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Abstract: The safe, efficient and durable utilization of a vanadium redox flow battery (VRB) requires
accurate monitoring of its state of charge (SOC) and capacity decay. This paper focuses on the
unbiased model parameter identification and model-based monitoring of both the SOC and capacity
decay of a VRB. Specifically, a first-order resistor-capacitance (RC) model was used to simulate the
dynamics of the VRB. A recursive total least squares (RTLS) method was exploited to attenuate the
impact of external disturbances and accurately track the change of model parameters in realtime.
The RTLS-based identification method was further integrated with an H-infinity filter (HIF)-based
state estimator to monitor the SOC and capacity decay of the VRB in real-time. Experiments were
carried out to validate the proposed method. The results suggested that the proposed method can
achieve unbiased model parameter identification when unexpected noises corrupt the current and
voltage measurements. SOC and capacity decay can also be estimated accurately in real-time without
requiring additional open-circuit cells.

Keywords: state of charge; capacity decay; parameter identification; condition monitoring; vanadium
redox flow battery

1. Introduction

Battery storage systems have been widely applied in many fields, such as renewables storage,
peak shaving, emergency back-up, load-leveling and electric vehicles [1]. Specifically, the all-vanadium
redox flow battery (VRB) proposed by Skyllas-Kazacos [2,3] and co-workers shows unique attributes,
including cross contamination elimination and a long life cycle [4,5]. Many efforts have been made
towards component optimization [6,7] and sizing [8]. However, the efficient and durable operation of
VRB systems should be under the control of a high-fidelity management system that can accurately
monitor the key operating parameters of the VRB.

Battery state of charge (SOC) is defined as the percentage of residual capacity to the maximum
capacity. Effective monitoring of the SOC is critical for identifying the safety margin and protecting
the VRB from fast degradation caused by unsuitable over-charge/discharge; thus, it underlies any
further energy management strategies. Unlike other commonly-used batteries, such as lithium-ion
batteries (LIBs), a VRB allows open-circuit voltage (OCV) monitoring using additional open-circuit
cells to infer the SOC. The additional components, however, increase system complexity and cost
accordingly. Meanwhile, the mapping from OCV to SOC is open-loop and sensitive to measurement
noise. The coulomb counting (CC) method can be used to monitor the SOC of electrochemical storage
systems. As an open-loop method, however, it is vulnerable to initialization and measurement errors.
For VRBEs, electrolyte conductivity and spectrophotometric properties can be measured to determine
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the SOC [9]. This method, albeit accurate, is ex-situ and not suitable for real-time application. In a
recent study, the electrolyte viscosity—determined by measuring the pressure drop across the VRB
cell—was used to estimate the SOC [10]. This method demonstrated good potential for online SOC
monitoring, although the quantitative relationships among SOC, viscosity, and pressure drop have to be
calibrated accurately to ensure a reliable estimate. Uncertainties associated with other environmental
or operating conditions also have to be ruled out.

A new category of methods for SOC estimation of VRBs is the model-based observers.
Firstly, a battery model is established to describe the inner physical processes and electrochemical
reactions [11,12]. A typical model-based observer then links the measurable input and output to
the internal state via a nonlinear state-space model [13]. This can provide a closed-loop and robust
solution, which is favourable for online application, although a highly accurate battery model is a
prerequisite. Different types of models have been proposed for VRBs. Numerical models [14-16]
can describe the complicated electrochemical processes and multi-physics feature of a VRB well,
but the high computing cost restricts their use in real-time application. Tang et al. developed a
simplified mathematical model to describe the key processes of a VRB [17]. However, the model
parameters involved had to be determined empirically based on extensive testing and knowledge of the
VRB'’s dynamics. In contrast to mechanism-based models, equivalent circuit models (ECMs) show an
expected trade-off between the computing complexity and the model accuracy. A simple ECM has been
proposed for system-level integration, although this overlooks the dynamic variability of VRBs [18-20].
More recently, first-order [21-23] and second-order [24,25] RC models were developed to take into
account the polarization effects of a VRB. In Ref. [26], leveraging a specific ECM, the SOC of a VRB was
observed online using an extended Kalman filter (EKF). Following this work, Ref. [27] modelled and
estimated the capacity fading effect using a sliding mode observer (SMO). Nevertheless, the model
parameters are known to be influenced by the operating temperature, SOC, current magnitude/direction,
and aging state of the VRB. Uncertainty in the model parameters largely defines the modeling accuracy
and the associated estimation performance. Moreover, these methods are vulnerable to external
disturbances which are unavoidable in real application.

Capacity decay is an important issue that needs to be monitored in a VRB system during long-term
utilization. Generally, capacity decay is governed by two processes in a VRB. Firstly, vanadium species
diffuse at different rates across the membrane, causing an imbalance of vanadium ions. Alongside
the volumetric transfer of electrolyte, this ion imbalance leads to further imbalance of vanadium ions
and volume in the half-cells [28,29]. Together, these processes result in a significant loss of usable
capacity. Secondly, gassing side effects and oxidation of negative ions in the electrolyte amplifies
the imbalance in the oxidation states of vanadium species. In addition to these two processes,
hydrogen evolution during charging at high SOCs and air oxidation of the negative half-cell electrolyte
contribute to further capacity fade. The aforementioned capacity losses can be restored by either
remixing the two half-cell electrolytes or by applying electrochemical or chemical rebalancing. To this
end, the capacity decay of a VRB has to be monitored accurately to understand its health condition,
as well as to determine when to start rebalancing. Mathematical models have been developed to
predict capacity loss in VRBs [15,16,30-33]. For instance, the diffusion of vanadium ions across a
membrane was modelled to forecast the capacity loss over long cycling [33]. Following such works,
the side effects of hydrogen evolution [15] and oxygen evolution [16] were further modelled. These
models facilitated the understanding of the underlying mechanisms of capacity decay. Nevertheless,
the accuracy of the models is tied directly to the model parameters which, in turn, are closely tied to the
electrolyte composition and material used. Moreover, they are design-oriented rather than real-time
control/estimation-oriented. A model-based capacity estimator has recently been proposed. Similar to
the case of SOC estimates, however, external disturbances can easily decrease the accuracy of estimations.
Despite the use of hardware filtering, measurements in practical battery management systems (BMSs)
still contain large amounts of noise, stemming from both sensor flaws and electromagnetic interference.
Incidentally, noise corruption is one of the major contributors to algorithmic performance failure [34].
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To date, a reliable method of estimating SOC and capacity decay with high accuracy, high adaptivity
and strong disturbance tolerance is still lacking for VRBs.

This paper aims to address the aforementioned challenges and proposes an online, adaptive,
model-based method to jointly estimate the SOC and capacity decay of a VRB. An unbiased parameter
identification method with high noise immunity is emphasized. To begin with, a first-order RC model
was used to simulate the dynamics of a VRB, while a total least squares (TLS) method and its recursive
version (RTLS) were exploited to compensate for the noise effect and identify the unbiased model
parameters either online or offline. Leveraging the identified battery model, the SOC and capacity of
the VRB were estimated online by combining the TLS and an H-infinity filter (HIF). The proposed
method was validated by both simulation and experimental results.

The remainder of the paper is organized as follows. Battery modeling and identification based on
RTLS are detailed in Section 2. The HIF-based monitoring of SOC and capacity decay is described in
Section 3. Experimental details and the major results are presented in Section 4, while conclusions are
drawn in Section 5.

2. Battery Modeling and Identification

2.1. Battery Modeling

General n-th order RC models, such as the one shown in Figure 1, are widely used to describe
the dynamics of a broad range of battery chemistries [35]. In Figure 1, the voltage source describes
the SOC-dependent OCV, while R; is the ohmic resistance. The RC parallel branches aim to simulate
polarization effects, including charge transfer, diffusion, and passivation layer effect on electrodes.
Governing equations of the N-th order RC model are given as:

CpidVypi(t) /dt + Vyi(t) / Rpi = Ip(t) ey
VtO(t) = Voc(t) - ?:1Vpi(t) - IO(t)Rs (2)
z(t) = —nlo(t)/Q ®)

where Iy denotes the load current, Vp,- the voltage across the i-th RC branch, Vyj the terminal voltage,
z the SOC, 7 the coulomb efficiency, and Q the maximum capacity. OCV, as a function of the SOC,
is calibrated as:

Voe = f(Z) = Z :Zocizi 4)
wherec; (i=0,1,2,...,n,) denotes the polynomial coefficients.

Rpt‘ Rp? an
2=0ren/Q /

sz‘ CpZ te Cpn
1<> Qr em R‘

S~ N~

1+

+ Vpl K‘Jf V:uu Vﬂ
Voe=f2)

Figure 1. General structure of the N-th order RC model (the ellipsis represents repeated RC branches
connected in series).
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2.2. Parameter Identification

The model parameters associated with Equations (1)—-(3) should be identified accurately. Applying
Laplace transform to Equation (1) and Equation (2) gives:

}/0(5) _ p n Rpi
= -R-) e TR ()

where yg = Vg — Voe. Applying bilinear transform s = 2 (g — 1)/t5/(q + 1) to Equation (5) gives:

volg™) _ —Eiobi”
") 1+Li,mq

(6)

where g7! is the backward shift operator. Rewriting Equation (6) in the discrete-time domain gives:

Yox = 0] @o ()
where 0 = [a; b T|T with a = [ay, ap, ..., a,] and b = [by, by ... , by]7, ok = [-Yok-1, .-+ —Y0ok=n-
Toj, Iojg-1,--- Io,k_n]T. It is explicit that increasing the model order elevates the computing cost due
to the cubic complexity of commonly used identification methods. In this paper, the model order
was determined as 1, considering the extra computing burden brought about by the need of both
online parameterization and state observation. For the chosen model order, the parameter vector
and regressor simplify to O = [a1x by bllk]T, ®r = [-vox-1, lox Io,k_l]T, where the coefficients are
expressed by:

a1 = (ts = 2R,Cp)/(ts + 2R, Cy)
bo = —(Rsts + Ryts + 2RR,Cp )/ (£ + 2R, Cy ) ®)
by = —(Rsts + Ryts — 2RR,Cp )/ (£ + 2Ry Cp)

where £, is the time interval of signal sampling in BMSs. Once the regression model (7) is solved,
the model parameters can be determined by:

by —bo 2(arbg —by) (1—a1)%ts
1-aq 1-a2 4(111b0—b1)

[R:R,C,| = )

2.3. Total Least Squares

The regression problem characterized by Equation (7) is typically solved by using the least squares
(LS) method considering its low computing cost. However, the measurements of both current and
voltage are disturbed by noise in practice, i.e.,

I = Iop + AL, Vig = Vigp + AV (10)

where Al and AV, are noises on Iy and V;y. Noise corruption causes the solution of Equation (7) to
become a typical error-in-variable (EIV) problem. The LS method assumes system inputs are free from
disturbances; thus, its performance for solving EIV problems is questionable. In contrast, the TLS
method aims to minimize deviations on both input and output, so as to achieve the best fitting for the
regression problem.

Definition 1. The auto-covariance of arbitrary vector py is defined by Equation (11). The cross-covariance
between an arbitrary vector py and a scalar stochastic process ry is defined by Equation (12), whilst the
auto-covariance function of scalar stochastic processes ry is defined by Equation (13).

Ry = E[PkPlﬂ (11)
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& = E[pini] (12)
Ry = E[rery] (13)

where E[e] is the expected value operator.
To ease explaining the TLS, the input and output of Equation (7) can be re-written as:

Pk = Pox + Apx (14)

Ye = Viok + AVik = Voek = Yo +AVix (15)

where Ay is the noise contained in real measurements.
In terms of TLS, 6 is obtained by input-output fitting with minimum perturbations; i.e., solving
minimum perturbation matrices (A®y, AYj) and the estimated parameter vector to satisfy:

Yi + AYy = 0] () + Ady) (16)
where Y = [k, Yk-1,---, yl]T and @, =[@r, P k-1,---, (pl]T. In this case, the TLS solution is given by:

6, = areminimize||A®,|AY 17
k g Hnimiz IAD@KAY [IE 17)

where ||o||r denotes the Frobenius norm. The minimization problem shown in Equation (17) can be
solved alternatively by:

Or = ~la)1.on1) / [l o (18)

where N is the order of the model used and o is the eigenvector associated with the least eigenvalue
of the covariance matrix, given by:

quk _ E[ (bk (bZ] e R(2N+2)x(2N+2) (19)

- T
where ¢, = [cp{yk] e RE@N+2X1 This completes the description of the TLS for
parameter identification.

2.4. Recursive Version of TLS

Singular value decomposition is generally used to extract the eigenvector. However, it is difficult
for direct application in a real-time system due to the high cubic complexity. This section aims to extend
the TLS to a recursive version so that a real-time update of the model parameters can be achieved.

It has been reported that a; can be obtained alternatively by minimizing the Rayleigh Quotient
(RQ) cost function, i.e.,

&y = argminS(R - ,ak) (20)
(293 (p,k
where the specific form of the cost function is given by:

alR- ay
k™K
S(R - ,ock) =g (21)
Pk o, Tay



Energies 2019, 12, 3005 6 of 16

where = 0,%/0;2. Under the criterion-constrained RQ minimization, the eigenvector of interest is

T
defined by a;, = [6;, —1] , so that Equation (21) can be re-expressed by:

[0F.-1]R, JoF. 1]

J(R- ,0()=
o) oo

(22)

The solution of the minimization problem suggested by Equation (20) gives rise to a couple of
numerical methods in the literature, although in this paper the gradient search method is applied.
In this framework, the parameter vector is updated recursively by:

O = O-1 + kP (23)
where i, is the adaptive step size along the update direction, which can be determined by:

N (R%k' Or—1 + .Uk(Pk)
Ik

=0 (24)

It is explicit that augmented covariance defined by Equation (19) can be reorganized by:

R
R- =| * %y/" (25)
(P/k gq’]/,k y,k
Combining Equation (22), Equation (24) and Equation (25) gives:
S1 i + Stk + S35 =0 (26)

where the step size can be easily updated by:

e = (~92+ 33— 49185 )/(291) 27)

The coefficients involved in Equation (26) can be calculated by:

S = lpspl ey - ﬁs,k[ll’,{ék—l - ¢£5¢y,k]

Sk = (B+ h )Pl @r — il (28)
834 = (B+ T[T Okt — PF Ry k] — ko
where
Yr = Ry kPr
AT AT T
Tk = [ek—l’_l Rq_,,k[ek—l’_l]
Pk = 6] Ti31360k1 (29)

hox = @] T13136k-1
3k = @i T1313Pk

The covariance terms are used frequently in the proposed method. It is critical to find a
computationally efficient way to calculate them in real-time. Taking R, x as an example, the covariance
can be propagated recursively with low cost by:

1

o Prp; (30)

1
R k:(l——)R -1+
P, o] e 1
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where p; = Zle ARt == (1 - /\k)/ (1-A7), with A—the forgetting factor—giving more weight to
recently obtained information. Specifically, a large forgetting factor gives more weight to the old data
so that the regression is more stable, although the estimation is lagging in real dynamics. In contrast,
a small forgetting factor keeps the alertness to the new trend, but the estimation can suffer from
inevitable fluctuation. Therefore, there is always a trade-off in the selection of the forgetting factor.

3. Joint Estimate of SOC and Capacity Fade

Leveraging the battery model parameterized by TLS/RTLS, a state joint estimator based on
advanced filtering is built in this section to observe the SOC and capacity fade of a VRB simultaneously.

3.1. H-Infinity Filter

A variety of advanced filters have been studied for the purpose of state estimation in the literature,
such as an EKF, unscented Kalman filter (UKF), particle filter, and slide-mode observer. Different
filters exhibit distinct features and computing complexities. An HIF is applied in this paper as it
is capable of tolerating uncertainty in battery modeling and works well without the knowledge of
noise statistics [36]. Fundamentally, a set of discrete-time and nonlinear state-space models should be
defined firstly, i.e.,

Xep1 = f (o, ug) + wi
dr = g, m) + vk

& = hixy (31)
Wy ~ (Oer)
vk ~ (0/ RZ})

where the first two equations denote the state transition and output equation; uy, xx, and d are the input,
state and output, respectively; wy and vy are the process and measurement noises with covariance of
Ry and Ry; hy is a unity matrix if estimating x, directly; and & is a linear combination of the states
of interest.

The HIF aims to optimize the estimate of &, i.e., minimizing & = & — & for arbitrary xp, wy,
and vg. A typical description of the HIF-based estimate is given by:

% = argmin(Jy) (32)

with the cost function defined by:

M-1 £ 2
Yo Nk — &klls,

Je = (33)

lxo = %ol s + ZiZ | Iworlfgy + 1okl
where ((xp — &), wk, vx) # 0, & is an a priori estimate of xy, Ry g is the a priori state error covariance,
and Sy is a user-defined symmetric positive matrix.
The optimized estimate of &, should fulfill sup | < 1/7 according to the worst-case performance
principle, where “sup” denotes the supremum (least upper bound) and 7 is a pre-defined threshold.
Being aware of this, the HIF solution is given by:

N-1
. 1 ) 1 22 1 2 2
min max [ =-——|lxg—xoll5_, + = - — —llwill%_; + ogll5, 2 34
in max ] = ~5-lho Sl zlg[nék &lls, T(n i, + Ioeliy (34)

This completes the description of HIF. With the aforementioned knowledge, the completed
algorithmic procedures of HIF are summarized in Table 1.
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Table 1. Procedures for adopting the H-infinity filter.

. A a ~ ag
Define: Ay = a—i S Cr= 5
Tk

Priori state update: x = fl (fckt v uk_l)
Priori error covariance update: R;,k =A_ R*k 1AZ_1 + Ry k
My = I Sihy
Update of HIF gain: L= AkR;,k (I ~ TMkR;,k N C{R;}(CkR;,k)_léZR;}(
Posteriori state update: A;r =%+ Lk[yk - g(fc]:, uk)]
Posteriori error covariance update: R;tk _ R;,k (1 B TMkR;k N CZR;}(CI(R;’I(),

3.2. Co-Estimation of SOC and Capacity

The state-space model, as shown in Equation (31), should be formulated first to adopt the HIF.
In this paper, the state to be observed is formulated by x = [V, z 1/Q1F, while I and V; are defined as
the system input and measurement. Combining the discretized form of Equations (1)-(3) gives:

b
e B 0 0

A _ of _
Ay Ty gt = 0 1 —nlts
¢ 0o 0 1 (35)
a g g g . AV
G=lx = E]xk:,%;—[ Ve, O

where t; is the onboard sampling time interval. Note that the third entry of ék/ ie., dV,/d(1/Q),
is approximated as 0 as the SOC-OCYV correlation is not sensitive to capacity decay for the VRB [37].

Leveraging the derived reference matrices, the HIF can be applied to jointly estimate the SOC and
capacity fade of a VRB. The proposed method is data-driven and requires only the measured onboard
current and voltage. In this case, the commonly-used open-circuit cells installed for SOC estimation
can be avoided.

4. Results and Discussion

4.1. Experiment

A 20 (4 x 5) cm? VRB cell was fabricated and used for experiments. Two reservoirs were used
to store the half-cell electrolytes, each of which contained vanadium electrolyte (80 mL) comprising
1.6 M V*32 in 4.5 M sulfate solution (GFE, Niirnberg, Germany). An anion exchange membrane
(FAP 450, Fumatech GmbH, Bietigheim-Bissingen, Germany) was used to separate the two half-cells.
The requested current was loaded to the fabricated cell using a battery cycler. All the data, including
the load current and terminal voltage, were sampled at 1 Hz. The half-cell solutions were cycled
through the cell at 60 mL min~! under the control of a peristaltic pump, while the ambient temperature
was set to 22 °C.

Hybrid pulse tests were carried out to validate the proposed method. The VRB cell was first
charged fully in constant current-constant voltage (CCCV) mode. The CC current, upper cut-off voltage,
and stopping current were 1 A, 1.65 V and 0.1 A, respectively. The cell was then discharged with 1 A
until it reached the pre-defined SOC. After 30 min rest, a hybrid pulse current profile was loaded until
the cell reached its lower cut-off voltage of 0.9 V. The load current and terminal voltage were sampled
and stored in the host computer. In order to simulate the adverse condition of noise corruption, random
noises of 9 mA? and 100 mV? were added on the current and voltage measurements, respectively.
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Using the aforementioned experimental schedule, the capacity of the VRB cell was obtained
by leveraging the coulombic counting (CC) method. As the initial SOC was accurately known,
the reference SOC could also be easily determined. The measured load current, terminal voltage
and calibrated reference SOCs are shown in Figure 2. As such, the proposed method was able to be
evaluated with the data obtained.

Load Current(A)
[

0 1 2 3 4
~ 1.7 T
v]ﬁ-
gjl.ﬁ
;D 1.4
— 1L3F
<&
El12F
=
5 1.1 F
=
0 2 3 4

SOC(%)

0 L 1 1 1

0 1 2 3 4
Time (h)
Figure 2. Measured load current, terminal voltage and calibrated state of charge (SOC) of the hybrid
pulse experiment.

The reference model parameters were also extracted to validate the proposed method. In this work,
a user-defined number of time points were selected during the hybrid pulse experiment. Then, around
each selected time point, several batches of current/voltage measurements were sampled. Each sampled
data batch was leveraged to extract the model parameters offline. Specifically, Rs was calculated by
dividing the voltage jump by the corresponding current change. As accurate knowledge of OCV
was available from the reference values of the SOC, R, and C,, were readily determined by fitting the
predicted terminal voltages to real measurements.

4.2. Validation of Model Parameter Identification

Identification of model parameters is a prerequisite of accurate modeling and model-based
estimation. In this section, validation of the proposed method is discussed for model identification by
using the data obtained from the hybrid pulse experiment, as described in Section 4.1.

The online identified model parameters associated with the corresponding reference values are
shown in Figure 3. In this figure, the reference values of the model parameters are highly dynamic during
the entire experiment. This can be explained by the fact that the model parameters are sensitive to both
SOC and current magnitude/direction. The real-time adaption of them is thereby paramount to ensure
high modeling and estimation accuracy. By using the proposed method, the erroneously initialized
model parameters converged quickly after a short period of initial offset correction. The proposed
method was then able to follow the change of model parameters effectively. The proposed method
hence manifests itself with the capability to learn the measured current and voltage and to online adapt
the model parameters.
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Figure 3. Results of model parameter identification with the proposed method.

With the online adapted model parameters, the modeling results are shown in Figure 4. In this
figure, the terminal voltage of the VRB can be predicted accurately with the online adapted model.
The predicting error on the terminal voltage is confined well to the 10 mV error bound most of the
time, although the error enlarges to some extent in the low SOC region, but can still be kept within
20 mV. The mean absolute error (MAE) and rooted mean square error (RMSE) of the voltage prediction
are listed in Table 2. The low modeling error further confirms the accuracy of the identified model

parameters, and provides the basis for accurate model-based estimation.

Measured =====—-= Modeled I T

2
Time (h)

Voltage error (mV)

2
Time (h)

Figure 4. Results of the terminal voltage prediction with the online adapted model.
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Table 2. Performance of the proposed method on voltage prediction and SOC estimation for the hybrid
pulse experiment.

Measure Voltage Prediction = SOC Estimation

MAE 1.60 mV 1.15%
RMSE 2.03 mV 1.65%

MAE, mean absolute error; RMSE, root mean square error.

4.3. Validation of SOC Estimation

Leveraging the online adapted model, the SOC of the VRB was estimated using the HIF. The results
of the SOC estimation are shown in Figure 5. In spite of the large initialization error of the SOC,
the proposed method was able to converge to the reference SOC rapidly and keep track of the evolving
SOC with high precision. Throughout the experiment, it was observed that the maximum absolute
error did not exceed 2.3%. The MAE and RMSE of the SOC estimation are summarized in Table 2.
Although the additional open-circuit cell was not used, Table 2 shows that the SOC of the VRB can still
be estimated accurately via the proposed method. The proposed method is thereby shown to be highly
robust against erroneous initialization and highly reliable in the estimation of VRB SOC.

100

Reference
———— Estimated

SOC (%)
=

SOC error (%)
=)

o I 2 3 4
Time (h)

Figure 5. Results of SOC estimation with the proposed method.

4.4. Validation of Capacity Decay Monitoring

After the hybrid pulse experiment explained in Section 4.1 was performed, a capacity decay
test—including 140 cycles of charge and discharge—was carried out to introduce a decay to the VRB’s
capacity. The test of capacity decay was performed under a constant current of 1 A for both charge and
discharge, while the upper and lower cut-off voltage were defined as 1.65 V and 0.9 V, respectively.
The capacity decay of the VRB cell is illustrated in Figure 6, where a significant capacity drop may
be observed.

A potentiometric titration was also performed to measure imbalance in vanadium concentrations
and oxidation states between the two half-cells. Specifically, 1 mL of electrolyte from each reservoir was
sampled after the 140th cycle when the SOC was 23.7%. The results showed that the SOCs were 76.42%
and 14.29% for the positive and negative electrolytes, respectively. Moreover, the concentrations of
the vanadium species for the positive and negative electrolytes were 2.01 M and 1.02 M, respectively.
This finding further confirms a substantial imbalance of vanadium species, which explains the capacity
loss of the VRB.
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Capacity (Ah)

')6 L ' ' 'l
0 30 60 90 120 150

Cycle Number

Figure 6. Capacity decay of the vanadium redox flow battery (VRB) cell during long-term cycling.

Online monitoring of the imbalance and capacity decay was important for determining a suitable
time for rebalancing the two half-cells. In this paper, the hybrid pulse experiment described in
Section 4.1 was performed again after the cycling so as to evaluate the performance of the proposed
method for capacity decay monitoring.

The results of the capacity decay estimation of the VRB are illustrated in Figure 7. As can be
observed in the figure, the estimated capacity is able to converge with the reference capacity following
incorrect initialization for the experiment before cycling. Although the initial stage shows an overshoot,
the estimation tends to stabilize gradually around the reference value. Meanwhile, the estimation
shows a similar performance after the cycling experiment, although a large imbalance of both vanadium
species and bulk solution occurred. Rooted in the accurate real-time estimation of capacity, the capacity
decay of the studied VRB cell from 1248.5 mAh to 646.4 mAh was monitored accurately. This is
insightful for real application, as knowledge of capacity decay helps the operator to determine when to
start the rebalancing process to recover the capacity.

3 T T T T

Reference (Before Cycling)
25 —— Estimated (Before Cycling) | |
Reference (After Cycling)
Estimated (After Cycling)
- 2} .
= .
3 i
=15 Ll
215 .Iﬁ_{ .
2 ¥ ld' !“l""ﬂ‘—.‘
o
=3 gk
YU -
i
i
0.5 & .
¥
U | 1 L 1 1
0 | 2 3 4

:l"ime (h)

Figure 7. Monitoring results of capacity decay with the proposed method.

The relative error of capacity estimation for the experiment before and after cycling is shown in
Figure 8. As canbe observed, the estimation error oscillates at the initial stage to correct the initialization
error; as time evolves, the estimation converges to a steady state with reasonable accuracy. The MAE,
RMSE and convergence time of the estimation are summarized in Table 3. Note that the estimation
converges once the relative estimation error enters the 10% error bound. Importantly, the errors were
calculated only after the algorithm converges, as the initial converging process introduces unreasonably
high error.
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Figure 8. Relative error of capacity estimation with the proposed method (the 0% line means perfect
estimation without error).

Table 3. Performance of the proposed method on voltage prediction and SOC estimation for the hybrid
pulse experiment.

Measure Before Cycling  After Cycling
MAE 1.73% 2.33%
RMSE 2.16% 3.33%

Convergent time 1305 steps 1389 steps

Table 3 shows that the proposed method takes longer to converge compared to the SOC estimate.
However, this will not affect real application of the method for two reasons. Firstly, the capacity change
is quite slow in real-world VRB systems; thus, the convergence time can be neglected considering
the long monitoring period. Secondly, the convergence is actually counted by the calculated steps.
The frequency of signal sampling and calculation can be much higher in typical real-time embedded
systems. In this case, convergence will likely occur within several seconds.

4.5. Discussion

In this study, we found that the capacity of the VRB dropped significantly within 140 cycles.
Two reasons exist for the fast capacity loss. Firstly, the volume of electrolytes was quite small, so that
the diffusion-induced imbalance across the membrane easily decreased the overall capacity. Secondly,
the differential pressure drop across the membrane was not controlled during the lab-scale experiments.
Hence, the rapid capacity loss observed was an extreme case for a lab-scale investigation, and is
not typical for VRB systems in practical applications. Commercial VRB systems generally lower
the pressure across the membrane to an expected level via effective control of the flow rate; thus,
the capacity decay is much slower than that observed in this paper.

The proposed estimation method relies on a computationally affordable circuit model. By lumping
together multiple electrical components to describe the dynamics with different time constants,
the proposed model associated with the estimator has good potential for use in large VRB systems.

4.6. Future Work

Temperature has a large impact on the performance of VRBs. Thermal precipitation of V°*
occurs if the temperature rises above 40 °C for typical electrolytes with 1.8-2 M vanadium sulfate in
2.5-3 M sulfuric acid, while temperature below 5 °C leads to the precipitation of V**/V3* [38]. As our
model has not been validated for describing such thermal effects, the performance of the proposed
model-based estimator will decline under such unsuitable temperatures. However, in real applications,
the electrolytes are typically controlled within a specific temperature range in order for the VRB to
work efficiently. In our future work, a refined model which describes the temperature effect will be
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established and combined with the proposed method to estimate the SOC and capacity decay. This will
endeavor to maintain the fidelity of monitoring in the case of unsuitable operating temperatures.

The capacity decay outlined in this paper is mostly due to the imbalance of half-cell electrolytes,
which is rooted in the diffusion of vanadium species and water across the separator. Nevertheless,
additional irreversible capacity decay, including that caused by side effects, passivation, and air
oxidation, was not analyzed in this paper. More experiments will need to be performed to further
validate the proposed method for monitoring such irreversible capacity decay in the future.

5. Conclusions

This paper proposes a novel method for monitoring the SOC and capacity decay of a VRB,
which was based on an online adapted battery model. RTLS was employed to compensate for the
noise effect and online identify the unbiased model parameters. Leveraging the online identified
model, an HIF-based joint observer was proposed to co-estimate the SOC and capacity decay of
a VRB. Experiments were performed to validate the proposed method. Results showed that the
proposed method was able to accurately track the change of model parameters under the impact of
noise disturbances. The online unbiased model parameterization further ensured a high modeling
accuracy. The SOC estimate was found to be within a 2.3% error bound, while the capacity decay from
1248.5 mAh to 646.4 mAh was also monitored accurately.

The proposed method observes the states of interest by making use of the measured onboard
current and voltage data, as well as avoiding the need to install open-circuit cells, which increases the
complexity and cost of the overall system. Hence, the method appears to be a good candidate for the
management of VRB systems.
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