in this work it is not as-
sumed cell and tanks concentrations are the same, con-
sequently our method can be applied to wider range of
operation conditions.

In order to validate the proposed observer both sim-
ulation and experimental analysis have been developed.
The experimental results have been validated with a
common technique used in the literature to estimate
the SOC of any electrochemical system, which consists
on the coulomb counting method. Moreover, the pro-
posed technique has been compared with one of the
most developed to estimate the SOC of VRFB systems,
which consists on the use of a reduced order model. The
results show that the use of this novel observer signifi-
cantly reduces the estimation error, obtaining that the
MSE can be reduced a 60% compared to previous ob-
servers, in both conditions of different flow rates or low
values.

Finding a SOC observer that can handle any flow
condition allows it to be used for many purposes such as
optimal flow rate control or the development of a volt-
age controller. However, it is necessary to obtain certain
knowledge of the system, in terms of mass imbalance,
so a possible future line of work may be the implemen-
tation of the observer with an online estimation of the
unbalance variable, which would make it possible not
to treat it as a parameter, but as a very slow dynamic
variable.
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787 APPENDIX

788 A1. Model parameters

Table 3: VRFB model parameters and constants

Parameter Meaning (Units)

ct Total charge of the system (C)

j Current (A)

q- Anolyte flow rate (m3 - s71)

g+ Catholyte flow rate (m* - s71)

my Number of moles (mol)

my Number of moles in the catholyte (mol)
¢ Cell volume (m®)

ot Anolyte tank volume (m?)

ol Catholyte tank volume (m?)

F Faraday constant (96 485 A - s - mol™})
R Ideal gas constant (8.311] - mol™! - K71)
T Electrolyte temperature (298 K)

789 A2. Original model matrices and vectors

- 0 00 £ 0 0 0]
0 - 00 0 & 00
0 0 00 0 0 0 0
0 0 00 0 0 0 0
A=1L 0 o0 -+ 0 00
0 2+ 00 0 -z 00
0 0 00 0 0 0 0
L0 0 0 0 0 0 0 0]

12



000 0 0 00 0 0]
00 0 0 00 0 0
00 - 0 00 = 0
00 0 -% 00 0 &

A, =

+=looo 0o 0 00 0 0
00 0 0 00 0 0
00 &% 0 00 -% 0
(0 0 0 Ui, 00 0 —%_
1 T

b= [1 -1 -110000]
F.o¢

790 A3. Reduced model matrices and vectors

'allvc 0 6113UC 6114UC q-
0 axzv® axv® axnv®  —q-
A= i 0 0 -2+ —q+ —q+
c
10 0 0 —-q+ q+
0¢ 0
0 0 0 <9+ — 79+
s ol
_ Se T
b= [1-1-110]
F-oe
3m; 4my 3muol ¢
ot ¢ ol b -
¢, 2myol 2m;  4my
¢_i ot | vl ob of -
T oe m+
v¢ E
0
0

(1 30 4 (11
MmN oot T )T T T T L) T
(4 2 20 B 1
azs = ot veol q- Q24 = dp3 — E q-

791 A4. Observer proof

Considering the system represented in (24), the dynam-
ics of the estimation error e = (% — X) takes the follow-
ing form:

¢ = (A—rikna)e— K1 [h(x) - h(x + K2 (h(x) - h(2))] ,
792 that can be expressed in a more compact way as:

é=(A—rKikp1)e — K1y, (29)
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being ¢ a time-varying function of e. This can be proved
by means of the mean value theorem, that makes pos-
sible to express i as [36]:

¥ = h(x) = h(x + k2(h(x) - h(%))

oh oh\ _ .
—(g—k}m) (l—ng) (x—x). (30)
Considering also the bounded jacobian property of

the output, as it is shown in (19), it is possible to obtain
the following constraint:

A [1// — (knz — kna) (I - sz—Z) e} <0. (31)

By means of this formulation, the system consti-
tutes a Lur’e-system representation. Taking V as a Lya-

punov function candidate for the error dynamics pre-
sented in (29), if V has the form:
V=¢'Pe, P>0, (32)
and satisfies the following inequality:
V+2V <0, (33)

then, the exponential stability condition expressed by
means of (26) is fulfilled [17]. As the left side of (25)
takes the following quadratic form:

x| |e

o |y

and by considering the condition for e and i computed
in (31) it is possible to obtain the semidefinite con-
straints of the LMI formulation presented in (25) ap-
plying the S-Procedure [30], that makes asymptotically
stable the error e if the gain values of k¥ and « are cor-
rectly tuned.

[‘;]T [ATP+PA+26P (34)

—K1TP
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