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Abstract— A Battery Management System (BMS) for a kW-
class vanadium redox flow battery (VRFB) was developed and is 
reported in this paper. This kind of BMSs is intrinsically different 
from those of solid-state batteries, due to the very different battery 
operating principle. Such BMS was built entirely in-house around 
a desktop computer provided with LabVIEW software which 
results in an expandable and flexible system capable of providing 
the battery with SCADA functions. It acquires and processes all 
data generated by the thermo-fluid and electric sensors, which are 
necessary to carry out the subsequent analyses. Moreover, this 
BMS also creates the feedback signals for controlling every 
operation, including experiments such as polarization curves 
plotting and efficiency computation.  As regards polarization 
curves, this algorithm implements an experimental protocol that 
allows to obtain such performance in reproducible conditions and 
possibly comparable with those of similar stacks. The efficiency 
computation algorithm computes the energy absorbed (or 
delivered) by the battery while acquiring and controlling all 
signals so as to ensure safe conditions. The management of signal 
between stack and BMS includes the galvanic insulation of cell and 
stack voltages, consisting of multiple opto-isolators and a DC/DC 
transformer. 

Keywords— Energy storage, battery management system, redox 
flow battery, smart grids. 

I. INTRODUCTION 

Energy storage systems have a crucial importance for vast 
number of applications such as transport [1], [2] electric vehicles 
[3], [4] and micro/smart grids [5]–[7]. Energy storage is also 
essential to manage the daily fluctuations of power demand in 
the grids, while coping with the intermittence of renewable 
sources [8], [9]. Several storage technologies have been 
proposed and are investigated, in order to address these 
problems, including pumping hydro, flywheel [10], compressed-
air energy storage, supercapacitors and electrochemical storage 
in large batteries [11]. Among the electrochemical technologies 
the redox flow batteries with particular regard to the all 
Vanadium Redox Flow Batteries (VRFBs) represent a highly 
promising option for stationary electrochemical energy storage. 
They present an intrinsic combination of advantages, including 
power/energy independent sizing, low environmental impact, 
good round-trip efficiency, high operational flexibility and long 
cycle life [12]. Unlike all other solid-state batteries, Redox Flow 
Batteries (RFBs) can conveniently provide a wide range of 
different services, such as frequency regulation, peak shaving, 
load levelling, emergency backup, energy buffer for electric 
vehicle recharging stations and uninterruptible power supplies 
(UPS).  The principles of this technology are well known, but a 

lot of development is needed to achieve high-performance grid-
scale systems [13] and the full potential of RFBs remains 
unrealized. The main objective of this work is reporting on the 
experimental activities developed on a kW-scale vanadium 
redox flow battery with focus on its advanced Battery 
Management System (BMS). The BMS of a RFB follows a 
different concept than that of a solid-state battery, e.g. Li-ion, 
due to the very different structure of such batteries. To the best 
of the authors’ knowledge, very few works were published on 
BMSs for industrial scale VRFBs. Lawder et al. published a 
review on the state of the art of BMSs and pertinent models for 
vanadium redox-flow batteries and lithium-ion batteries [14]. 
König et al. presented the general structure of a BMS for VRFBs 
[15]. However, detailed descriptions of real BMSs for kW-class 
VRFBs are still missing. The BMS here presented has been 
developed in LabVIEW environment, in order to exploit its 
flexibility in meeting the experimental needs and to implement 
SCADA functions in the battery. In particular two different 
testing procedures will be described. Firstly, the algorithm and 
software architecture devoted to collect experimental data of the 
polarization curves, namely the plots of the stack voltage vs. 
current is presented. In large RFB stacks these curves need to be 
plotted by means of a specific protocol in order to establish the 
steady concentration gradients of reactants and products inside 
the electrodes, at every measured data of the same curve. This 
condition allows to compare the performance of similar stacks 
in standardized and reproducible conditions. Secondly, the 
algorithm computing the energy and the charge exchanged by 
the stack is described. These quantities are then used to compute 
the battery efficiencies, while continuing to acquire and control 
all the other signals. The paper is organized as follow. Section 2 
describes the IS-VRFB test facility and its power management 
system (PMS), for which the BMS was developed. In Section 3 
the software of the BMS is described in detail, including its 
sections for the polarization curves and efficiency. The possible 
use of this work in the design and testing of future large scale 
VRFB systems is outlined in the conclusion in Section 4.  

II. IS-VRFB 

The IS-VRFB test facility is in operation at the Energy 
Storage and Conversion Lab of the University of Padua, to 
develop the technology of large VRFBs (Fig. 1) [16]. It is rated 
9 kW/27 kWh and its stack, i.e. the power converter, follows a 
conventional bipolar plate (BP) configuration consisting of 40 
cells connected electrically in series and hydraulically in 
parallel. Each cell has a 600-cm2 active area and is made with a 
Nafion® 212 membrane, two 5.7 mm thick (after compression)  



 

Fig. 1.  IS-VRFB test facility and its main components: hydraulic circuits, stack, 
tanks, instrumentation: F1, F2: positive/negative  electrolyte flow meter, L1/L2: 
positive/negative electrolyte level sensor, DP1/DP2 positive/negative 
electrolyte differential pressure meter. T1/T3: positive/negative electrolyte 
input temperature, T2/T4: positive/negative electrolyte output temperature, 
P1/P2 positive/negative electrolyte pump, BT by-pass tube. 

graphite felt electrodes (Beijing Great Wall, China). Two closed 
hydraulic circuits circulate the vanadium ions 1.6 M solution in 
4.5 M sulfuric acid between the stack and two 550-L tanks where 
energy is stored. The hydraulic circuits safe operation relies on 
monitored valves and interlock hardware/software logics. Two 
centrifugal pumps provide the needed electrolyte flow rates, 
being powered by two brushless motors controlled by two 
inverters which feedback modulate flow rates. The system is 
instrumented with level sensors, differential pressure probes, 
flow meters, and thermal transducers (RTDs). The electrical 
measurements are provided by 41 Alloy C276 rheophores for 
stack and cell voltages, a small cell, fed with the stack 
electrolytes, for Open Circuit Voltage (OCV), used to detect the 
battery state of charge (SOC), based on the Nernst law [17]. Two 
LEM current probes measure the stack current at low and high 
load, and a wattmeter measures the power supplied to the 
inverters which drive the pumps.  
 Power conditioning during charge/discharge is provided by 
the power supply (PS), that is an AC/DC bidirectional static 
converter remotely controlled by the BMS. This PS is 
complemented by a passive load (PL) for high current discharge 
tests. The PS is rated 0−85 V DC and ±75 A DC and its 
voltage/current profiles can be controlled at will. The BMS of 
IS-VRFB is capable of SCADA functions, i.e. it controls the 
battery operative variables (PS current and voltage and 
electrolyte flow rates) and also executes conditioning, logging 
and processing of all measurements and performs the subsequent 
analyses [18]. To this aim, all signals acquired by the sensors are 
received by a compact data acquisition device (Compact DAQ 
9179 by National Instruments, NI US), which includes 
conditioning modules. Galvanic insulation between the IS-
VRFB and Compact DAQ is ensured by opto-isolators (Isoblock 
by Verivolt, US) and by a DC/DC transformer (LEM CV 3-
100/SP3) dedicated to the stack voltage signal. 

III. BMS - SOFTWARE ARCHITECTURE 

The BMS consists of the Compact DAQ and of a desktop 
computer equipped with in-house software written in LabVIEW 
(NI). In this graphic programming environment, the software is 

built around a block diagram graphically composed in the front 
panel (the human-machine-interface, HMI) [18]. Specific 
functions are implemented by means of a number of tools and 
routines, dubbed state machine, VI, SubVI, FIFO, cases, time 
structure, event case, error case structure, while loop, control 
loop, queue, wire, tdms (technical data management streaming), 
front panel…. The software of the IS-VRFB BMS was built 
making use of these LabVIEW tools and is structured in three 
main parts presented hereafter: Initialization, Error case 
structure, Final Sequence.  
Initialization: in this part, the program runs some preliminary 
operations consisting of VI routines starting-up, Compact DAQ 
activation, and initialization of all Compact DAQ modules.  
Here the code creates the FIFO queues that control the state 
machines, resets some residual values from previous 
experiments, and creates a path to the folder named with the 
current date where the experiment data are stored. All the error 
wires of this section govern the following error case structure. 
Error case structure: if any error is generated in the 
initialization, this structure switches to error case, no further 
processing is performed and all variables are brought to the final 
sequence. If no error appears, the experiment program is 
enabled. This case structure consists of four sub-structures: a 
while loop named UI Handling Loop, a control loop with a state 
machine (PFT Acquisition), a simple while loop (Voltage 
Acquisition Loop), and a state machine (Logging Loop). This 
architecture allows to perform different operations 
simultaneously and independently as described hereafter. 
UI Handling Loop: this while loop that includes an event case, 
allows modifying the sequence of the state machines by 
operating the related buttons in the front panel. The event case 
waits for a user-activated event, e.g. the arrest of the PFT 
Acquisition by operating the stop button in the front panel.  
PFT Acquisition: this routine manages the acquisition of all 
signals from the battery: stack current, stack and cells voltages, 
electrolyte flow rates, electrolyte pressure drops, tank levels, 
electrolytes and room temperatures, and power consumption in 
the inverters (Fig. 2). The acquisition of most of these signals 
proceeds continuously while other functions can be activated. 

Fig. 2.  Structure of the signals exchanged by the BMS 



This routine consists of the following four subroutines. 
Start and Acquisition (this is the default operation start): in this 
subroutine, LabVIEW acquires all experiment data from the 
battery and controls the electrolyte flow rates by sending PID 
signals to the inverters. The program stops when the user 
operates the STOP button on the front panel. In this subroutine 
the BMS also performs surveillance tasks, e.g. checking the 
status of valve microswitches, which are duplicated in an 
independent surveillance system built on a simple and robust 
PLC [16]. At any time, the user can decide whether to start or 
save any of the following three procedures by operating the 
pertinent buttons (Fig. 2). 
Polarization curves: this subroutine creates and acquires 
automatically the experimental data which form polarization 
curves, according to defined experimental testing protocols 
[19], as described in the next Sub-section A. 
Efficiency evaluation: this subroutine computes the energy 
exchanged by the battery during charge/discharge cycles [20–
21], as described in detail in the next Sub-section B. 
Temperature control: this subroutine activates a washing cycle 
whenever the RTD sensors measure stack electrolyte 
temperatures in excess of stated values which, particularly at 
high SOC, may trigger V(V) precipitation [17]. 
Voltage Acquisition Loop: this loop manages the acquisition of 
the cell voltages via the Compact DAQ modules. The voltage 
values are shown in the front panel as bar diagrams, to provide 
an immediate image of voltage unbalances.  
Logging Loop: this is actually a user-operated state machine 
devoted to saving all data in a tdms files. It consists of four 
subroutines which regard: a) data received from the polarization 
subroutine; b) efficiency subroutine; c) manual data saving; d) 
data saving duration. The first two of them start automatically 
at the end of each process while the other two are activated by 
the user. 
Final Sequence: in this phase all control outputs are set to zero 
and queues are emptied. All tasks are closed and, before the 
program stops, the error wires are connected and sent to a VI 
that displays possible error messages. 

A. Polarization curves execution 
When a load is connected, a VRFB takes some time to reach 

the steady-state conditions which are maintained as long as the 
SOC start reducing significantly. If no galvanostatic control is 
applied in this transient phase after load connection an 
overcurrent appears which reduces and stabilizes at the steady-
state value I. This behavior is related to the creation of 
concentration gradients of products and reactants inside the 
electrodes, after current insertion. Polarization curves were 
plotted using the PS remotely controlled by the BMS and the 
variable passive load at high current values. A LabVIEW 
procedure allows to plot automatically the curves by measuring 
the stack voltage at stack current increased in steps (Fig. 3). The 
procedure is parametrized for easy execution in different 
conditions (e.g. different SOC and flow rates). This procedure 
can constitute a standard protocol for performance assessment 
of other kW-class VRFBs. The procedure was implemented 
inside the “PFT Loop” and consisted of several cases inside a 
case structure.   

Fig. 3.  Flowchart of the procedure collecting data for polarization curves 
drawing (green dotted lines indicate operator actions).  

This subroutine consists of four main parts: the polarization 
logging folder path line, the start polarization and stop 
polarization buttons, and a LED labelled processing.  
The folder indicator shows the path where the files are saved. 
The start button starts the experiment for plotting the 
polarization curve and the stop button stops the entire procedure  
at any point of the process. The processing LED is on while the 
process is running and, whatever event occurring in this period, 
it is going to be saved. Fig. 3 shows the flowchart of the 
procedure that collected and processed data. 
When the start polarization button is operated, the program 
calls a SubVI named polarization settings that opens a support 
window where the user can choose between “charge” and 
“discharge” operation and set parameters such as flow rate, 
maximum PS voltage, current step, SOC, and current range. The 
stop polarization button causes the program return to the default 
acquisition case. The start polarization button confirms the 
inputted values and commands the procedure prosecution. The 
flowchart highlights the following actions.  
• Start polarization: started by the start polarization button, sets 

the PS current to zero and the maximum PS voltage. Every 
time the current is increased by a step and the stack voltage 



varies consequently, the user can check the actual values in 
the PS section on the front panel. 

• Wait 10 s: stack powering is delayed by 10 seconds, to allows 
the cell voltages stabilizing after a previous operation. 

• Add current step: in a preliminary step, the updated stack 
current setting is compared with the max current value to 
verify if the current limit has been reached. The result enters a 
case structure. If it is true, the loop continues, otherwise 
control moves outside the loop, as described hereafter. 

- False (limit reached): this is the control that sets the current 
control to zero and takes the program to Start and Acquisition 
(default case). A message informs the user that the max current 
value has been reached and the acquisition of polarization 
curves data has ended. 
- True: applies the updated setting to the current control. 
• Impose I: the new current control value is sent on the power 

supply. 
• Check: when the stack voltage reaches the inputted maximum 

PS voltage, the PS local logic limits the PS current to avoid 
exceeding such limit, as described hereafter in both true and 
false cases. 

- False (impossible to add): in this condition the current control 
is set to zero and Start and Acquisition (default case) is started. 
A message shows that the current cannot be increased and the 
acquisition ends. 

- True: the loop continues; 
• Wait “x”s: the acquisition procedure is delayed for “x” 

seconds, to exclude fast insertion events (x can be selected 
according to the experimental needs, e.g. in the fast mode test 
it was set at 5 s as reported in [19]). In this period a logging 
file is created. Then, the logging loop starts. 

• Title polarization: the values keyed by the user at the 
beginning of the procedure are assigned as the titles of the .xls 
file contained the polarization curve data. 

• Log polarization: the stack voltage and current values are 
written in the new .xls file. 

• Stop polarization: the procedure ends. 
• Polarization: the program waits “y” seconds before stopping 

the logging loop and sending back the procedure to the add 
current step case. For example, this interval was set to 20 s in 
the fast mode operation on the IS-VRFB as reported in [19].  

Fig. 4. IS-VRFB polarization curves during charging (negative current 
values)/discharging (positive currents values), collected through the 
polarization curves subroutines implemented on the IS-VRFB BMS.  

When the procedure ends, data have been already stored in the 
logging file that is saved in a folder and is ready for the data 
post-processing. For the sake of completeness, the polarization 
curves during charging and discharging are reported in Fig.4 
which are experimental collected through this subroutine 
implemented on such BMS. Further experimental results which 
make use of this subroutines are reported in [19].  

B. Efficiency computation 
Several efficiency figures are considered to quantify the 

performance of IS-VRFB. Coulombic efficiency ηC depends on 
the difference between stored and delivered charges due to the 
stack current I(t): 

( ) ( )C dh ch
I t dt I t dt       (1) 

Voltage efficiency ηV depends on the differences in stack voltage 
V(t) in charge and discharge due to cell overpotentials:  

( ) ( )V dh ch
V t dt V t dt     (2) 

Round trip efficiency RTE depends on the energy losses during 
a charge/discharge cycle: 

   
   ( ) ( ) ( ) ( )

an andh ch

an andh ch

RTE W W W W

P t P t dt P t P t dt

  

   
 (3)  

where P(t)=VI and W are the electrical power and energy at the 
stack terminals; Pan and Wan are the power and energy supplied 
to the inverters of the hydraulic circuits. This RTE constitutes 
the most significant figure when considering a large-scale 
energy storage system for grid applications [21]. The 
implemented LabVIEW routine (Fig. 5) computes automatically 
the efficiency values according to previous expressions, based 
on the electric charges and energies exchanged by the stack, 
obtained by time integrating current and power while continuing 
acquiring and processing all other signals. This procedure can be 
controlled either manually or automatically. The program is 
designed to stop automatically as the desired SOC has been 
achieved or at any time by a user’s action. The routine controls 
are placed in the efficiency window of the front panel. This 
routine consists of the following parts: the start efficiency button 
and stop efficiency button, which start or stop it; the SOC charge 
and SOC discharge numeric displays; a running timing indicator 
labelled efficiency running time, and a status window. Two 
numeric displays show the maximum and minimum SOC limits 
set by the user that are reached in a charge or discharge process. 
Two buttons activate the routine start or stop by sending a 
command to the Handling Loop section. When the start 
command is operated, LabVIEW launches a dedicated SubVI 
and a window opens. The user can set the following parameters: 
charge or discharge mode, stack current, SOC range, and 
maximum PS voltage. The local logic of the PS work as follows: 
once voltage and current are inputted, it operates as a constant 
current source until the battery voltage is smaller than the 
maximum PS voltage, otherwise it switches to voltage source 
reducing the current. Therefore, the charge (or the discharge) 
process is performed at constant current and then at constant 
voltage. The start efficiency button enters the inputted values as  
 



Fig. 5.  Flowchart of the section for the efficiency evaluations. The whole 
process is complicated by the presence of several security layers (the green 
dotted lines indicate the operator actions). 

a global variable, whereas the stop efficiency button returns the 
program to the default acquisition mode.  
This section is explained in detail hereafter. 
• Start efficiency: starting time is recorded and memorized 

through a shift register. Buttons and windows are enabled or 
disabled. Stack voltage and current are taken from the global 
variable and are written on the respective internal controls. A 
preliminary check of the coherence of the SOC input values is 
made by comparing them with the actual SOC value (e.g. OK 
if the battery is lower than the charge target, ERROR in the 
opposite case; complementary conditions apply in discharge). 
If any error is detected, the routine switches to error efficiency, 
otherwise the efficiency acquisition process proceeds as 
follows. 

• Impose efficiency settings the procedure sends the input current 
and voltage values to the power supply. 

• Efficiency: this case is subdivided into two subcases: one for 
charge and one for discharge. Inside this case, some operations 
are performed continuously and others follow a sequential 
scheme. In particular, the pump control, which is ensured with 
proportional integral derivative (PID) algorithm, the 
computation of time integrals, and the running time, are 
independent of each other, so that they are performed every 
time the routine calls this case. The subcases are described 
hereafter: 

- SOC < SOCmax?: this first case holds in charge and checks 
whether the input maximum SOC is larger than the current 

SOC. If this is true, the battery must be further charged and the 
procedure proceeds. Conversely, the charging process has been 
completed, the program switches to finish efficiency case and 
the collected data are stored. Complementary criteria apply in 
the case of discharge under the condition SOC > SOCmin. 

- Sign(I)>0?: this intermediate case is necessary to detect 
possible errors in the PS operation.  For example, if the user 
chooses the Charge setting but the PS works as an electronic 
load with Sink settings, the battery will never reach the input 
maximum SOC, even if this is larger than the current SOC. 
Depending on the operational mode of the PS (charge or 
discharge), the current must be positive or negative. 
Consequently, in the case of charge, if the current is positive 
no error occurs. Otherwise an error condition occurs. In the 
former case, further checks are carried out on the flow meter 
and the cells voltages inputs. As regards flow meters, the “true” 
output occurs when the flow is higher than the inputted value. 
As regards cells voltages, the “true” output occurs if none  

- exceeds the value of 1.7 V. If these conditions hold, the 
procedure continues by returning to the efficiency case and 
repeating the double check procedure, otherwise, i.e.  if just 
one of these conditions fails, PS current and voltage are set to 
zero and the routine proceeds to the error efficiency case. 
Complementary criteria apply in the case of discharge under 
the condition sign(I)<0? 

During performing efficiency measurements, the battery 
controls prevent over-charging or over-discharging in order to 
avoid consequent issues, such as damages to the electrodes and 
formation of hydrogen [22].  

When the finish efficiency string is sent in the PFT loop 
queue, the start log efficiency string is sent to the Logging Loop 
queue, on starting the procedure that saves the collected data in 
a tdms file. 
• Error efficiency: this case shows two error messages to the 

user. One is a status string indicator in the front panel 
disappearing after some seconds that prompts the message: 
“incorrect set values – SOC is higher or lower than the current? 
Or the PS is working in incorrect mode”. The second error 
message is a string indicator in the efficiency window of the 
front panel warning the user that “Error occurred, check 
settings or power supply mode.” This message does not 
disappear until the start efficiency button is operated again, or 
the program is restarted, to allow for a longer check of the 
status of the efficiency routine. Even if any error occurs, the 
program automatically starts the procedure to save the data. 

• Finish efficiency: this case allows storing the processed data 
inside the data saving queue, e.g. acquisition time, stack 
energy, hydraulic losses, stack current setting, initial and final 
SOC setting, exchanged charge, and voltage efficiency. Once 
completed, the program switches to the prepare T control case 
and the whole system is put in standby mode in which the 
electrolyte temperature is controlled, as stated above. Finally, 
the logging loop cycle goes to the start save efficiency case. 

• Start save efficiency: in this case, the tdms file is created. 
• Save efficiency: running time and all the energy data together 

with the current setting, the initial SOC, and the final SOC are 
written in the file. 



• Stop saving: the data queue is emptied to avoid future 
overwriting and the tdms file is closed. 

During the program execution the user can stop the 
acquisition and save the computed data at any time by operating 
the stop efficiency button; in this case the loop moves to the 
finish efficiency case. 

For the sake of comparison, the results of the round-trip  
efficiencies (RTE) and energies computation is reported in Tab. 
1. They were obtained through the efficiency subroutine 
implemented in this BMS on IS-VRFB. Tab.1 shows three RTE 
values at three different currents with a constant flow factor α, 
which indicates the ratio between the electrical charges in the 
electrolyte flow and the electric current as described in detail in 
[23]. Further experimental results obtained with these 
subroutines are reported in [20], [21], [23]. 

TABLE. 1. EXPERIMENTAL ENERGY TERMS (W) AND ROUND-TRIP 
EFFICIENCIES (RTE) DURING CHARGE/DISCHARGE CYCLES AT 

CONSTANT CURRENT AND FLOW FACTOR α=8 [23]. 

 

IV. CONCLUSIONS 

The BMS of a kW-class VRFB was developed in LabVIEW 
environment and successfully operated on the test facility. This 
paper presents its design and its software architecture. This 
BMS is capable of controlling the VRFB and its test programs 
with advanced strategies. It demonstrated its effectiveness and 
versatility in managing the experimental campaigns and in 
processing the large amount of data generated during the battery 
operation. The algorithms for generating the polarization curves 
and for computing the battery efficiency figures have been 
detailed. The first algorithm implements operative protocols 
ensuring repetitive sequences of load conditions, which can be 
parametrized to comply with regulatory standards which are 
under development [7]. The second algorithm ensures reliable 
efficiency computation. To the best of the author’s knowledge, 
this is the first detailed description of a BMS for a large VRFB 
provided with advanced control strategies. A LabVIEW-based 
BMS like this can be quite easily replicated into a low-cost 
PLC-based BMS for commercial VRFBs applications.  
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I SOC range Wch Wdh Wan RTE 

[A] [%] [Wh] [Wh] [Wh] [%] 

30 13.1 – 87 17941 13610 1205 70.35 

50 19.9 – 78.5 14273 10165 717 67.10 

70 28.0 – 78.7 10809 7133 492 62.42 


