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Abstract: This paper used a Vanadium Redox flow Battery (VRB) as the storage battery and designed
a two-stage topology of a VRB energy storage system in which a phase-shifted full bridge dc-dc
converter and three-phase inverter were used, considering the low terminal voltage of the VRB.
Following this, a model of the VRB was simplified, according to the operational characteristics of
the VRB in this designed topology of a VRB energy storage system (ESS). By using the simplified
equivalent model of the VRB, the control parameters of the ESS were designed. For effectively
estimating the state of charge (SOC) of the VRB, a traditional method for providing the SOC estimation
was simplified, and a simple and effective SOC estimation method was proposed in this paper.
Finally, to illustrate the proper design of the VRB ESS and the proposed SOC estimation method,
a corresponding simulation was designed by Simulink. The test results have demonstrated that this
proposed SOC estimation method is feasible and effective for indicating the SOC of a VRB and the
proper design of this VRB ESS is very reasonable for VRB applications.

Keywords: vanadium redox flow battery; energy storage system; SOC estimation; simplified
equivalent model; parameter design

1. Introduction

An energy storage system (ESS) which can be used for peaking regulation in power plants or
power stations, and which can be used as an energy storage device in new energy generation systems,
has the potential to be very widely applied in power systems [1,2]. As an effective technique for
enhancing integrating intermittent renewable energy into a power grid, battery energy storage has
become one of the focal points of development, due to its unique performance [3].

A Vanadium Redox flow Battery (VRB), as a new storage battery, can be used as the energy storage
unit in an ESS. In an ESS, the topology should consider the terminal voltage of the VRB. In addition,
to design reasonable control parameters for an ESS, the model of a VRB should be simplified, which
has not been included in previous research. The parameter of the state of charge (SOC), as one of
the most important parameters of a VRB, represents the residual capacity of a VRB and is the key
parameter to regulate or control the operating states of an ESS. Hence, the effective estimation of the
SOC is very significant.

Recently, many researchers have concentrated on the design of a VRB energy storage system [4–10].
In [4,5], a control strategy of an ESS, based on a bidirectional DC-DC converter for a novel stand-alone
photovoltaic power system, was proposed. But, this ESS was connected to a DC bus, without
considering the power flow between the energy storage battery and the AC grid, resulting in great
limitations for the energy storage system. The ESS in [6,7] is composed of a three-phase grid-connected
inverter and a power frequency transformer, in which reasonable control of the battery is very difficult
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to realize. In [8–10], a large scale ESS based on various energy storage units, in which a buck-boost
converter is used, was proposed. However, the ESS topologies involved in these papers are not suitable for
a VRB ESS, considering the low terminal voltage of a VRB. The phase-shifted full bridge dc-dc converter
in [11–13] uses a low current and voltage for the power switch and is very suitable for a VRB ESS.

In the designed topology of a VRB energy storage system, there are various VRB models
which have been developed for dealing with the control parameters of an ESS. However, most of
these are based on how to establish an objective function of a VRB for describing the performance
characterization of a VRB. In [14–18], an equivalent model of a VRB was comprehensively introduced,
to obtain the operational characteristics of a VRB. In [19,20], a comprehensive equivalent circuit model
of a VRB was presented for system level analysis, in which the concentration over potential is modeled
as a function of flow rate, in an order to determine determine an appropriate variable flow rate.
But these proposed models of VRBs are not suitable for the design of the control parameters in a VRB
energy storage system, considering the complexity of these models.

Moreover, the SOC estimation has become an important research topic for VRBs in ESSs. In [21–24],
different effective management methods based on the parameter of the SOC of the battery were
introduced, but the SOC estimation method of a VRB is not included. In the past decade, several
methods have been proposed for SOC estimation in many battery applications [25–28]. A very common
method for estimating the SOC of a redox flow cell is the installation of an open-circuit cell at the entry
or exit ports of the electrolytes in the cell stack. By using the Nernst equation, the SOC can be readily
obtained from the measured open circuit voltage (OCV) [25]. However, as the OCV gives an overall
value of the two half-cells which are assumed to be balanced, this procedure does not accurately indicate
the SOC of a VRB. In [26], for the estimation of Zero Emission Battery Research Activities (ZEBRA)
battery, a hybrid neural model is proposed considering the state of health and the discharge efficiency
parameters. In [27], two state-of-charge monitoring methods and their use in the VRB are investigated.
In [28], the SOC estimation of VRBs was realized by an extended Kalman filter (EKF) method. However,
these SOC estimation methods make stack configuration more complex as one open flow cell needs to
be spared for each stack and additional voltage sensors need to be installed. Therefore, all of these
methods for SOC estimations are too complex and are not suitable for application.

Considering these points, this paper firstly designs a two-stage topology of a VRB energy storage
system considering the low terminal voltage of the VRB, in which a phase-shifted full bridge dc-dc
converter and three-phase inverter are used and the bidirectional power flowing between the energy
storage battery and AC grid is achieved. Following this, the model of a VRB is simplified according
to the operational characteristics of the VRB in this proposed topology of a VRB ESS and the control
parameters of the ESS are designed. For effectively managing the control center of the microgrid (MG),
a traditional method for SOC estimation is simplified, and a simple and effective SOC estimation
method is established. Finally, the feasibility and effectiveness of the proposed SOC estimation
method are verified by the designed VRB ESS, and the test results demonstrate that the proposed SOC
estimation method is reasonable for indicating the SOC of a VRB and that the proper design of the
VRB ESS is very reasonable for VRB applications.

2. Topology of a VRB ESS in a Microgrid

With the increasing depletion and fluctuation of fossil fuel prices, residential and industrial
pollution, etc, energy storage system can be used as a sorted renewable energy system for clean
energy [29]. Figure 1 shows the designed topology of a VRB energy storage system in a microgrid.
In Figure 1, the structure of a microgrid (MG) is shown. Photovoltaic generation units and wind
generation units (WPG) are respectively connected to the AC grid by power electronic devices. Due to
the randomness of the PV and WPG, it is essential to configure the VRB ESS, to maintain the power
balance in the MG. The control center of the MG gathers the electrical quantities of all of the converters
and operates the power flow of the MG by controlling these converters. It should be noted that the
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SOC of the VRB is one of the most important parameters for the control center of the MG to control
these converters. Therefore, the SOC of the VRB is effectively estimated in this paper.

The most important part of a battery energy storage system is the power conversion system
(PCS), which is actually a voltage source inverter. Through the use of a power conversion system,
bidirectional power flow is achieved between the energy storage battery and the AC grid. Discharging
and charging management of the VRB, and load power tracking of the AC grid, can also be realized by
controlling a PCS.
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Figure 1. Topology of the VRB energy storage system in the microgrid.

In this paper, a 5 kW VRB is used as the storage battery. Considering the voltage level of the
battery, a two-stage topology of the PCS, which is composed of a bidirectional DC-DC converter and
a three-phase inverter, is used as shown in Figure 1. This designed topology of the PCS can realize the
flexible control of the VRB, as it can be controlled by the DC-DC converter and the inverter. In addition,
its size is relatively small as no power transformer is needed.

In this designed VRB ESS, a phase-shifted full bridge dc-dc converter is used as the bidirectional
DC-DC converter and its design is introduced in Section 4, associated with the control strategy of the
VRB ESS.

3. Vanadium Redox Flow Battery

3.1. Structure and Operating Principles of the VRB

A VRB, as an electrochemical cell, is divided into two compartments. One is the positive and
negative tanks containing the electrolyte, and the other is the pump and piping for circulating the
electrolyte from the tanks to the cell. The vanadium ion VO2+ is in the positive electrode and V3+ is in
the negative electrode. They transform themselves to VO2

+ and V2+, respectively, by charging the VRB.
At the same time, H+ moves from the positive electrode to the negative, through the ion-exchange
membrane. The discharging process of the VRB follows a similar process. Figure 2 shows the structure
and operating principles of the VRB [14].

In Figure 2, the potential of the individual cells is given by the Nernst equation and depends on
the vanadium species concentrations and the proton concentrations [15]:

E = EΘ +
RT
F

ln
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cVO2

+ · c2
H+

cVO2+
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[V] (1)

where EΘ is the formal potential, which is set as 1.255 V; T is the stack temperature; R is the universal
gas constant 8.314 J·K−1·mol−1; and F is Faraday’s constant 96,485.3399 mol−1. c is the concentration
of ions and it depends on the value of the SOC:
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cV2+

cV3+
=

cVO2
+

cVO2+
=

SOC
1 − SOC

, cH+ = cH+(o) + SOC (2)

where cH+(o) is the initial concentration of H+. The sum of the equilibrium potential E of the individual
cells presents the stack potential.
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When a net current is flowing through the stack, the equilibrium conditions are not met and the 
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When a net current is flowing through the stack, the equilibrium conditions are not met and the
stack voltage Ustack is then given by the difference between the equilibrium potential Ueq and the
internal losses Uloss [2,15].

Ustack = Ueq − Uloss = nE − Req,chargr/discharge I (3)

where n is the number of cells in the stack, Req,chargr/discharge is the equivalent charge resistance of the
VRB under charging or discharging, and I is the charging or discharging current. In Equation (3), E can
be calculated by Equation (1), in which the concentration c is calculated by the SOC in Equation (2).

3.2. Simplified Method for SOC Estimation

The SOC of the VRB is an important parameter reflecting the residual capacity of the VRB and it
is the key parameter for regulating the operating states of a VRB ESS. The traditional method for SOC
estimation is based on the equivalent circuit of the VRB, which is shown in Figure 3 [16,17]. In Figure 3,
the stack voltage Ustack is imitated by a voltage-controlled source, which is influenced by the value of
the SOC and the cell voltage of the VRB, as shown in Equation (3).
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Generally, the system state of charge can be defined as Equation (4):

SOC =
Ecurrent

Ecapacity
(4)

In line with Equation (4) and the equivalent circuit of the VRB, Equation (5) can be acquired:

∆SOC =
∆E

Ecapacity
=

Pstack · Tstep

Ecapacity
=

Ustack · Istack · Tstep

Prating · Trating
(5)

Accordingly, the value of the SOC can be calculated by Equation (6):

SOC = SOCo +
∫ Ustack · Istack

Prating · Trating
dt (6)

In [14], the SOC estimation method based on Equation (6) is proposed and this VRB SOC
estimation method is named the traditional SOC estimation method in this paper. It should be noted
that this traditional SOC estimation method is very complex to implement, considering the required
integration operation in Equation (6). Besides, the stack current Istack is difficult to accurately measure.

In line with (3), the stack voltage Ustack can be calculated and the corresponding parameters are
given in Table 1. Then, the terminal voltage Ubattery of the 5 kW VRB under a constant current can
be caught by the simulation of the VRB equivalent circuit, and the parameters of the VRB equivalent
circuit are given in [15,16]. Figure 4 shows the curves of Ubattery and Ustack of the 5 kW VRB in pace
with the SOC under a constant charging current of 80 A.
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As can be seen from Figure 4, the curves of Ustack and Ubattery are approximately parallel, and the
stack voltage Ustack increases, along with the increase of the charging current Ibattery. Hence, the value
of the stack voltage Ustack under charging can be approximated as Equation (7):

Ustack,charge = Ubattery,charge − Ibattery · Rcharge (7)

where Rcharge is the charge resistance of the VRB under charging. Similarly, the stack voltage Ustack
under discharging can be approximated as (8):

Ustack,discharge = Ubattery,discharge + Ibattery · Rdischarge (8)

where Rdischarge corresponds to the discharge resistance of the VRB under discharging. According to
Equations (7) and (8) and Figure 5, Rcharge and Rdischarge are set at the same value, 0.0713 Ω, for the
5 kW VRB in this paper.
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In Figure 3, ignoring the impact of Rfixed and Ipump, the stack current Istack of the VRB can be
approximated as Ibattery. As a result, the traditional VRB SOC estimation method based on (6) can be
simplified and the stack voltage Ustack can be calculated by Equations (7) and (8). Moreover, the stack
current Istack is approximated by Ibattery.

3.3. Proposed SOC Estimation Method

In this section, a simple and effective SOC estimation method is proposed. According to
Equation (3), the curves of the stack voltage Ustack of the 5 kW VRB in pace with the SOC under
a constant charging and discharging current can be acquired. Therefore, the surface charts of the stack
voltage Ustack, terminal current Ibattery, and SOC under charging and discharging, can be fitted, shown
in Figures 5 and 6, respectively.
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It can be seen from Figures 5 and 6 that the stack voltage Ustack increases with the increase of the
terminal current Ibattery and the value of the SOC. When the terminal current Ibattery is determined, the
value of the SOC under charging and discharging can be rapidly calculated, based on the value of
the stack voltage Ustack and the surface charts of Figures 5 and 6, respectively. In addition, the stack
voltage Ustack under charging and discharging can be estimated by (7) and (8), respectively. Namely,
the value of the SOC can only be estimated by the value of the terminal current Ibattery and terminal
voltage Ubattery, which can be accurately measured. This SOC estimation method aforementioned is
the proposed SOC estimation method in this paper. This proposed SOC estimation method ignores the
balance of the two half-cells and is very simple to implement. Further simulations in Section 5 will
illustrate the effectiveness of this proposed SOC estimation method.
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The simulation parameters of the 5 kW VRB used in Figures 4–6 are shown in Table 1.

Table 1. Parameters of the 5 kW VRB.

Name Value

number of cells Ncell 39
Req,charge/Ω 0.047

Req,discharge/Ω 0.049
electrolyte flowrate Q/(L·s−1) 2

initial concentration of H+/(mol·L−1) 6
electrolyte vanadium concentration/(mol·L−1) 2

tank size Vtk/L 260
initial concentration of vanadium/(mol·L−1) 1

3.4. Equivalent of VRB

In Figure 1, the VRB should be modeled for the control parameters design of an energy storage
system. The model of the VRB based on Figure 3 is very complex and this model is not suitable for the
modeling of an energy storage system. Namely, the model of the VRB should be simplified.

In accordance with Equation (7) and Figure 5, the equivalent resistance Req of the VRB
(Req = Ubattery/Ibattery) under a charging state can be acquired, as shown in Figure 7.
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As can be seen from Figure 7, Req varies substantially with the SOC and current Ibattery under
charging, which cannot be modeled as a fixed component. In this paper, the VRB energy storage
system was designed under a constant charging current and constant charging power. The VRB
should be considered in the worst case scenario, namely, when Req is selected as the minimum value.
As an example, under a constant charging current of 80 A, Req is considered as the minimum value
1 Ω for the modeling of an energy storage system.

On the other hand, the VRB is modeled as a variable voltage source Ueq under discharging
in a VRB energy storage system. The variable amplitude Ueq can be ascertained by Figure 6 and
Equation (8). As an example, under a constant discharging current of 80 A, Ueq varies from 41.285 V
to 56.251 V. In this state, the VRB is modeled as a voltage source with a constant voltage of 41.285 V,
considering the worst case scenario (the SOC is considered as the minimum value, 0.025).

According to this simplified equivalent model of the VRB under charging and discharging, a VRB
ESS was modeled and the control parameters of the ESS were reasonably designed in Section 4.
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4. Design of an Energy Storage System

4.1. Structure of an Energy Storage System

In a VRB ESS, a bi-directional DC-DC converter is required to raise the terminal voltage of the
VRB and to achieve flexible control of the battery. In this paper, the phase-shifted full bridge dc-dc
converter is used as the bi-directional DC-DC converter, to overcome the drawback of the low terminal
voltage of the VRB, as shown in Figure 8.
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In Figure 8, T is a high frequency transformer which matches the voltage Ubattery and Uax, Llk is
the leakage inductance, and L is the output filter inductance.

When the VRB is charged, the phase-shifted full-bridge converter works in a buck state, by driving
the switches T1~T4. On the other hand, when the VRB is discharged, the phase-shifted full-bridge
converter works in a boost state, by driving the switches S1~S4. Hence, the bidirectional power flowing
between the VRB and the AC grid is realized.

4.2. Control Strategy of Energy Storage System

The VRB ESS is mainly comprised of an on-grid mode and off-grid mode. In the on-grid mode,
the VRB is discharged and supplies its chemical energy to the AC grid. In the off-grid mode, the VRB
is used for storing the excess energy of the AC grid, which can be generated by renewable energy such
as photovoltaic or wind power.

Figure 9 shows the control diagram of the bidirectional DC-DC converter, in which the VRB is
charged and discharged under a constant current or power. Figure 10 shows the control strategy of
the three-phase grid-connected inverter, in which the control strategy of the outer current loop and
inner voltage loop were likely used. The phase of the grid connected current is controlled, remaining
consistent with the phase of the grid voltage [30,31].
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4.3. Parameters Design of Controller

In line with the model of the VRB and the control strategy of the ESS, the modeling of the VRB
ESS can be analyzed.

The phase-shifted full-bridge DC-DC converter can be evolved from the Buck-Boost circuit, and
its small-signal equivalent circuit has been shown in [32,33]. In a buck state, the VRB is modeled as a
resistance Req in the worst case. The transfer function of the output current Ibattery in pace with the
duty ratio d in the case of the continuous current mode is:

Gid(s) =
nUax · [sC( Rc

Req
+ 1) + 1

Req
]

LC( Rc
Req

+ 1)s2 + [CRd(
Rc
Req

+ 1) + CRc +
L

Req
]s + ( Rd

Req
+ 1)

(9)

where Rc is the resistance of capacitor C and resistance Rd = 4n2Llkf s. n is the turns ratio of the high
frequency transformer T. The parameters of the ESS are presented in Table 2. Under an 80 A charging
current, Req is considered as the minimum value 1 Ω and the corresponding parameters of PI in
Figure 10 can be designed, as shown in Figure 11.
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In a boost state, the VRB is modeled as a voltage source with a constant voltage, and the parameters
of the PI can be designed analogously. Besides, the design of a three-phase grid-connected inverter can
be carried out by the small-signal modeling method [34], which is omitted as a space limitation.



Sustainability 2017, 9, 441 10 of 15

Table 2. Parameters of the designed bidirectional ESS for the VRB.

Name Value

inductance Lf/µH 200
capacitor Cf/µF 100

turns ratio n of Transformer T 1:8.35
leakage inductance Llk/µH 25
Switching frequency fs/kHz 5

filter inductance L/µH 80
capacitor C/µF 20

Resistance of capacitance Rc/Ω 0.2

5. Simulation

5.1. Simulation Model of the VRB

According to the equivalent circuit in Figure 3 and the parameters of the 5 kW VRB ESS, the
corresponding simulation is set up by Simulink, to illustrate the proper design of the VRB ESS and the
proposed SOC estimation method.

In simulation, the calculated VRB parameters are based on estimating losses of 21% in the worse
case operating scenario, for a minimum voltage of 42 V and a current of 112 A [14]. Internal losses of
the VRB account for 15%, in which the reaction loss Preaction is 9% and the resistive loss Presistive is 6%.
The parasitic loss of the VRB accounts for 6%, in which the fixed loss Pfixed is 2% and the pump loss
Ppump is 4%. The parameters of the 5 kW VRB are calculated as follows:

Pstack =
5000

1 − 0.21
= 6329.11(W) (10)

Rfixed =
422

Pfixed
=

422

6329.11 × 2%
= 13.936(Ω) (11)

Pparasitic = Pfixed + k
(

Istack
SOC

)
, k = 42.5 (12)

Rreaction =
Preaction

Istack
2 =

569.62
1122 ≈ 0.045(Ω) (13)

Rresistive =
Presistive

Istack
2 =

379.75
1122 ≈ 0.030(Ω) (14)

5.2. Simulation Results

Based on the designed control parameters in the VRB ESS, the simulation results are shown in
Figures 12–17, where Figures 12–14 show the simulation results under a charging and discharging
current of 80 A.

In Figure 12, the quantitative deviation of the current Ibattery and Istack is less than 5 A. Therefore,
the current Ibattery can be used to approximate Istack in practice. Besides, the curves of Ustack and
Ubattery under charging or discharging are approximately parallel.

In Figure 13, the efficiency of the VRB varies from 0.8 to 0.85, and the efficiency of the VRB reaches
its maximum value when the SOC is 0.975. In addition, the efficiency of the VRB under a constant
charging current of 80 A is higher than the efficiency of the VRB under a constant discharging current
of 80 A. This is because more energy is consumed when the VRB operates in a discharging state.
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In Figure 14, the actual value of the SOC was obtained by Equation (4). As can be seen from
Figure 14, the proposed SOC estimation method is very effective, as the estimation value of the SOC is
very close to the actual value of the SOC. Besides, the charging time is longer than the discharging
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power in a discharging state is more expended.
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Similarly, Figures 15–17 show the simulation results under a charging and discharging power of
5 kW.
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In Figure 15, the quantitative deviation of the current Ibattery and Istack is less than 5 A, which
again verifies that the stack current Istack of the VRB can be approximated as Ibattery. From Figure 16,
the efficiency of the VRB under a constant charging power of 5 kW is about 0.85 and the efficiency of
the VRB under a constant discharging power of 5 kW is about 0.8. The efficiency of the VRB reaches its
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maximum value when the SOC is 0.975. In addition, the efficiency of the VRB increases in pace with
the increase of the SOC, as shown in Figures 13 and 16.

In Figure 17, the charging time of the VRB under 5 kW power is about 5 h, and the discharging
time of the VRB under 5 kW power is about 3.25 h. Compared with Figure 14, the error between the
estimation value of the SOC and the actual value of the SOC is much bigger, which is mainly due to
the variability of current Ibattery under a constant charging or discharging power of 5 kW. However,
this error is still very small, which again verifies the rationality and efficiency of the proposed SOC
estimation method for a VRB ESS.

Moreover, the curves of the charging and discharging current Ibattery in Figure 12 and the curves
of the charging and discharging power Pbattery in Figure 16 demonstrate a fast response, strong
adaptation, and high steady precision, which reasonably verify the proper control parameters design
of the VRB ESS.

6. Conclusions

DGs connected to a distribution system could critically cause some security risks for distribution
systems. Considering the low terminal voltage of a VRB, this paper firstly designed a two-stage
topology of a VRB energy storage system, in which a phase-shifted full bridge dc-dc converter was
used and the bidirectional power flowing between the energy storage battery and the AC grid was
achieved. Following this, according to the operational characteristics of the VRB in this proposed
topology of a VRB ESS, the model of the VRB was simplified and the control parameters of the ESS
were designed.

For effectively estimating the SOC of the VRB, a traditional method for SOC estimation was
simplified, and a simple and effective SOC estimation method was proposed in this paper. Finally, the
feasibility and effectiveness of the proposed SOC estimation method were verified by the designed
VRB ESS, and the test results demonstrated that this proposed SOC estimation method is reasonable
for indicating the SOC of a VRB, and that the design of the VRB ESS is suitable for VRB applications.
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