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Abstract—The experimental validation of a Battery Manage-
ment System (BMS) provided with an innovative high-efficiency
active balancing circuit is described in this paper. Charge
equalization among the series connected battery cells is achieved
with a cell to cell balancing topology. The balancing circuit
consists of a switch matrix for the individual access of each cell
and a bidirectional DC-DC converter to transfer a controlled
amount of charge from a cell to a supercapacitor and back to
another cell. The balancing algorithm and the experimental setup
are also described. The experiments show the functionality of the
balancing circuit that restores a fully balanced battery consisting
of eleven 40 A h Lithium-ion cells. For instance, if one of the cells
is 17.7 % imbalanced, battery equalization lasts around 25 h and
only costs 1 % of the battery energy. It allows the recovery of
the full battery charge, otherwise limited to 82.3 %, with an
energy saving factor of 6, if compared with passive balancing.
The efficiency of the process, calculated by measuring the energy
lost during balancing, is higher than 75 %.

[. INTRODUCTION

A safe and effective use of Lithium-ion batteries requires the
adoption of a Battery Management System (BMS) to protect
the battery against overcharge and deep discharge and extend
its lifetime [1], [2]. The BMS is also asked to provide a charge
equalization function, when the battery consists of series-
connected cells. Differences in the cell capacity, self-discharge
rate and operating temperature cause the charge level to vary
from cell to cell. This charge imbalance reduces the usable
capacity of the battery and thus its lifetime [3]. In fact, the
recharge of the battery must be stopped when the cell with the
highest charge level reaches the charge cut-off voltage. Thus,
the other cells are not fully recharged and the battery is not
completely refilled. The cell with the minimum charge level
determines in its turn the usable capacity of the battery (i.e.,
the amount of charge that can be extracted from the battery in
the subsequent discharge), as it reaches before the other cells
the discharge cut-off voltage.

The simplest approach to equalize the charge among the
battery cells is to discharge those with a higher charge level
down to the minimum level by means of a shunt-resistor
connected in parallel. This is called passive balancing, as the
extra energy stored in the cells with higher charge levels is
dissipated over the relevant shunt-resistors mounted on the
BMS. The maximum usable capacity of the battery is then
restored by following the balancing phase with a battery
recharge, which indeed leads each cell to be fully charged.

The power dissipated by the balancing circuit has a signif-
icant impact on the thermal management of the BMS and
decreasing the power dissipated in the passive balancing circuit
implies a longer balancing time. The development of a circuit
capable of equalizing the battery without dissipating all the
extra energy has attracted a lot of research with the aim of
improving the trade-off between efficiency, balancing time and
complexity [4]-[7]. The most promising approaches are based
on a DC/DC converter and a switch matrix that selects one
particular cell and connects it to one port of the converter to
individually modify its charge. The other port of the converter
is typically connected to the battery’s terminals, so that energy
is transferred from all the cells to the selected one or vice
versa (pack to cell or cell to pack topology), according to the
direction of the converter [8]-[11].

The balancing time and the energy lost by the battery are
related to the efficiency and output current of the converter,
but are also proportional to the overall amount of charge that
has to be moved to reach the balanced state. As the transfers
always occur between all the cells and the selected one in the
pack to cell and cell to pack topologies, it may happen that
some of the cells are further imbalanced during a transfer.
For instance, when the converter is charging the cell with the
lowest charge level, all the other cells are discharged, even if
their final equalized charge level is higher. Thus, when using
the pack to cell and cell to pack balancing topologies, each
cell reaches the balanced state by exchanging more charge
than the minimum needed. This limitation is overcome by the
cell to cell balancing topology, in which energy is transferred
from one cell to another selected cell. A serious drawback of
this topology is the need for two switch matrices to select the
input and output cells of the converter. However, this drawback
can be overcome by splitting the cell to cell energy transfer
into two phases and using a supercapacitor to temporary store
the energy drawn from one cell before delivering it to another.
The feasibility of this technique has been demonstrated in [12],
showing that the cell to cell energy transfer can be achieved
with very high efficiency and affordable complexity.

The aim of this paper is to show the implementation and
the experimental validation of a charge equalization system
exploiting the technique described in [12] within a BMS
for Lithium-ion cells with Nickel Manganese Cobalt (NMC)
cathode [13]. The paper is organized as follows. Section
I describes the implementation of the charge equalization
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Figure 1. Block diagram of the charge equalization system.

system. The test methodology and the experimental results
are presented in Section III and IV, respectively. Finally, some
conclusions are drawn in Section V.

II. CHARGE EQUALIZATION SYSTEM

We start by briefly recalling the architecture of the devised
cell to cell balancing topology, the block diagram of which is
shown in Fig. 1. The Switch matrix block routes the selected
cell to one port of the DC/DC converter. A 5F supercapacitor
(SCAP) is connected to the other port. It is the implemented
with 4 5F SCAPs connected in the configuration 2P2S, so
that it can withstand the maximum cell voltage. The converter
operates in step-down mode to charge the SCAP from the
Source cell. Then, the Sink cell is selected by the switch matrix
and the energy, temporary stored in the SCAP, is delivered
to the Sink cell by the converter, working in step-up mode.
The SCAP charging/discharging current is controlled to remain
between two fixed thresholds. These thresholds are set to 0.6 A
and 1 A by a window comparator implemented in the Analog
Front End (AFE), the output of which feeds the Control logic
block. The latter controls the converter n- and p-MOSFET
switches, to charge/discharge the SCAP between two software-
programmable voltage values with an average current of 0.8 A.
In the experiments described in the following, the charge and
discharge voltage thresholds of the SCAP were set to 0.2V
and 0.7V less than the voltage of the Sink cell, respectively.
The control logic also drives the switch matrix according to
the balancing algorithm described below. The selection of the
switch matrix and converter components has been described
in [12]. The reported cell to cell energy transfer efficiency is
close to 90 %, when the conduction losses in the switch matrix
and in the converter are taken into account.

A. Balancing algorithm

An important aspect of this work is the development of
the balancing algorithm that controls the charge equalization
system to attain the balanced state. The key idea is to use an
iterative procedure, in which each step involves the transfer
of a given amount of energy from the cell with the highest
charge level to the cell with the lowest one. When the
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Figure 2. Measured Open Circuit Voltage of a NMC cell.

difference between these two charge levels drops below a
desired threshold, the procedure ends. The key point is now
the evaluation of the charge levels. Since we are not interested
in the absolute values but in the differences among the cell
charge levels, we chose to derive the variations of the cell
charges from the variations of the cell Open Circuit Voltages
(OCVs). As shown in Fig. 2, a 1% variation of the State
of Charge (SoC) (i.e., the ratio of the charge level to its
maximum value when the cell is fully charged) corresponds
to approximately a 10 mV variation of the OCV, when SoC
is above 80 %. Another problem rises from the fact that the
measured cell voltage differs from the OCV because of the
relaxation voltage [14] due to the battery dynamics. However,
we can reasonably suppose that the relaxation voltage term is
similar for all the cells, as they all are series connected and
subjected to the same charge/discharge operation. Further, the
dynamics effects induced by the balancing process, which are
different between the two cells involved in the charge transfer,
can be neglected if the balancing current is a small fraction
of the cell C-rate (i.e., the value of the cell capacity expressed
in ampere hour), as it usually happens.

Figure 3 shows the flow diagram of the developed balancing
algorithm. Each iteration starts with the measurement of the
cell voltages and the identification of their minimum and
maximum values. If they differ less than 10mV the battery
is considered balanced (i.e., the maximum SoC mismatch is
less than 1%. Otherwise, the charge equalization system is
used to transfer a given amount of energy from the cell with
maximum SoC (Source cell) to the cell with the minimum one
(Sink cell). The transferred energy quantity is determined by
the number K of transfers from the Source cell to the Sink cell
performed before passing to the next iteration. The iterations
are spaced in time by a 10s pause, to allow the expiration
of the fast dynamic transients. The choice of K is a trade-off
between the balancing resolution and the time overhead due
to the 10s pause. In the experiments described below, K was
set to 5 providing a very fine balancing resolution with the
penalty of a longer balancing time.
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Figure 3. Basic flow diagram of the balancing algorithm.

III. EXPERIMENTAL SET-UP

A key point to assess the performance of a balancing circuit
lies in the definition of a flexible, reliable and automatic
test methodology, which makes it possible to set an arbitrary
imbalance condition and then to evaluate the result of the
balancing process carried out by the BMS. The designed test
methodology consists of the experimental test-bed and the test
procedure described below.

A. Test-bed

The charge equalization was implemented in a BMS for
a battery pack of eleven 40 Ah NMC cells. The design of
the BMS building blocks is presented in [15] and a simplified
schematic view of the BMS is shown in Fig. 4. The voltage and
temperature of each cell are measured by the Cell Monitoring
Unit (CMU), which communicates with the BMS intelligence
through a shared bus. The BMS intelligence incorporates the
Control logic of the charge equalization system shown in
Fig. 1. The output of the switch matrix is also connected to
a SourceMeter (Keithley 2420), so that the charge of the cell
selected by the switch matrix can individually be modified
with high accuracy. In this way, it is possible to generate
a known imbalance condition before activating the charge
equalization system. Finally, we can verify the quality of the
balanced state achieved by the system by measuring the final
charge of each cell using the SourceMeter. The execution of
the test is automatically managed by a LabVIEW application,
which controls the SourceMeter and communicates with the
BMS. Through this link, the LabVIEW application can control
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Figure 4. Block diagram of the experimental test-bed.

Figure 5. Photograph of the experimental test-bed. Note the battery pack on
the right end side.

the switch matrix, so that the leads of the SourceMeter can
be connected to any cell of the battery, activate the charge
equalization system and log the cell voltages acquired by the
BMS during the execution of the test procedure. The latter is
detailed in the following.

B. Test procedure

The test procedure involves the following six steps, where
he{l...N} with N = 11 identifies one cell of the battery.

1) Full charge: starting from an arbitrary condition, each
cell is individually charged with a Constant Current
(CC) of 3A up to 4.1 V. Then, the charge proceeds at
Constant Voltage (CV) until the current decreases below
0.6 A. This step brings each cell is in a well-defined and
reproducible state that we consider the reference starting
point (100 % SoC).

2) Unbalancing: the charge stored in each cell is individ-
ually altered in order to generate the desired imbalance
state. The charge Qunbal;, and Eunbal;, drawn from
each cell are measured.

3) 1h rest: the OCV Vunbal;, of each cell is measured at
the end of this step.



4) Equalization: this step is automatically carried out by
the BMS. The cell voltages acquired by the BMS are
logged every 60s.

5) 1h rest: the OCV Vbalj, of each cell is measured at the
end of this step.

6) Full charge: this step is exactly the same as the first one
and it is assumed that each cell is brought to the same
internal state as at end of the first step. The charge Qbal;,
and energy Ebalj, delivered to each cell are measured.

The final step provides a direct measure of the quality of the
balancing process performed at step 4. The refilling charge
value Qbal;, should be the same for any cell in an ideally
balanced battery, as all the cells are equidistant from the full
charge state. Thus, charging the battery from its terminals after
the equalization step allows all the cells to be fully recharged.
As a consequence, the maximum usable capacity of the battery
reaches the ideal value Qmax. Instead, different Qbal;, values
show a residual imbalance after the equalization step. In this
case, the battery cannot be used in full, as the usable capacity is
reduced by the difference between the maximum and minimum
values of Qbal,,.

This test structure makes it possible to measure the energy
Ejoss lost by the battery to recover the balanced condition.
In fact, Fj,ss can be computed from FEunbal;, and FEbaly,
according to (1).

N
Bloss = »_ Ebaly, — Eunbaly, (1)
h=1

Assuming that each cell stores the same amount of energy after
a Full charge (steps 1 and 6), Ebal;, — Funbaly, is the variation
of the energy stored in the A-th cell during the equalization
step.

One of the main sources that contributes to Fj,e 1S the
DC/DC converter inefficiency. Assuming that the cells are
sorted in descending order of the stored charge, the balancing
algorithm adopted extracts energy only from the M more
charged cells delivering it to the remaining N — M cells, where
M depends on the actual charge distribution among the cells.
If M is known, the converter efficiency 7 can be computed as
the energy delivered to the N — M less charged cells divided
by the energy extracted from the M more charged ones, as
shown in (2).

ZZV:M_H Eunbaly, — Ebaly,
B 2211 Ebaly, — Eunbaly,

IV. EXPERIMENTAL RESULTS

1 2

First experiments allowed us to verify the BMS capability to
transfer energy between the cells of the battery and to achieve
cell balancing. Then, the balancing circuit performance was
investigated. To this end, it is important to start with the
application of imbalance states, which make it possible to
extract the features of the balancing circuit from the results of
the balancing process. The imbalance state is specified by the
set of individual state-of-charge (SoCunbal) values of the cells,
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Figure 6. State-of-Charge (SoCunbal, SoCbal) and open circuit voltage

(Vunbal, Vbal) of the battery cells, respectively, before and after the balancing
process.

as generated after steps 2 and 3 of the test procedure described
in Section III-B, according to the following relationship

Qunbaly,
Qmax

where Qnax 18 assumed to be the same for all the 11 cells and
equal to their nominal capacity, i.e., 40 Ah. This assumption
was verified with a complete charge-discharge cycle for each
cell.

Let us now report and discuss the equalization experiment
performed after a significant SoC imbalance state. As an
example, we considered the condition shown in (4), where all
the cells are fully charged apart from the 11% cell characterized
by a SoC 17.7 % lower than the others.

SoCunbaly, =1 — 3)

100 %,
82.3 %,

he{l...10}

h=11 @

SoCunbaly, = {
This imbalance state may occur when one cell has an anoma-
lous higher self-discharge rate than the other cells, which
causes a significant SoC mismatch (the difference between the
maximum and minimum SoC values) over time. This turns
in a strong reduction of the usable capacity of the battery,
unacceptable in many applications if no balancing is applied.
Figure 6 shows the SoC and OCV of each battery cell before
and after the execution of the balancing process according
to the test procedure described in Section III-B and the SoC
imbalance of (4). It is worth noting that the SoC values
after balancing SoCbaly,, calculated according to the following
equation by measuring the refilling charge Qbal;,

Qbalh
Qmax

are all very close to each other and their values are close
to 100 %. The experiment shows the functionality of the
balancing system that significantly reduces the SoC imbalance,
as charge is “equally” transferred from the cells 1-10 to the
cell 11. In more detail, the initial SoC mismatch of around

SoChaly, =1 — (5)
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Figure 7. Battery cell voltages as a function of time during balancing.

18 % 1is reduced to 2 %, with a consequent 16 % increase of
the usable battery capacity. The battery has successfully been
balanced.

The result achieved is outstanding, but the residual SoC
mismatch is slightly higher than the 1% expected from the
balancing algorithm described in Section II-A. As visible in
Fig. 6, SoCbal; is slightly below the SoC values of the
other cells, which instead lie in just a 0.8% SoC range.
Further, we observe that the OCV values measured at the end
of steps 3 and 5 by the SourceMeter very well agree with
the correspondent SoC values and the SoC-OCV relationship
shown in Fig. 2.

In order to investigate the different behavior of the cell 4,
we analyzed the voltages of the cells during the equalization
step, as measured and logged by the BMS. They are shown in
Fig. 7. It is clearly visible that the voltage of cell 4 measured
by the BMS at the beginning of the balancing process is
higher than the value of the other fully charged cells, which
show almost identical values in good accordance with those
reported in Fig. 6, as measured by the external SourceMeter.
The conclusion is that the discrepancy is due to a problem in
the CMU connected to cell 4, which causes a positive offset
of about 25mV in its voltage reading (25 mV approximately
corresponds to a 2% SoC variation). Thus, the balancing
algorithm, which relies on the inaccurate voltage measurement
of cell 4, draws more charge from this cell than from the other
cells in order to bring all the cell voltages in a 10 mV range at
the end of the balancing process, as required by the balancing
algorithm described in Fig. 3.

Figure 7 also shows that the balancing process lasts ap-
proximately 25 h. This value is proportional to the charge that
has to be moved to reach the balanced state starting from
the initial imbalance condition. Given the SoC imbalance of
(4), the charge to be transferred to the cell 11 is estimated
by 10Qunbalii/11 = 0.16@Qmax = 6.4 A h, without considering
the converter efficiency. Thus, the net balancing current is
approximately 0.26 A. This value is less than half of the SCAP
charging and discharging current (i.e., 0.8 A), as it includes
all the time overheads due to the pauses after each block of 5

transfers, and to the commutation times of the switch matrix
after each charge/discharge of the supercapacitor. It should
be noted that in a real application the battery balancing can
start whenever the maximum SoC mismatch reaches a given
thresholds (typically a few percents) well below the 18 % value
used in our experiment. Therefore, the balancing time will be
significantly smaller than the one experimented in our case.

A. Energy losses during balancing

Another key aspect to explore for the validation of the
balancing technique is the evaluation of the energy lost by
the battery during the balancing process. Substituting in (1)
for FEunbal;, and Ebal, the values measured at the steps 2
and 6 respectively, we obtain Fj,ss = 19.1 W h. This value is
around 1 % of the maximum energy F\,.x that can be stored in
the battery, estimated as Eax = 11X3.7XQmax = 1628 W h.
This means that in our case study the battery is balanced again
(gaining 16 % of the usable capacity) at the expense of only
1% of the energy. Neglecting the residual SoC imbalance, the
usable energy of the battery (which was 83 % of E\,.x before
balancing) can be restored to Er,,x by delivering to the battery
the energy Fioss + Eunbali; = 0.029 .« through a recharge
step that follows balancing. It is now interesting to compare
this result with that achievable with passive balancing. In that
case, the energy required to restore the battery to Fy,,x would
be 11Funbali; = 0.19F,,., as the balanced state is reached
by discharging all the cells 1-10 to the level of cell 11. This
value is around 6.5 times higher than the one found for the
implemented cell to cell topology, and shows the maximum
energy gain that this active technique allows us to reach.

As the cells 1-10 are discharged only, whereas the cell
11 is charged only during our active balancing (as shown
in Figure 7), it is possible to evaluate the efficiency of the
converter from (2) by substituting M = 10, N = 11, and
for Eunbaly, and FEbal; the values measured at step 2 and
6, respectively. This leads to n = 55%. Such a value is
significantly lower than the expected stand-alone efficiency of
the converter. In fact, the energy lost by the battery includes
that dissipated by the balancing circuit, but also the energy
consumed by the BMS electronics. Thus, a better estimation
of 1 can be obtained by the following relationship,

N arin (Bunbaly, — Ebaly + Bec/n)
B SV (Ebaly, — Bunbaly, — Bcc/N)

(©)

where Ecc is the energy consumed by the BMS during the
balancing time. Ecc can be evaluated by multiplying the
measured average power consumption of the BMS (approx-
imately 0.44 W) for the balancing time (25h) and is equal to
11 W h. Substituting this value in (6), we obtain n = 75 %,
a valuable result, even if lower than the actual converter
efficiency. Finally, we note that the methodology used to derive
the converter efficiency is affected by some uncertainties,
which cause 7 to be underestimated. In particular, (6) should
also include the intrinsic losses of the battery due to its
ohmic resistance and not ideal coulombic efficiency. Another
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Figure 8. Voltage of the battery cells measured during a 24 h rest time after
individual full charge.

uncertainty is related to the relaxation of the cell voltage
during the balancing experiment. This aspect was investigated
by performing another test consisting of the following steps: a
full charge, a 24 h rest and another full charge. Figure 8 shows
the behavior of the cell voltages measured during the 24 h rest,
as a function of time, counted from the end of the full charge.
If we now consider the overall energy delivered to all the
cells during the second full charge, we obtain around 18.6 W h,
which is appreciably higher than the energy consumed by the
BMS. This means that the cells, after a 24 h relaxation, can
accept a value of additional energy, which is not negligible
in the converter efficiency calculation. In fact, this relaxation
contribution is included into Funbal;, and considered as an
additional loss of the balancing in (6), causing a significant
underestimate of 7).

V. CONCLUSIONS

This paper has shown and discussed some experimental
results carried out to validate a BMS provided with an in-
novative high-efficiency active balancing circuit. The circuit
implements a cell to cell balancing topology in which energy
is transferred from a less charged cell to a more charged one,
after being temporarily stored in a supercapacitor. A balancing
algorithm has been developed and implemented in the BMS. In
order to validate the charge equalization system, an automatic
test methodology has been implemented. The experiments first
show the functionality of the balancing circuit that restores
a fully balanced battery consisting of eleven 40 Ah NMC
cells, where one of the cells shows an imbalance around
17.7 %. The battery equalization lasts around 25h, only costs
1% of the battery energy and allows the recovery of the
full battery charge, otherwise limited to a 82.3 % utilization.
The comparison of this active balancing solution with the
passive balancing technique shows that we achieved an energy
saving of a factor larger than 6. Finally, the efficiency of the
active balancing process is calculated, by measuring the loss
in energy occurred during the balancing process.

The efficiency is well over the 75 % value measured only
considering the consumption of the BMS electronics and
neglecting the intrinsic losses in the battery and the uncertainty
of the measurement method.
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