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This paper presents a standalone analog active balancing circuit designed for series-connected Lithium-ion cells, which can be 
used together with an automotive battery management system (BMS). A very important parameter of the charging circuit, 
especially when it’s used for plug-in hybrid electric vehicles (PHEVs) or electric vehicles (EVs) is its efficiency, which affects 
both the capacity of the battery pack and its lifespan. Our proposed design is simple, derived from a boost converter and can be 
used either as a fully analog standalone circuit or it can be interconnected with microcontrollers or processors. In addition to 
this, another advantage over some different approaches is the ability of balancing the series-connected lithium-ion batteries 
during both charging phase and discharging phase, increasing their available capacity and preventing uneven and over-
discharging for different cells. The proposed architecture was tested and validated using both simulation software and practical 
hardware implementation revealing that the obtained results were very similar to the initial expectations and calculations. 
 

1. INTRODUCTION 
Lithium based batteries are being used more and more 

often, mainly because of the electrification and 
hybridization of vehicles, as well as due to the need of 
transitioning to eco-friendly energy storage systems, 
therefore the relatively high demand of instantaneous 
power can only be achieved by connecting tens or 
hundreds of batteries in series or in a series-parallel 
configuration [1, 2], since the nominal voltage of each cell 
doesn’t exceed 4 V. 

Considering this, special attention should be paid to the 
balancing circuit, which is a part of the BMS, otherwise the 
entire battery pack may fail and damage the surrounding 
components and devices, due to overtemperature stress, 
discharging below the safe limit or overcharging.  

Apart from these failure mechanisms which may occur, 
the unbalance between cells causes a decrease of capacity 
for the entire pack, reducing both the reliability and the 
total useful energy stored within. 

To achieve even charging voltages (which translates into 
equal amount of stored energy) for all cells, while they are 
connected in series, there are several methods which rely 
either on using passive (dissipative) circuits or using active 
(non-dissipative) circuitry, both having advantages and 
drawbacks when it comes to efficiency, complexity, 
reliability and costs [3].  

Depending on the application, one of the two categories 
may be suitable, taking into account the amount of power 
needed to charge the batteries and also how often they will 
be used. Furthermore, stationary battery packs may not 
have efficiency and space constraints, while the packs used 
for EVs and hybrid electric vehicles (HEVs) or PHEVs may 
suffer from this shortcoming. Considering this, the need for 
efficient heat removal (which is produced by the cells and 
balancing circuitry during charging and discharging phases) 
is very high, therefore optimal dimensioning may be 
required [4–6], as well as performance estimation [7]. 

This article aims to provide a hybrid solution (combining 
active and passive balancing circuitry, in a very efficient 
configuration), intended to overcome some drawbacks 
found in several other approaches, such as the complexity 

and costs added by the use of a transformer [8–11], as well 
as presenting the results obtained for the practical 
implementation of the proposed architecture. 

On the other hand, compared to [12, 13], which present 
some solutions that allow energy transfer between any cell 
within the string (but in the same time, the complexity of 
their circuitry is increased), this architecture is simple, 
based on neighbor-only energy transfer. 

Our proposed design is meant to utilize a reduced 
number of switching devices, similar to [5], and relies on 
voltage-based cell-balancing, rather than prediction and 
relative capacity estimation algorithms [10]. 

In contrast to other papers [9, 14], that propose some 
active balancing circuits capable of equalizing the voltage 
across each cell within the battery pack during charging 
phase only, our design is able to balance the voltages during 
discharge phase, also, contributing to a better exploitation 
of the useful energy stored within the pack and preventing 
the worn-out cells to over-discharge. 

Moreover, every module consisting of several series-
connected or series-parallel-connected cells can be either 
used as a standalone or decentralized unit, as proposed in 
[14] or they can require some sort of global coordination, 
being able to communicate as master and slave with the 
BMS or other equipment [15], such as computers or 
portable devices [16]. This feature allows for real-time state 
of charge (SOC) and voltage monitoring of the battery pack 
[17], as well as error reporting in case of failure occurrence, 
therefore extending the existing list of parameters used for 
vehicles diagnostics [18], when it comes to HEVs or 
PHEVs. 

This paper focuses on providing a simple alternative to 
the commonly used cell-balancing circuits and it is 
organized as follows: 

 Section 2 presents a comparison between different 
types of cell-balancing circuits, together with our 
proposed architecture. 

 Section 3 reveals the simulation results which were 
performed on a particular example, consisting of 
four series-connected lithium-ion cells. 

 Section 4 aims to validate the simulation results, 
comparing them with real measurements, which 
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were obtained after the hardware implementation of 
the standalone analog circuitry. 

 Section 5 highlights the conclusions of this work, 
disclosing also some future development directions 
intended to improve both the performances and the 
accuracy of the proposed active cell-balancing 
circuit architecture that can be used for automotive 
BMSs, mainly due to its high efficiency and low 
complexity. 

2. CELL-BALANCING DESIGN 
There are several designs of cell-balancing circuits for 

rechargeable batteries in the literature, but, from the power 
dissipation standpoint, they can be split into two main 
categories: dissipatives (or passives) and non-dissipatives 
(or actives). 

The first category (presented in Fig. 1) uses ‘bleeding’ 
resistors, which dissipate the excess power for a certain cell 
from a string, when one of them is over-charged, compared 
to the others. 

Because the cells which compose the battery pack are 
connected in series or in a series-parallel configuration and 
charged all together, this technique allows to deflect a part 
of the charging current through the resistive load, therefore 
the voltage across each cell will be maintained at a safe and 
regulated value.  

The main advantages of this design are represented by its 
cost and complexity, but on the other hand, the efficiency is 
poor, meaning that the balancing circuitry needs to be 
located far from the cells, due to the amount of heat 
generated, which may cause damage. 

The second category, which uses non-dissipative (or 
active) cell-balancing techniques, can be divided into two 
sub-categories, depending on the storage element: 
capacitives and inductives. 

An example of capacitive active cell-balancing circuit is 
presented in Fig. 2, where the energy is redistributed from 
one cell to the other through a capacitor. However, the 
efficiency of this circuit is only 50 % [19], which translates 
into high amount of losses, especially when used for tens or 
hundreds of series (or series-parallel) connected 
rechargeable batteries. 

The second subcategory of active cell-balancing circuits 
uses inductive-based switched-mode dc-dc (direct current-
direct current) converters to transfer in a very efficient way 
the energy from one cell to another. 

 

 
Fig. 1 – Example of a passive cell-balancing circuit using ‘bleeding’ 

resistors. 

 
Fig. 2 – Example of an active cell-balancing circuit using switched 

capacitors. 

One example of this type of power converters is shown 
in Fig. 3 and it’s based on the buck-boost topology, which 
allows the output voltage to be either higher or lower than 
its input voltage, but in the same time the polarity is 
inverted, which does not necessarily represent an issue for 
this kind of applications. 

However, the main drawbacks of this approach are 
introduced by significant developing and production costs 
for the circuitry, as well as its high level of complexity. 

A variation of this active balancing circuit is proposed in 
this article (Fig. 4) and the principle of operation is based 
on the transfer of the excess energy from the lower cell to 
the upper neighbor cell, in contrast to the previous example 
(Fig. 3), which allows the transfer from the upper battery to 
the lower battery. 

The main advantage of this topology (which is actually a 
non-synchronous boost converter with the load connected 
between its output and input, performing the same function 
as a non-inverting buck-boost converter) consists in placing 
the switching transistor with its gate referenced to a virtual 
ground, therefore, it can be driven directly, without the 
need of a high-side MOSFET driver. 

When used in its normal configuration (with the load 
connected between the output and the ground reference), the 
boost converter produces a regulated output voltage greater in 
magnitude than the input voltage. In order to extend the output 
voltage range to either lower or higher values than the input, 
the load should be connected as described in the previous 
paragraph, therefore the boost converter being able to perform 
the function of a buck-boost converter. 
 

 
Fig. 3 – Example of an active cell-balancing circuit using inverting buck-

boost switching regulators. 
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Fig. 4 – Example of an active cell-balancing circuit using boost converters 

working as non-inverting buck-boost switching regulators. 

 
Fig. 5 – Schematic of the power train for the non-synchronous boost 

converter. 

In order to determine the voltage conversion ratio of the 
boost converter (which is presented in Fig. 5), as a function 
of the duty cycle, D, its steady-state operation in continuous 
conduction mode (CCM) will be analyzed according to [20], 
assuming that every electronic component is ideal (the 
voltage across the diode and transistor, Q, are zero) and 
ignoring the ac (alternating current) ripple across the 
capacitors. 

Knowing the inductor current waveform, the inductor 
voltage can be found by use of (1): 

L
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where L is the inductance, ΔIL is the change in current and 
Δt is the length of the subinterval. 
 During ON state, because the transistor is saturated, the 
voltage across the inductor will be equal to the voltage of the 
input supply, therefore it can be expressed by using (2): 
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 Thus, during the first interval, the slope of the inductor 
current waveform is given by (3): 
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where T is the switching period. 
 During OFF state, because the transistor is in the cut-off 
region, the voltage across the inductor will be equal to the 
difference between the voltage of the input supply and the 
output voltage, therefore it can be expressed by using (4): 
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Thereby, during the second interval, the slope of the 
inductor current waveform is given by (5): 
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Since, in steady-state, the total volt-seconds applied over 
one switching period must be zero, this means that the 
overall change in the current is also zero, leading to (6), (7): 
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Assuming this, the voltage conversion ratio for the boost 
converter can be expressed by use of (8): 
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For the topology proposed in this article, the load will be 
connected between the output and the input of the converter, 
as previously mentioned. This approach allows for obtaining 
a broader range of output voltage, which translates into a 
higher level of flexibility.  

Considering the example given in Fig. 4, the input voltage 
for each boost converter is represented by the nominal 
voltage of each battery, BATT(n) or BATT(n + 1), while the 
output voltage (referenced to the negative terminal of the 
first cell) is delivered to both cells connected in series. Since 
BATT(n) and BATT(n + 1) are almost identical, the output 
voltage of the converter should have twice the magnitude of 
one cell, therefore, the duty cycle should be approximately 
0.5. On the other hand, assuming that the load of the first 
regulator is represented by BATT(n + 1), the voltage drop 
across it will be equal to the voltage drop across BATT(n). 

3. SIMULATION RESULTS 
All the simulations presented in this chapter were 

performed using SIMPLIS, which is a simulation tool 
dedicated to analog switched mode power supplies 
(SMPSs). Figure 6 reveals the simplified schematic of the 
proposed cell-balancing circuit, together with the charger 
and four batteries. All the circuitry consists of a power 
supply (V4), one passive balancing circuit (consisting of 
R15, Q1, R2, V1 and S1, which acts as a switch with 
integrated comparator) and three switching regulators, 
along with all the additional components required for a 
proper operation (switches with integrated comparators for 
enabling and disabling the devices, as well as waveform 
generators for the driving signals). 

The power source which feeds the series-connected string 
of batteries consists of an ideal dc power supply, together 
with a circuit which limits the charging current of the cells to 
a predetermined value (consisting of the operational 
amplifier X1, two voltage references, V2 and V10, as well 
as R4, C8 and C11). During the simulations, the charging 
current was chosen to be 300 mA. 
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For simplicity reasons, the string of serially-connected 
lithium cells was reduced to 4 (during simulations), therefore 
the proof of concept for the proposed analog active cell-
balancing circuit could be easily simulated, implemented and 
validated. On the other hand, considering that in real 
applications this balancing circuit will be used for many 
series-connected cells (for example, 50 cells [1, 2], or more), 
just the last one uses a passive (dissipative) method of 
balancing, for cost and complexity reasons, but still without 
compromising the overall efficiency of the BMS. If this 
solution is considered to be less effective than needed, a 
transformer-based active cell-balancing circuit can be used, 
allowing the energy transfer from the last cell to the first one. 

Each cell was designed based on a two-time constants 
model [21], as shown in Fig. 7 and each of the dc-dc 
converters were operated in open-loop, with a fixed duty 
cycle, calculated based on the targeted charging voltage for 
every battery. According to [21], the description in discrete 
time for each cell is given by (9), (10) and (11): 

1 11, 1 1, 1 ,e 1 e
Ts Ts

k k Batt kv v R i
 
 



 
    
 
 

,     (9) 

2 22, 1 2, 2 ,e 1 e
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k k Batt kv v R i
 
 



 
    
 
 

,     (10) 

 
Fig. 7 – Example of a two-time constants model for a lithium-ion 

battery. 

 , 1, 2, 0Batt k OC k k k Battv V SOC v v R i    , (11) 

where k and k + 1 are two consecutive samples, TS is the 
sampling period, τ is the RC time constant, R0 is the internal 
resistance, VOC is the open-circuit voltage, vBatt is the 
voltage across the entire battery model and iBatt is the value 
of the current flowing through the R0. For our proposed 
example, the short time transient behavior was chosen 
around to be 20 ms for each cell, while the long time 
transient behavior was chosen to be around 2 s (because of 
the constraints introduced by the simulation time). 

Figure 8 reveals the output voltage for each cell (VB1, 
VB2, VB3 and VB4) during charging and balancing phases, 
which has a threshold set to 4.15 V, with 60 mV (± 30 mV) 
hysteresis. 

Because the simulator requires a large amount of hardware 
resources when running complex schematics, the decision 
was to reduce the simulation time to 10 s, as well as adjusting 
the charging current accordingly (300 mA, as mentioned 
before). In addition to this, the simulation started with initial  

 

 
Fig. 8 – Simulation waveforms for the series-connected lithium cells 

during the charging and balancing phases. 

Fig. 6 – Simplified schematic of the cell-balancing circuit used for simulation. 
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conditions and the batteries were pre-charged to different 
voltage levels (from 3.525 V to 3.725 V), in order to point 
out the natural unbalance of the cells and to demonstrate the 
functionality of the proposed architecture. 

Figure 9 discloses the waveforms for different 
parameters (which were monitored during charging and 
balancing phases), such as the voltage across the entire 
string of cells (VBUS) or the current which flows through 
them (IBATT), as well as the driving signals for each 
balancing circuit (DB1, DB2, DB3 and DB4). 

Because the current limiting circuit (which was designed 
using both the bipolar junction transistor (BJT), Q4, and the 
shunt R10) is connected in series with the rechargeable 
batteries, the voltage applied is around 17 V. 

Regarding the control voltages for both the active cell-
balancing circuits (DB1, DB2 and DB3), as well as for the 
passive cell-balancing circuit (DB4), they have an 
amplitude of around 5 V and are floating with regards to the 
ground reference. 

The main advantage of the architecture proposed in this 
paper is that the voltage across each of the batteries is 
balanced even during discharging phase, which conducts to a 
more effective utilization of the energy stored inside the 
entire pack and helps avoiding over discharge for every cell. 

As an extra benefit, this approach can be also used to 
charge and balance super-capacitors, with minimum 
hardware changes. 

4. PRACTICAL IMPLEMENTATION 
 For the practical implementation of the proposed 

balancing circuit, Altium Designer tool was used. The 
block diagram of the implemented cell-balancing circuit is 
shown in Fig. 10, while the schematic for the battery 
charger, which is a single-ended primary-inductor converter 
(SEPIC) designed using a low side pulse width modulation 
(PWM) controller is presented in Fig. 11. 

The SEPIC topology was chosen for two main reasons: it 
offers inherited short-circuit protection, since its input is 
separated from the output through the coupling capacitor 
(C3) and also because the output voltage (which has the 
same polarity as the input) can be either higher or lower than 
the input voltage, thus offering flexibility regarding the 
power supply. On the other hand, the front-end converter is 

configured to work as a constant-current, constant-voltage 
battery charger. 
The four series-connected balancing circuits consist of three 
active circuits (implemented using non-synchronous fixed 
frequency boost switching regulators) and one passive 
circuit (for complexity reasons). A part of the balancing 
circuit (consisting of one passive and one active cell-
balancing circuit) is shown in Fig. 12. 

 

 
Fig. 10 – Block diagram of the implemented cell-balancing circuit. 

 
Fig. 11 – Schematic of the implemented SEPIC battery charger. 

Fig. 9 – Simulation waveforms for the series-connected cells during the charging and balancing phases. 
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Fig. 12 – Schematic of two cell-balancing circuits (passive on the top and 

active on the bottom) used for the hardware implementation. 

For simplicity, each comparator (U3 and U4) used for the 
balancing circuit is supplied from its corresponding cell and 
utilizes a 2.4 V Zener diode as a voltage reference. 
However, this approach has some limitations regarding the 
precision (the voltage varies with temperature). Moreover, 
the switching regulators are also supplied from the 
batteries, working as floating circuits, allowing in the same 
time the use of low voltage devices, which are usually more 
affordable. 

When the voltage drop across a particular cell reaches 
4.18 V (because the threshold set to 4.15 V has a hysteresis 
of ± 30 mV), its corresponding cell-balancing circuit starts 
to redistribute the excess energy to the upper rechargeable 
battery until the threshold of 4.12 V has been reached. This 
mechanism applies for all batteries that are connected to an 
active cell-balancing circuitry.This solution offers 
flexibility, because it utilizes analog components which can 
be either linked to a microprocessor unit (MPU) inside the 
BMS or they can be left working as a standalone circuitry, 
with minor hardware changes. 
 

 
Fig. 13 – Overview of the hardware implementation, consisting of the 
battery charger, 3 active cell-balancing circuits and one passive cell-

balancing circuit. 

Regarding the last cell from the top of the string, its 
corresponding balancing circuitry uses a passive 
architecture, since it cannot redistribute the excess energy 
to another upper cell and the transfer to the first cell implies 
increasing the complexity of the entire design. However, 
the comparator uses the same thresholds as the rest of them 
(utilized for the three active circuits), meaning that it 
enables the passive circuit when the voltage across the 
battery reaches 4.18 V and disables it when the voltage falls 
below 4.12 V. 

After selecting four used lithium-ion batteries (each of 
them featuring a nominal capacity of 2 200 mAh and being 
charged at different voltage levels), they had been 
connected to the charging and balancing circuitry revealed 
in Fig. 13. 

Fig. 14 – Measured waveforms for the series-connected cells during the charging and balancing phases. 
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It consists of the SEPIC converter, along with the current 
limiting circuit, three active cell-balancing circuits and one 
passive cell-balancing circuit. As in simulation, the 
charging current was 300 mA, but other tests run at 900 mA 
showed similar results. 

During charging and balancing phases, the voltage across 
each of the four cells, as well as the switching signals 
(SW1, SW2, SW3 and SW4) for each of the balancing 
circuits were monitored using both the oscilloscope and a 
multimeter, with the resulting waveforms being presented 
in Fig. 14. 

As expected, depending on the charging level of each 
lithium-ion cell, its corresponding balancing circuit 
alternatively enables and disables the switching regulator 
(or the MOSFET used for the passive circuitry) for a certain 
period of time, similar to the simulated circuit. 

Regarding the efficiency of the circuitry, assuming that the 
output of each boost converter has about twice the magnitude 
of the input voltage and its efficiency is around 85 %, at a 
deflected current of around 200 mA (because just a part of 
the charging current is redistributed), this means that the 
overall power loss for each active cell-balancing circuit is 
250 mW, compared to 1.66 W, for the passive cell-balancing 
circuit. 

On the other hand, by applying this proposed architecture 
on a large number of series-connected cells, the overall 
efficiency of the entire balancing circuitry will be quite 
high because the ‘bleeding’ resistors will dissipate some 
amount of energy just for the last battery.  

Depending on the desired charging current and the 
capacity of the entire battery pack, different switching 
regulators (featuring the most suitable peak current limit for 
a certain application and considering the characteristics of 
the boost topology) may be chosen, in order to ensure 
optimal balancing current for the cells. 

5. CONCLUSIONS 
This work presents the results of both simulation and 

practical implementation of a standalone analog active cell-
balancing circuit intended for automotive BMSs, which 
offers the advantage of standalone usage, as well as the 
possibility of modularization and communication with 
several other devices. 

The balancing circuitry which was designed for the series-
connected lithium cells consists of three active circuits 
implemented using simple non-synchronous fixed frequency 
boost switching regulators (in contrast to [22], which 
proposes variable switching frequency control, that is more 
complex) and a passive ‘bleeding’ resistor-based circuit for 
the last cell from the top. The charging current for the entire 
string was set to 300 mA, while the voltage level for each 
cell was set to 4.15 V, with ±30 mV hysteresis. 

In contrast to other architectures, the design proposed in 
this paper has the ability to balance the capacity of all cells 
both during charging and discharging phases, maximizing the 
reliability and the total amount of useful energy stored within 
the battery pack, while the efficiency of power conversion for 
the active circuits is around 85 %. 

Depending on the targeted precision of the charging 
voltage (during the constant voltage phase) for each cell, 
dedicated comparators with integrated references can be 
used, in addition to the decrease of the hysteresis (from 60 
mV to a lower value) which influences the maximum 
unbalance between the batteries. 

For optimal balancing performances, the switching 
regulators should be chosen depending on their peak current 
limit (considering the characteristics of the boost converter 
topology), which should be correlated with the targeted 
charging current for the battery pack.  

Apart from the automotive usage, active cell-balancing 
circuits for advanced lithium-ion batteries can also be 
developed for other industrial applications such as 
photovoltaic grids [23] or intelligent robotic systems [24], 
which may require high efficiency. 
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