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Abstract—In this paper authors present a novel voltage 
measuring system that allows to measure the voltage of each cell 
for series connected supercapacitors (SCs). Proposed system is 
based on isolated DC/DC converter with multiple outputs that 
have equal voltages, which serve as reference voltage for each 
series connected supercapacitor. Two operation modes of the 
system are analyzed. Functionality of the system is verified with 
its prototype, which allows to measure voltage for series 
connected 8 SCs.  

Keywords—voltage measurement; supercapacitors; Li – ion 
batteries;  

I.  INTRODUCTION  
As supercapacitors become more and more 

commercialized, their application in recent years has become 
widespread. Due to relatively high power capability and 
extremely high cycle life, SCs are very often viewed as energy 
storage technology that can be used to recover braking energy 
in public electric transport systems or as power source in 
alternative energy systems[1],[2],[3]. However, mentioned 
SCs applications require connection of many SC cells in 
series, because SCs are low voltage devices with typical 
maximum cell voltage in the range between 2.7 – 2.85V for 
commercially available supercapacitors. Since SCs 
parameters, even for one SCs type of the same manufacturer, 
have variance in rated capacitance and leakage resistance, 
problem of cell voltage imbalance arises. If SC bank with 
different voltages on SC cells is being charged, each cell 
voltage must be measured, to prevent SCs from being 
overcharged, which shortens SCs life [4],[5],[6]. Another 
problem that is caused by SC voltage imbalance is reduction 
of useful SC bank energy capacity [6],[7], [8],[9]. 

The basic method that allows measuring voltage of each 
battery cell is use of resistive divider. The more cells are 
connected in series, the more inaccurate results this method 
gives. Besides, very high precision resistors must be used for 
the cells that are in the upper part of the stack. Voltage 
measuring methods like: electromechanical relay matrix, 
voltage transfer with transistors or op-amps, individual 
isolation amplifiers, are analyzed in [10], [11],[12]. The main 
disadvantages of these methods are complexity and 
unreliability. 

To equalize cell voltages in series connected energy 
storage elements (supercapacitor, electrochemical 
accumulators), different balancing circuits are used. All 
methods that allow cell voltage equalization can be divided in 
two groups – passive balancing and active balancing. Passive 
balancing via resistors dissipates excess charge from the cells 
with highest voltage and it is usually carried out during battery 
charging. Active balancing means that energy from the cells 
with higher voltage is transferred to the cells with lover 
voltages. This usually is done by the use of capacitors, 
transformers, inductors or DC/DC converters. Advantages and 
disadvantages of these methods are discussed in [6], [13],[14]. 

In literature and in practice a very common approach to 
treat voltage imbalance in Li-ion battery packs is a 
combination of voltage monitoring and passive balancing. For 
cells with higher energy capacities often one microcontroller 
is used for each cell. Microcontroller measures the voltage and 
temperature, controls shunting resistor and communicates with 
central controller, which collects data from all cells. Besides 
microcontroller is powered from the cell it monitors [15],[16]. 
For smaller batteries, e.g., batteries for electric bikes and 
scooters, one microchip that monitors and balances all battery 
cells is used. Such microchips usually allow monitoring from 
4 to 12 cells and are powered from whole battery pack. These 
measuring systems are well suited for lithium based batteries, 
since normal operation voltage of these cells is in a range 2.5 –
 4.2V, which is sufficient to power monitoring circuits. 
However, this voltage range is not sufficient to use these 
systems for voltage monitoring of SC banks. 

In this paper authors propose a novel voltage measuring 
system, which allows to measure individual cell voltages for 
series connected energy storage elements. Due to its wide 
voltage measuring range, proposed measuring system is 
particularly suitable for supercapacitor stacks. Functionality of 
voltage monitoring system is verified with prototype that 
allows measuring voltage for 8 series connected 
supercapacitors. Proposed voltage monitoring system can be 
used in combination of any cell balancing method.  
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II. SINGLE ENDED FORWARD CONVERTER BASED VOLTAGE 
MONITOR 

A. Operation Principle 
As can be seen in Fig. 1, proposed voltage measuring 

system is based on single-ended isolated forward converter, 
which has many transformers with common primary winding 
and equal number of turns in secondary windings. The 
particular converter topology is chosen due to its simple 
control, however, other topologies can also be considered. 

Control and measurement unit (CMU) sets reference 
voltage (vref) and controls duty cycle d for transistors VT1 and 
VT2 to match filter capacitor voltages (vC1-vCn) to reference 
voltage. Each filter capacitor voltage is compared to SC cell 
voltage with the use of comparators (CMP1 – CMPn). If the 
voltage across any filter capacitor is higher than the voltage of 
matching SC cell (SC1 – SCn), the corresponding comparator 
sets its output to “1”, which means that particular SC cell 
voltage is lower than the reference voltage. Comparators 
output signal is filtered, to prevent oscillations, and then sent 
to CMU via isolated communication, which is not considered 
in this paper. 

To ensure that filter capacitor voltages matches the 
reference voltage level, which is set in CMU, voltage feedback 
circuit from the first filter capacitor is introduced. Feedback 
voltage (Vfb) in CMU is compared to vref and with the use of 
proportional-integral controller duty d cycle is controlled. 

 

Fig. 1. Series connected SCs cells voltage measuring system. 

As each measuring channel is not powered directly from a 
cell it monitors, proposed circuit allows measuring cell voltage 
starting from 0V. However it should be mentioned, that this 
also increases the cost of the system, since comparators must 
be powered from external isolated converter.  

B. Operation modes 
1) Continuous scan mode: In this mode proposed voltage 

monitoring system provides continuous information about 
voltage of all SC bank cells. The operation diagrams of this 
mode is depicted in Fig. 2, where it assumed that during one 
sampling period (Tsample) voltage across SCs changes 
negligibly. 

As can be seen in Fig. 2 reference voltage vref is ramped in 
a range between Vref_min – Vref_max. When vref reaches the 
voltage value of some SC (vSC1 – vSCn), corresponding 
comparator sets its output to “1”. Monitoring system control 
and measurement unit CMU detects changes in comparators 
output and assigns these events for voltage value, that is 
measured on capacitor C1. 

Start new sampling cycle requires discharge of capacitors 
(C1 – Cn) with resistors (R1 – Rn) to voltage level equal to 
Vref_min. The time needed to discharge capacitors from Vref_max 
to Vref_min can be calculated as: 
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where :  R – resistance R1 – Rn 
  C – capacitance of C1 – Cn. 

 

 

Fig. 2. Continuous scan mode operation diagrams. 

2) Max/min voltage mode: The main function of min/max 
operation mode is to prevent any supercapacitor cell in 
supercapacitor bank from being charged over maximum 
permissible voltage or discharged under preset minimum 
voltage level.  
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Fig. 3. Min/max mode operation diagrams. 

The functionality of this operation mode can be seen in 
Fig. 3, where monitoring system diagrams are shown for the 
case when SCs with different capacitances and initial voltages 
are charged and discharged. From t0 to t1, when SCs charging 
takes place, all comparators outputs have value “1”, because 
none of SCs have reached maximum permissible voltage 
Vref_max. At the time moment t1 supercapacitor SCn voltage 
exceeds Vref_max value and the output of corresponding 
comparator CMPn is set to “0”, which means that charging 
must be terminated. Between t1 – t2 vref value is set to Vref_min 
and during this period all comparators set their outputs to “0”.  
If vref value from Vref_max to Vref_min is decreased in a controlled 
manner, the voltage of each SC cell can be measured. At the 
time moment t4 comparator CMP1 sets its output to “1”, thus 
indicating that SCs discharge must be stopped because SC1 
has reached minimum voltage value. 

III. PRACTICAL IMPLEMENTATION 
To investigate the functionality of proposed voltage 

measuring system, its prototype was created and tested in the 
setup, which is partly shown in Fig. 4. Designed prototype 
enables voltage measuring for series connected 8 SC cells, 
however only 6 channels were connected to SC battery. 
Prototype doesn’t include primary part of forward converters 
(isolated hybrid bridge) which is controlled from feedback 
circuit. In this setup reference voltage was set via external 
hybrid bridge that runs with constant duty cycle and 100 kHz 
frequency, set by external signal generator.  

Prototype board is designed to measure 8 SC cells due to 
economical considerations - low cost isolated DC/DC 
converters with multiple outputs (+15/-15V), needed for 
powering comparators, are available on market. Each such 
DC/DC converter allows feeding of 2 comparator modules, 
which contain 4 comparators. 

 

Fig. 4. Setup for test voltage measuring system (1. SCs bank; 2. transformers 
and voltage filters; 3. comparators; 4. Input from isolated hybrid bridge;5. 
Supply voltage to isolated DC/DC converter; 6. Isolated +/- 15 V DC/DC 
converter for powering comparators).  

Two experiments were carried out using this setup. The 
first experiment allowed estimation of proposed measuring 
system precision, while the second demonstrated the 
functionality of the system in min/max operation mode. 

Fig. 5 shows the results of an experiment where via 
external signal generator duty cycle was set to a value which 
forms 2V voltage on filter capacitors. Measured filter 
capacitor voltage dispersion between all channels fitted in 
0.02V range. This dispersion arises due to the uneven 
parameters of electronic components (resistors, diodes, 
capacitors, inductors), however, such measurement precision 
can be considered as acceptable to use this system for voltage 
measurement for supercapacitors.  

 

Fig. 5. Reference voltage measured on filter capacitors (CH1 and CH2 – 
voltages on filter capacitors with two lowest potentials, CH3 and CH4 – 
voltages on filter capacitors with two highest potentials).  

Fig. 6 illustrates the results of a test where min/max 
operation mode was tested. 4 signals were measured: CMP6- 
comparator, which monitors SC with highest potential, vc1- 
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reference voltage measured on filter capacitor with lowest 
potential, vsc6 and vsc1- voltages of SCs with the highest and 
lowest potential, respectively. SCs had various initial voltages 
and were charged with 25A current. When SC6 voltage 
reaches 2.5V value, which matches the reference voltage, 
corresponding comparator CMP6 changes its output state from 
high to low, which demonstrates correct functionality of 
proposed measuring system. 

CMP6

vC1
vSC6

vSC1

 

Fig. 6. Voltage monitoring system operation in Min/max mode. 

IV. CONCLUSIONS 
Proposed voltage measuring system allows to solve so 

called “battery-stack problem” and can be used for voltage 
measurement for series connected SC cells in a very wide 
voltage range. 

Since proposed circuit requires isolated hybrid bridge 
converter, it is more suitable for SC banks with high number 
of series connected SCs, as it allows to split additional costs 
between measuring channels. 

Although electronic components, used in measuring 
system construction, have variation in parameters, they cause 
negligible effect on system accuracy. 

For more efficient use of SC bank, proposed measuring 
system should be combined with some passive cell balancing 
method. 
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