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Completely Decentralized Active Balancing Battery
Management System

Damien F. Frost and David A. Howey , Member, IEEE

Abstract—The performance of a string of series-connected bat-
teries is typically restricted by the worst cell in the string and a
single failure point will render the entire string unusable. To ad-
dress these issues, we present a decentralized battery management
system with no communication requirement based on a modu-
lar multilevel converter topology with a distributed inductor and
distributed controller running on a local microprocessor. This con-
figuration is referred to as a “smart cell.” By sensing the voltage
across the local distributed inductor, each smart cell is able to:
first, determine its optimal switching pattern in order to minimize
the output voltage ripple; and second, adjust its duty cycle to syn-
chronize its state of charge (SOC) with the average SOC of the
series string of cells. The decentralized controller is derived using
the theory of Kuramoto oscillators, and the stability of a system of
smart cells is investigated. We experimentally show that a system of
three smart cells with their decentralized controllers can accurately
synchronize the SOC while minimizing their output voltage ripple.

Index Terms—Batteries, battery chargers, distributed control,
energy conversion, energy storage, power converter.

I. INTRODUCTION

THE integration of power electronics into the interfaces of
green energy technologies to the grid is playing a key role

in the reduction of greenhouse gas emissions [1], [2]. In particu-
lar, electrical energy storage systems such as lithium-ion battery
packs are seeing an increased penetration of power electronics
[3], and the market for such devices is growing very rapidly
as costs decrease [4]. Grid connected energy storage systems
require state-of-the-art power electronics converters and energy
management systems to ensure that the most expensive compo-
nent of the energy storage system, the electrochemical battery
pack [5], is operated in a safe and reliable manner [6], [7].

Alongside this, many companies who sell electric vehicles
(EVs) and hybrid electric vehicles (HEVs) are investigating
innovative ways to handle the influx of battery waste from
these vehicles. The battery of an EV or HEV is considered
to be at the end of its (first) life if its state of health (SOH),
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usually measured in terms of nominal capacity, falls to around
70%–80% of its original value [8], [9]. Although at this point
the battery pack may be considered useless for portable appli-
cations, it still contains a lot of residual value for stationary en-
ergy storage applications [10], [11]. Recently, there have been
announcements from Nissan [12], BMW [13], and GM [14],
who are all experimenting with energy storage systems using
batteries recovered from their EVs and HEVs.

For certain cell chemistries, individual cell monitoring is nec-
essary. As an example, lithium-ion battery technology is unsafe
if overcharged, where cells may explode or rupture [15], [16]. In
the worst case scenario, an unmanaged series string of batteries
will be limited by the weakest cell [17], thus a single failed cell
can render the entire string useless. Therefore, in order to max-
imize the energy storage potential of several cells connected
together in a pack, especially cells of varying capacities and
usage histories, the state of charge (SOC) of individual cells in
a battery pack must be measured and balanced. For enhanced
performance, active cell balancing is chosen as the preferred
method. Active cell balancing circuits fall within two main cat-
egories: energy reallocation and variable loading/charging. The
most basic energy reallocation topology uses a switched ca-
pacitor system [18]–[20], however since the amount of charge
moved from one cell to another is proportional to the difference
in cell voltage, balancing times are slow especially as the cells
become more balanced. In order to overcome some of the draw-
backs of switched capacitor topologies, balancing circuits using
a multiwinding flyback topology have also been proposed [21],
[22]. In general, all energy reallocation topologies are only able
to cope with a small mismatch is cell capacities, and therefore
are not suitable in situations where cells have wildly varying
capacities.

The drawbacks of balancing with energy reallocation can be
overcome with active balancing by variable loading/charging.
This can be accomplished by placing an individual power con-
verter and battery management system (BMS) on every cell
[23]–[25]. Although active cell management at the cell level is
still an expensive option, recent advancements in wide bandgap
switching devices, whose cost is expected to decrease over time,
will increase conversion efficiencies (and reduce power losses),
and reduce overall system costs through higher power density
[26]–[28] and decreased cooling requirements [29].

We present work on a cell-level BMS and power converter,
which uses a decentralized control strategy to regulate the SOC
of serially connected cells of varying capacities. In the litera-
ture, there are examples of BMS’s with global information and

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. Example of a system containing three “smart cells.”

control [30]–[32], systems with low-bandwidth communication
[33], [34], or a sparse communication networks [35]–[35], and
systems that use isolated cell-level converters connected to an
auxiliary voltage bus implementing a droop controller [37], [38].
Conversely, this paper introduces a completely decentralized
controller that does not rely on any communication, or an auxil-
iary voltage bus. The distributed BMS is designed to discharge
and charge each cell in a series string of cells proportional to its
capacity using a local converter that can actively balance its lo-
cal cell with variable loading/charging. The converters are also
controlled in such a way as to minimize the size of the filtering
components in the series string.

II. SYSTEM ARCHITECTURE

An example of the proposed system architecture is shown
in Fig. 1, and was first presented in [39]. In this example, the
system is constructed out of three Modular Multilevel Converter
(MMC) cells each containing a half-bridge switching network
similar to the switching networks found in the submodules of
MMC converters [40]. The MMC topology has already been
used to integrate large battery packs for high-power applications
[32], [41], however what we are proposing is to use the MMC in
a low-power application. Each submodule, which we shall in this
paper call a “smart cell,” has the following two distinct features
that make it different from a standard MMC submodule:

1) there exists an independent, decentralized controller in
each smart cell;

2) each smart cell includes a small filter inductor, Lsc.
The decentralized controller manages the SOC, and monitors

the SOH of its locally connected battery cell. This information
is used to apply a duty cycle to the switches QL and QH , such
that the connected battery cell discharges in proportion to its
capacity. Discharging all cells in proportion to their respective
capacities yields following two large benefits for the string of
smart cells:

1) the SOC of all of the cells in the string will be synchro-
nized;

2) larger, healthier battery cells will be loaded more than the
smaller, more degraded battery cells; thus, the pack will
degrade at a more uniform rate [42].

Fig. 2. Simulation of two smart cells switching, showing the voltage across
the sensing inductor and its salient features.

The voltage across the small filter inductor vl contains all
of the information required for each smart cell to determine its
optimal switching pattern, and to adjust its duty cycle to syn-
chronize its SOC with the other smart cells in the string. Fig. 2
is a simulation of a two smart cell system switching in its opti-
mal switching pattern, with the voltage across one of the sense
inductors shown. As shown in the figure, all of the switching
transitions are captured by the sense inductor Lsc. Section III
describes how the optimal switching pattern is obtained using
the transitions of vl , and Section IV describes how the phase
controller of Fig. 1 is designed. Section VI describes how the
SOC of the string is synchronized using the voltage across vl ,
and the design of the SOC controller of Fig. 1.

In addition to sensing, Lsc is used as a distributed inductor to
provide output filtering. Eventually Lsc could be small enough
to be implemented on the trace of a printed circuit board (PCB),
greatly reducing the cost and size of this component. The dc
output to the load requires a small filter capacitor Cout whose
capacitance depends on the application requirements.

III. OPTIMAL SWITCHING PATTERN

In order to minimize the output voltage ripple measured at
vout, an optimal switching pattern of all of the switches QH and
QL , of all of the smart cells, must be determined. This is done
by all smart cells collectively minimizing the ac-rms inductor
current. The full derivations of the results of this section were
originally presented in [39].

Given a set of M battery cells with capacities C =
{C1 , C2 , . . . , CM }, our objective is to find a set of phase tim-
ings, θ = {θ1 , θ2 , . . . , θM } for the turn-on of each smart cell,
which will minimize the ripple current in the local inductor Lsc,
thus minimizing the output ripple voltage. It is reasonable to
assume that the nominal voltage of all of the battery cells is
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Fig. 3. Representing the switching action of the kth smart cell as a vector,
with its weighted, phase shifted vector v ′

k . The switching actions of the kth
smart cell are also shown as vectors vkp and vkn .

Vnom = V1 = V2 =, . . . ,= VM since the SOC of all of the bat-
tery cells will be synchronized. The duty cycle of the ith smart
cell can be calculated using the following equation:

Di =
Ci

CMAX
(1)

where CMAX is the maximum capacity expected within set C
among all of the cells, such that 0 ≤ Di ≤ 1 for all i. Frost and
Howey [39] show that an analytical expression for the ac-rms
inductor current as a function of the smart cells’ duty cycles and
phase angles is

I2
Lac-rms =

1
2

(
VnomTs

2πL

)2 ∞∑
n=1

M∑
i=1

M∑
j=1

4
π2n4 [sin (πnDi) ·

sin (πnDj ) cos (πn (Di − Dj ) + n (θi − θj ))] . (2)

Equation (2) can be minimized to determine an optimal set
θ = {θ1 , θ2 , . . . , θM } that will minimize the ac-rms current in
the inductor Lsc , and therefore, the output voltage ripple in vout.

A. Simplifying the Problem

Examining (2), we see that solving for an optimal set θ to
minimize ILac-rms is nontrivial, and difficult to achieve without
significant computational power and global information about
the system. Therefore, in this section, we present a way to iden-
tify a set θ, which will yield a satisfactory solution, with signif-
icantly less computational requirements, and in a decentralized
fashion.

First, let us represent the switching action of the kth smart
cell as a vector vk in the unit circle as depicted in Fig. 3. The
kth smart cell will turn ON at θk , and turn OFF at θk + 2πDk .
Now, define a new vector, v′

k that will be known as the weighted
vector, whose phase places the vector half way between the turn
ON and turn OFF times and whose length is sin (πDk ). Therefore
the phase and length of the weighted vector v′

k are given by

∠v′
k = θ′k = θk + πDk (3)

|v′
k | = sin (πDk ) . (4)

Applying the transformation described in (3) and (4) to all of
the smart cells, and summing all v′

k , we can find the square of

the magnitude of the total sum vector |v′
Σ |2

|v′
Σ |2 =

M∑
i=1

M∑
j=1

sin (πDi) sin (πDj ) ·

cos (π (Di − Dj ) + θi − θj ) . (5)

Equation (5) has the exact same form as (2) when n = 1 (i.e.,
only the fundamental is considered). Therefore, one control
algorithm that will yield a suboptimal but acceptable minimum
of (2) is to minimize the magnitude of the total sum vector |v′

Σ |2 .

B. Extracting Information From vl

In order to minimize the magnitude of the total sum vector
|v′

Σ |2 found in (5), the duty cycle and phase shift of every
smart cell in the string is still required. As shown in Fig. 2,
every time a smart cell switches in and out of the string, this
transition is captured by every sense inductor Lsc in the string
of smart cells. Therefore, by observing when all of the positive
and negative transitions occur in vl , the “ON” and “OFF” times of
all of the smart cells in the string can be determined. From this
information, the phase shift and “ON” times of each cell in the
string can be determined. The corresponding “OFF” time, and
therefore duty cycle of each cell, cannot be uniquely determined.

However, as Frost and Howey have shown [39], there is no
need to pair the correct “OFF” transition to its “ON” transition
in order to minimize (5). Even if “ON” and “OFF” transitions are
incorrectly paired together, the same minimum of (5) will be
found.

IV. PHASE CONTROLLER DESIGN

The smart cell controller needs to be designed such that a
group of cells working together will minimize (5). By taking
the derivative of (5) and setting it to zero, the local minima
can be found. The partial derivative of (5) with respect to θk is
shown in the following equation:

∂ |v′
Σ |2

∂θk
= 2 sin (πDk ) ·

M∑
i=1;i �=k

sin (πDi) sin (π (Di − Dk ) + θi − θk ) .

(6)

Graphically, setting (6) to zero is equivalent to “pointing” the
weighted vector v′

k in either an opposite direction or the same
direction, to all of the other weighted vectors v′

i,i �=k summed
together. Clearly, by “pointing” v′

k in the same direction as∑
i v′

i,i �=k would result in large currents in the inductor since
all of the cells would eventually be in phase, maximizing the
ripple current. However, if we chose to direct v′

k in the opposite
direction to

∑
i v′

i,i �=k , the current through the inductors will be
reduced. Fig. 4 summarizes this observation.

Therefore, during each iteration of the smart cell controller,
every smart cell will sum up the weighted vectors of all of the
other smart cells it senses, and set its local reference to be 180◦

away from that sum. By doing this, each smart cell will be
driving (6) to zero, thus finding a local minimum to (5). Using
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Fig. 4. Graphical representation of the weighted vectors v ′
k and v ′

i . By point-
ing these two vectors in the opposite direction, (5) will be minimized. This is
accomplished with the controller of (7).

this controller design, (7) defines the reference angle θ′k,ref for
the kth smart cell’s weighted sum vector v′

k

θ′k,ref = − 2 sin (πDk )
M∑

i=1;i �=k

sin (πDi) ·

sin (π (Di − Dk ) + θi − θk ) . (7)

Note the negative sign in (7), this ensures that that the angle
between θ′k,ref and

∑
i v′

i,i �=k is driven to π. Using (7) and the
angle transformation of (3), a nonlinear model for the kth smart
cell controller can be constructed, and is shown in the following
equation:

θ̇′k = ωk − 2
K

M
sin (πDk )

M∑
i=1;i �=k

sin (πDi) sin (θ′i − θ′k )

(8)
where ωk is the switching frequency, and K is a controller
constant.

V. PHASE CONTROLLER STABILITY ANALYSIS

Using the smart cell controller model developed in Section IV,
the stability of a group of smart cells around local minima of
(6) will be investigated. First, note that the controller chosen in
(8) is very similar to the Kuramoto model of coupled oscillators
[43], which is repeated in the following equation:

θ̇k = ω +
K

M

N∑
i=1

sin (θi − θk ) (9)

where ω is the nominal switching frequency of the system, M
is the number of agents, and K is a global controller constant,
identical for all agents.

First, consider the dynamics of the system described by (8) in
a rotating reference frame, where all of the ωk ’s are equal, thus
ωk = ω, and let

θ′k = ωt + γ′
k . (10)

Equation (8) becomes

γ̇′
k = −2

K

M
sin (πDk )

M∑
i=1;i �=k

sin (πDi) sin (γ′
i − γ′

k ) = fk (Γ′)

(11)
where Γ′ = {γ′

1 , γ
′
2 , . . . , γ

′
M }. Linearize (11) around the equi-

librium point Γ′� = {γ�
1 , γ�

2 , . . . , γ�
M }, to create the linear sys-

tem defined by (12), which will be used to assess the stability
of a group of smart cells around local minima of (5)

Γ̇′ = −K

M
L · Γ′ (12)

where L is equivalent to the Jacobian matrix of (11) evaluated
at the equilibrium point Γ′�. Therefore, each element Lij of the
matrix L is defined explicitly as

Lij =
{−2 sin (πDj )

∑M
i=1;i �=j sin (πDi) cos

(
γ�

i − γ�
j

)
, i = j

2 sin (πDj ) sin (πDi) cos
(
γ�

i − γ�
j

)
, i �= j.

(13)

The matrix L can also be represented by the partial derivatives
of (5). Letting Θ� = {θ�

1 , θ�
2 , · · · , θ�

M } be the corresponding
equilibrium point of Γ′� yields

L =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∂2 |v′
Σ |2

∂θ2
1

∣∣∣∣∣
Θ�

∂2 |v′
Σ |2

∂θ1∂θ2

∣∣∣∣∣
Θ�

· · · ∂2 |v′
Σ |2

∂θ1∂θM

∣∣∣∣∣
Θ�

∂2 |v′
Σ |2

∂θ2∂θ1

∣∣∣∣∣
Θ�

∂2 |v′
Σ |2

∂θ2
2

∣∣∣∣∣
Θ�

· · · ∂2 |v′
Σ |2

∂θ2∂θM

∣∣∣∣∣
Θ�

...
...

. . .
...

∂2 |v′
Σ |2

∂θM ∂θ1

∣∣∣∣∣
Θ�

∂2 |v′
Σ |2

∂θM ∂θ2

∣∣∣∣∣
Θ�

· · · ∂2 |v′
Σ |2

∂θ2
M

∣∣∣∣∣
Θ�

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(14)
Equation (14) is simply the Hessian of the total sum vector

|v′
Σ |2 of (5) evaluated at Θ�. Since we chose Θ� to be a local

minimum of (5), we also know that (14) is positive semidefinite.
Therefore, all of the eigenvalues of −L are all less than or equal
to zero. As a consequence, the local minimum point Θ� is
an asymptotically attracting equilibrium point, and therefore a
stable operating point.

It is not possible for L to be positive definite. This is due
to the cyclic nature of oscillatory systems. For example, if Θ�

is a local minimum, then so is Θ� + x, where x is any angle.
However, since we are only concerned about the relative angle
between the smart cells to minimize (5), this is expected.

VI. SOC CONTROLLER DESIGN

The SOC of each smart cell is regulated by synchronizing
its SOC with the average SOC of a series string of smart cells,
which is determined by analyzing vl , the voltage across the
sense inductor Lsc . The SOC controller relies on the string of
smart cells being composed of cells of the same chemistry, so
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Fig. 5. Schematic showing the equivalence between the SOC controller of the
smart cells and operation of the same cells in a parallel configuration.

that there is a consistent relationship between the SOC and cell
terminal voltage throughout the string.

As shown in Fig. 2, every time a smart cell switches in and
out of the string, the voltage that it switches will be sensed by
all of the sense inductors in the string of smart cells. Therefore,
by calculating the differences in the levels of the vl waveform,
the terminal voltage of the cell that switched in or out can be
extracted by each smart cell. Averaging all of these differences
yields an average terminal voltage for the series string of smart
cells. In order to account for variations in the inductance of Lsc
and the sensing hardware, the gain of the vl sensor is measured
and adjusted every time the SOC controller is executed. Since the
local cell knows its duty cycle and phase, it can determine which
transitions in the vl waveform are caused by its cell switching
in and out of the circuit. Using these transitions, along with
the local cell voltage measurement, the local cell can calculate
the gain of its vl sensor to correctly determine the voltages of
the other cells switching in and out of the circuit.

The SOC controller adjusts the duty cycle of the local cell us-
ing a simple proportional-integral (PI) controller to synchronize
its terminal voltage with the string’s average terminal voltage.
Operation in this manner is equivalent to operating the cells in
parallel, as shown in the two cell example of Fig. 5. When two
cells form a parallel pack of parallel cells, their terminal volt-
ages are equal, and their output currents are i1 and i2 , where i1
is not necessarily the same as i2 , as shown in Fig. 5(a). One can
split up this parallel connection, and load each cell individually
with i1 and i2 such that their terminal voltages are still equal, as
shown in Fig. 5(b). Thus, the two cells are operating as if they
were connected in parallel. Finally, one can place the two cells
in series, as shown in Fig. 5(c), operating them with currents

Fig. 6. Control block diagram of a smart cell built in MATLAB–Simulink.
The steps 1–5 outlined in green are implemented in an embedded MATLAB
function.

i1 and i2 , such that their terminal voltages are equal, and using
a power converter to enable the series connection. The SOCs
of parallel connected cells are considered to be nearly identi-
cal, and require no further management [44]. Thus, the SOC
of series connected smart cells will also be well synchronized,
without having to directly compute their SOC.

The one difference between the series connection of cells
as shown in Fig. 5(c) and the parallel connection of cells as
shown in Fig. 5(a) is that during rest (when there is no current
flowing through the cells), the cell voltages will slowly return to
their true open-circuit voltage. During this time, there may be
current flowing between the parallel cells as each cell’s internal
chemical states reach their equilibrium. Although this would
mean that the parallel cells would be perfectly balanced, this is
not always necessarily advantageous, as there would be spurious
current flowing during an “OFF” state, leading to ohmic losses
and heat generation in the cells.

VII. IMPLEMENTATION OF THE CONTROL ALGORITHM

A MATLAB–Simulink model of a smart cell using the the-
ory developed in this paper was built using the SimPower-
Systems toolbox. The model uses the Simscape battery model
and MOSFETs to simulate the power circuit. The controller was
implemented as an embedded MATLAB function, and is exe-
cuted once per switching cycle when the upper MOSFET QH is
switched ON.

Fig. 6 illustrates the algorithm the controller implements as
a block diagram. Steps 1–5 are implemented by the embedded
MATLAB function, which are as follows.

1) Signal processor: Detects all of the positive and negative
transitions that occur during every switching cycle Ts .
The local cell voltage Vlocal and the average cell voltage
Vavg are measured using the levels of the vl waveform.
The edge detector also keeps track of the number of smart
cells sensed in the string with a simple low-pass filter to
average the number of smart cells.
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TABLE I
PARAMETERS OF THE TWO SMART CELL SIMULATION STUDY

Description Parameter Value

Battery cell capacities C1 0.75 Ah
C2 1.20 Ah
C3 3.00 Ah

Smart cell parameters L sc 100 μH
fs 20 kHz

Vnom 4.19 V

Output Cout 54.7 μF
R 4.8 Ω

Control parameters K 10

2) Calculate θ′k,ref: A new reference phase shift is calculated
using (7).

3) Calculate θ′k,new: The new phase that will be sent to the
pulse width modulation (PWM) generator is calculated by
the phase controller.

4) Apply limits: ±2π is added to θ′k,ref until it lies between
−π and π.

5) SOC controller: A new duty cycle is computed using Vlocal

and Vavg. The updated duty cycle Dk is sent to the PWM
module.

6) PWM generator: θ′k,new is used by the PWM generator to
produce gating signals for the MOSFETs.

The phase control loop, defined by steps 1–4 in Fig. 6, runs
a hundred times faster than the SOC control loop. The SOC
control loop is defined by steps 1 and 5, and will not modify the
duty cycle unless the phase controller has reached a steady-state
value.

The embedded MATLAB function that implements the con-
trollers was converted into C++ code by MATLAB’s coder tool-
box for easy integration into the hardware.

VIII. SIMULATION STUDY OF THE PHASE CONTROLLER

A simulation study of a series string of three smart cells was
undertaken to investigate the stability of the phase controller.
Table I lists the simulation parameters used. The controller gain
K was chosen through experimentation.

The simulation consists of the three smart cells operating
completely independently of each other. The optimal switch-
ing controller is turned on 1.0 ms into the simulation. A value
of CMAX = 4.00 Ah was preprogrammed into each smart cell,
in order for each smart cell to calculate its local duty cycle
according to (1).

Fig. 7 shows how different characteristics of the system evolve
over the length of the simulation. The smart cells initially all
turn on at the same time, which produces a very high ac-rms
ripple current in the inductor, as shown in the inset graphs.
At the beginning of the simulation, ILac-rms is 103 mA rms,
and the peak-to-peak output voltage vout−pp is 43 mV. After
the optimal switching controller is engaged, the phase shift of
each smart cell gradually evolves smoothly into its steady-state
value. At the end of the simulation, ILac-rms and vout−pp have
improved considerably to 26 mA rms and 6 mV, respectively.

Fig. 7. Summary of the simulation results of a three smart cell pack. The
smart cell controllers are turned on at 1.0 ms. The ac-rms current in the inductor
is improved from 103 to 26 mA rms. Although not shown, the peak-to-peak
ripple voltage on the capacitor is improved from 43 to 6 mV.

TABLE II
CELL CAPACITIES USED TO TEST THREE SMART CELL PCBS

IN THE LABORATORY

Cell Number of 18650 cells Measured capacity

1 3 7.97 Ah
2 3 8.10 Ah
3 2 5.31 Ah

The amount of ripple current and ripple voltage reduction will
depend heavily on duty cycles of the smart cells, thus a different
group of smart cells may have less or more ripple reduction than
shown here.

IX. EXPERIMENTAL RESULTS

A. Hardware Setup

The theory developed in this paper was tested in the lab-
oratory with an experimental setup consisting of three smart
cells in series, as shown in Fig. 1, using the parameters listed
in Table I. The hardware was built around ARM’s mbed plat-
form, where each smart cell is implemented with the NUCLEO-
F401RE board and a custom PCB containing the power stage.
The inputs of each smart cell PCB was connected to a small
pack of parallel connected 18650 lithium-ion cells, in order to
simulate battery cells of varying capacities. Table II lists the
capacities of the equivalent cell connected to each smart cell,
as measured by a Neware battery tester, eight channel 5V20A-
NTFA. The cells used were manufactured by Samsung, model
number INR18650-29E [45]. The outputs of the smart cells
were connected in series, and attached to a 4.8 Ω resistive load.
Fig. 8 shows a photograph of the three smart cells built in the
laboratory.
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Fig. 8. Photograph of the three smart cell system operating in the laboratory.
The battery cell connections are on the left, and the output is on the right. The
smart cells were connected to a variety of cells.

The NUCLEO-F401RE board was chosen for its relatively
powerful microcontroller, the STM32F401RET6, in order to
focus attention on how the smart cell controller can be imple-
mented in hardware. The STM32F401RET6 is based on the
ARM 32-bit Cortex-M4 CPU and has a floating point unit. The
analog-to-digital converter of the STM32F401RET6 was con-
figured to its highest sample rate of 2.8 MHz while maintaining
12-b sampling resolution, to capture the details of the vl wave-
form. The sampling rate and resolution of the Analog to Digital
Converter (ADC) determine the accuracy of the phase controller
and SOC controller, respectively. The ADC used in these ex-
periments was able to detect changes in phase of 2.6◦, and 3.6
mV change in terminal voltages. Using the same ADC, tighter
phase regulation could be achieved by decreasing the switching
frequency.

B. Phase Controller Performance

A first experiment using the preprogrammed capacities of
Table I was carried out to verify the performance of the phase
controller, whose role is to reduce the ac-rms current through
the series string of smart cells.

Fig. 9 shows an oscilloscope screen shot of the four smart cells
operating and finding their optimal switching pattern. The peak-
to-peak voltage ripple from the experiments was reduced to 23
from 145 mV and the ac-rms Lsc ripple current was reduced to
25 from 95 mA. Note that the peak-to-peak value calculated by
the oscilloscope, and shown in Fig. 9, includes some switching
noise, which was ignored for the peak-to-peak output voltage
measurements.

The smart cells operating in Fig. 9 settled to the same switch-
ing pattern as the simulated cells in Section VIII.

Fig. 9. Oscilloscope screen shot of the three smart cells operating at their
optimal switching pattern, averaging applied with eight samples. Channel 2, top
green trace, is the voltage across Lsc of the first smart cell with a capacity of C1 .
Channel 2, middle blue trace, is the output voltage ripple. Channel 3, bottom
pink trace, is the current in the smart cell inductors.

C. SOC Controller Performance

A second experiment to verify the performance of the SOC
controller was also conducted. Each smart cell was connected
to a fully charged set of cells, as listed in Table II. However,
unlike the previous experiments and simulations, each smart
cell started by operating with a duty cycle of 0.5. It became the
role of the SOC controller to correct the mismatch in duty cycles
to ensure all three smart cells discharged proportional to their
capacity.

During operation, the SOC controller estimates the average
string voltage by calculating the difference in levels as described
in Section VI. Fig. 10 shows how the cell voltages and duty
cycles evolved over time during the experiment.

As shown in Fig. 10, the duty cycles vary quite a bit during
operation. This is due to the operation of the SOC controller,
attempting to yield accurate voltage information from the string
of switching smart cells. Since the controller relies on measur-
ing the difference between levels to measure the average string
voltage, there are moments during operation where these lev-
els are nonexistent, for example, when all of the duty cycles
sum to a positive integer. Therefore, to counteract this possi-
bility, if a cell senses that it has not been able to measure the
string voltage for more than 2.5 min, it increases or decreases
its duty cycle by a fixed amount. This will introduce levels into
the voltage measured across Lsc , and the cells will be able to
measure the average string waveform. This is exactly what is
happening from about 75 to 200 min in the experimental results
of Fig. 10. Cell 001 is modifying its duty cycle to get a better
string measurement.

Due to the limited sampling resolution of the analog-to-
digital converter, each cell implements a ±10 mV dead zone
[46] around its reference voltage.

At the end of the experiment, the cells were allowed to rest
for 10 min, and their voltages were measured. The results are
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Fig. 10. Evolution of the duty cycles and cell voltages during the SOC con-
troller test. “Steps” in the duty cycle are generated by the SOC controller when
an average string voltage measurement cannot be obtained.

TABLE III
CELL VOLTAGES AT THE END OF THE SOC CONTROLLER EXPERIMENT AFTER

10 MIN OF REST

Cell Voltage (V)

1 3.162
2 3.140
3 3.113

Fig. 11. Evolution of the cell voltages when the SOC controller is disabled,
and a constant duty cycle of 0.5 is used by all cells.

shown in Table III, and they are all within 50 mV of each other.
This is a very good result considering there is no communica-
tion between any of the smart cells. Furthermore, if the SOC
controller was not operating, the string imbalance would have
been much greater as shown in Fig. 11, where the smallest ca-
pacity cell discharges in around 450 min, clearly limiting the
pack performance compared to the SOC controlled case.

Fig. 12. Example of an ADC sampling a vl waveform during a switching
action with switching noise.

X. EXTENSION TO A LARGE NUMBER OF CELLS

In theory, the smart cell algorithms scale well with the number
of cells, and are limited only by the sampling frequency of the
ADC, as briefly mentioned in Section IX. An ADC that can
sample quickly will be able to capture all of the salient features
of the vl waveform highlighted in Fig. 2, as required by the
algorithm. Alternatively, if the ADC sampling rate is limited,
the switching frequency of the smart cells could be decreased
so that more samples of the vl waveform can be captured every
switching cycle.

For the system of three smart cells implemented in Section IX,
the signal processor had to first identify the switching events by
analyzing the output of the captured vl waveform. The system
was able to take 139 samples of vl during the 20 kHz switching
period. Fig. 12 is a drawing of what is recorded by the ADC
during a switching event. As shown, there is a relatively constant
value of vl for samples 1–4, a cell switches just after sample
number 4 with some switching noise as shown by the high value
of |dvl/dt| between samples 4, 5, and 6, and then vl settles
down to its new steady-state value for samples 6–9. In order
to accurately capture the switching events, the signal processor
implemented a glitch filter to remove switching noise. The glitch
filter ensured that there were no high |dvl/dt| events for at least
one sample after an initial high |dvl/dt| event. Therefore using
Fig. 12 as a guide, this would mean that the large |dvl/dt|
event that occurred between samples 4 and 5 would be detected
and recorded as a switching event, and the large |dvl/dt| event
between samples 5 and 6 would be ignored.

Accurate cell terminal voltage measurements were achieved
by averaging two samples before the switching event, and sub-
tracting the average of the two samples after the switching event,
ignoring the two samples around the switching event. Again
using Fig. 12 as a guide, the higher voltage level would be cal-
culated as the average of samples 2 and 3, and the lower voltage
level would be calculated by averaging samples 6 and 7. Samples
4 and 5, which are around the switching event, are ignored.

In conclusion, to obtain accurate cell terminal voltage mea-
surements, there should be at least four samples between each
switching event. Therefore, keeping in mind that there are two
switching events per cell, the smart cell system of Section IX is
theoretically capable of operating with up to �139/4/2� = 17
smart cells in series.

Computationally, the smart cell algorithm also scales well
with the number of cells. The most computationally demanding
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part of the algorithm is the signal processor, depicted in Fig. 6,
which scales linearly with the number of ADC samples. The
SOC controller needs only to average the terminal voltage mea-
surements from the signal processor, a simple operation that
scales linearly with the number of cells. The phase controller
calculates the reference angle using (7), a relatively simple op-
eration, which also scales linearly with the number of cells.

Finally, as the number of smart cells increase, the voltage
across each distributed inductor will decrease, leading to dif-
ficulties in sensing voltage levels. The accuracy of the voltage
balancing is related to the resolution of the ADC, and the gain
of the vl sensor. To overcome this, smart cells could implement
the vl sensor with a variable gain to ensure that they capture all
of the information. Since the gain of this sensor is recalibrated
after every measurement, the variable gain can be implemented
in a simple, low cost approach with a resistor array.

XI. CONCLUSION AND FUTURE WORK

A completely decentralized BMS has been introduced based
around the concept of a smart cell. The smart cell was built
around: 1) a phase controller, which synchronized all of the
switching actions of the cells to minimize the output voltage
ripple, and 2) a SOC controller, which adjusted the duty cycle
of the local smart cell to synchronize the local cell’s voltage with
the pack voltage, and thus, its SOC. This paper had particular
focus on the phase controller: its design and stability. A system
of smart cells was shown to be stable around local minima of
(5). A practical BMS could be built around the theory of smart
cells by adding a visual indicator to each cell indicating whether
or not it has failed, and implementing a complete BMS at the
cell level. In this scenario, a central monitoring function is not
required and cells could be easily identified for replacement by
a user. If high-level control of several cells is desired, a low cost,
low power, and low bandwidth communication system could be
added to provide additional pack benefits.

A novel way of augmenting the role of passive filtering com-
ponents has also been introduced. Typically, power electronic
designs measure the current through inductors and the voltage
across capacitors to yield the current and voltage states of a sys-
tem, respectively. In this paper, the voltage across the filtering
inductor was measured to yield the switching states, and the
average SOC of the system. Augmenting the role of passives
has applications across all areas of power electronics, and could
yield new methods of sensing and control. For example, one
could measure the voltage across the filtering inductor of a buck
or boost converter to yield both the input and output voltages
with a single sensor. In another example, this work could be
extended to use the voltage across vl as part of a decentralized
MMC controller for grid applications.

As presented, the smart cell concept has been shown to oper-
ate at the cell level. However, the same decentralized controller
can be employed at higher power levels to break a series string
of battery cells into packs instead of individual cells.

Future work on the smart cell will include the implementation
of a complete BMS at the cell level, where the SOH and SOC
will be managed by the decentralized controller. In particular,

Fig. 13. Oscilloscope screen shot of the three smart cells operating with
synchronized switching, averaging applied with eight samples. Channel 2, top
green trace, is the voltage across Lsc of the first smart cell with a capacity of C1 .
Channel 2, middle blue trace, is the output voltage ripple. Channel 3, bottom
pink trace, is the current in the smart cell inductors.

the SOC controller will be augmented with a battery model to
improve its performance.

Finally, some of the phase synchronization work presented
here can be used to create completely decentralized MMC con-
verters. Using a simple modification of multiplying (7) by −1,
the smart cells can be designed in synchronization with their
switching actions to produce sinusoidal output waveforms as
depicted in Fig. 13.
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