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Abstract: The paper concerns the design and development of large electric energy storage systems
made of lithium cells. Most research advances in the development of lithium-ion battery management
systems focus solely on safety, functionality, and improvement of the procedures for assessing the
performance of systems without considering their energy efficiency. The paper presents an alternative
approach to the design and analysis of large modular battery management systems. A modular
battery management system and the dedicated wireless communication system were designed to
analyze and optimize energy consumption. The algorithms for assembly, reporting, management,
and communication procedures described in the paper are a robust design tool for further developing
large and scalable battery systems. The conducted analysis of energy efficiency for the exemplary
100S15P system shows that the energy used to power the developed battery management system is
comparable to the energy dissipated due to the intrinsic self-discharge of lithium-ion cells.

Keywords: lithium-ion batteries; energy efficiency; modular battery management systems; wireless
communication protocols; low power electronics

1. Introduction

Sustainable development concerns many areas of our lives that combine into the
domains of economy, society, and the environment. One of the sectors that significantly
impacts these three domains is the electrical energy sector, which is particularly necessary
to keep the present level of our society’s life. Electrical energy is the most eco and valuable
form of energy converted most efficiently into other forms, such as heat, kinetic, electro-
magnetic, potential, gravitational, or chemical energy. Modern electrical energy generation
and conversion methods are relatively efficient and are ceaselessly being improved. A
great challenge related to the use of electricity is its storage [1]. The distinct technological
progress in the production of lithium cells also conduces to the development of energy
storage systems [2].

Lithium cells are characterized by the highest specific energy density (Wh·kg−1), vol-
umetric energy density (Wh·L−1), and the highest electrical activity of the electrodes [2,3].
Therefore, the electrodes and electrolytes of commercial cells are mostly made of materials
based on lithium compounds [4,5]. Trade names and abbreviations are most often associ-
ated with the chemical composition of the cathode, which has a decisive influence on the
technical parameters of the cells.

The cathodes of cells are made of LiCoOx (LCO), LiNiO2 (LNO), Li(Ni1−x−yCoxAly)O2
(NCA), Li(Ni1−x−yMnxCoy)O2 (NMC), LiMn2O4 (LMO), LiFePO4 (LFP) [6,7]. A more de-
tailed review of the materials used in constructing lithium-ion (Li-Ion) cells can be found
in references [2,8]. The electrode material has a critical influence on the value of the
inter-electrode potential (cell voltage) and the energy density of a single cell. Currently,
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commercially available Li-Ion cells have a rated output voltage between 2.2 V (LTO)
and 4.0 V (NMC, LMO), and the specific energy density ranging from 109 Wh·kg−1 to
250 Wh·kg−1 [1]. Advanced scientific studies in the field of alternative materials for bat-
teries clearly indicate that also numerous other electrochemical compositions might be
promising for future energy storage technologies [8–13].

The cell capacity depends on the overall dimensions of the cell and the applied ma-
terials. Based on the given application, cylindrical, prismatic, pouch, or custom cells are
used. A single Li-Ion cell often has too little capacity and rated voltage as an independent
power source [14]. Therefore, cells are connected either in series (nS) to increase the output
voltage or in parallel (mP) to increase the capacity and the rated output power [14–16]. The
appropriate rated parameters, such as battery voltage and capacity, are often obtained by
connecting cells in mixed series-parallel connection systems (nSmP). In this way, energy
storage devices with an output voltage exceeding 400 V and a capacity of 50 kWh are
produced [17]. Large battery packs are made in a modular topology to simplify construc-
tion, operation, and maintenance [18–20]. Battery modules are the smallest, autonomous
elements of a battery system.

Lithium technology also has numerous limitations. The charge and discharge state
of a lithium battery must be strictly controlled, and both the operating and the storage
temperature of cells are critical. Single Li-Ion cells used as power sources are equipped
with autonomous electronic cell protection systems: PCM (Protection Circuit Module) or
PCB (Protection Circuit Board). All the more, a large battery made of hundreds or even
thousands of Li-Ion cells requires constant monitoring and balancing. The complexity of
such a battery pack makes it necessary to use an electronic Battery Management System
(BMS) being able to get data from every single cell and perform suitable further operations.
Thus, BMSs have a crucial impact on battery systems’ life cycle, safety, efficiency, and
effectiveness. BMSs are also responsible for the prediction, evaluation, and control of
complex operating parameters, such as State of Charge (SoC), State of Health (SoH),
State od Power (SOP), State of Energy (SoE), State of Safety (SoS), State of Temperature
(SoT) [21,22].

BMSs are integral components of Li-Ion battery packs. They operate continuously and
consume the energy accumulated in batteries. Increasing the efficiency of these devices,
and thus reducing the energy losses in the battery system, extends the time of its staying
in the idle state and the time of self-discharge to reach 100% Depth of Discharge (DoD).
This issue is significant both in battery packs of medium capacity and in battery packs
where DoD is limited to maximize the lifetime of lithium cells [6]. The authors believe
that by optimizing the communication algorithm and the employed scheme of interaction
between the system modules, one can increase the energy efficiency of a battery pack
without significant impact on the functionality of the BMS.

The paper presents the concept of a Modular Battery Management System (MBMS)
with a new power-saving wireless communication interface. The main research interest
was focused on the analysis and optimizing the energy consumption needed to power all
the presented MBMS components.

2. Battery Management Systems

Battery systems are made as large packages or modular sets, and as mentioned shortly
above, they require constant control and management for many reasons [23]. Li-Ion cells
are very susceptible to damage if the cell voltage exceeds the operational range from 2.5 V
to 4.2 V [6]. The cells achieve maximum cycle life only in a narrow operating DoD range
from 20% to 40% [6]. Likewise, the optimal operating temperature range for Li-Ion cells is
ranging from 0 ◦C to 55 ◦C. Increasing the operating temperature of cells above 55 ◦C has a
strongly negative influence on cells, causes a loss of cell capacity, shortens the lifespan, and
reduces the total number of charge/discharge cycles [24–26]. In addition, a large number
of cells used to increase the output voltage or capacity of the battery system reduces the
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reliability of the entire system since a damaged cell may either break an electrical circuit in
a series connection or may cause an electrical short circuit in a parallel connection.

Large battery systems with high output voltage require additional insulation pro-
tection and leakage current control. Systems with high discharge current rates must be
equipped with advanced current switching, routing, overcurrent, and short-circuit protec-
tion. Lithium cells can significantly differ in electrical parameters and undergo thermal and
operational ageing processes in different ways during operation. Cells with significantly
reduced durability must be automatically identified and eliminated. Slight discrepancies in
the capacity, level of charge, or cell voltage must be reduced by passive or active balancing
of the charge in all cells of the battery system. The variable voltage–current characteris-
tics of Li-Ion cells require a four-step charging procedure, including initiation charging,
activation charging, constant current (CC) charging, and constant voltage (CV) charging.
Moreover, charging with a strictly defined current profile, balancing the SoH of the cells,
and maintaining the appropriate temperature of cells improve the operational parameters
and efficiency of the entire battery system. All of the presented requirements need to be
perpetually controlled and managed by the BMS.

3. Battery Management System structure

The structure of the BMS depends on the topology of cell connections, the capacity,
and the rated voltage of the battery system. BMSs can be divided into centralized and
distributed structures [27,28]. Both types can be designed as static or reconfigurable
ones [28]. The simplest BMSs are static centralized structures. A typical functional structure
of a centralized BMS is shown in Figure 1.

Figure 1. The structure of the static centralized Battery Management System.

The cell connection topology and technical parameters of battery systems managed
by centralized BMSs result from the technical limitations of the dedicated integrated circuit
(IC) of the BMS controller. Large battery systems usually built of many battery modules
require BMSs configured as modular and distributed systems and ensure all the previously
described functionalities for both individual cells and whole battery packs [28–30]. The
number of consecutive modules connected in series is limited by either the permissible
number of managed battery modules or the ICs’ voltage limitations.
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ICs dedicated to the distributed BMS systems are usually equipped with various wire
interfaces for inter-module digital communication. The communication interfaces use the
CAN, RS485, RS422, I2C, SPI, ISOSPI, or SMBUS standards. The logic communication
connections of the master controller with the slave units are typically made as wire connec-
tions in the “daisy chain”, star, bus, or hybrid topology. The most significant disadvantage
of such connection systems is the voltage difference between the battery modules, which
requires inductive galvanic separators. Distributed BMS systems with high voltage rates
combine up to 16 cells connected in series into one battery module, being logically a slave
unit (SU). The modules, in turn, are electrically connected in series to obtain the required
voltage of the battery system. They communicate with the master controller as SUs accord-
ing to the applied BMS topology [30]. To obtain the rated output voltage of 1000 V in the
battery system, 16 SUs of 16 cells have to be connected. Communication of all SUs with
the BMS master controller (BMC) requires approximately 64 physical connections for the
simplest configuration, and the same number of galvanic separators is needed. Several
prototype solutions of distributed BMSs using wireless (radio) connections have been pre-
sented in the last few years [31–34]. The principle of inter-module wireless communication
is the same as for systems with wired communication (Figure 2) and ensures the logical
connection of the master BMC with all SUs.

Figure 2. Exemplary structures of the distributed modular Battery Management Systems.

Most industrial systems use radio transceivers operating in the unlicensed ISM (Industrial,
Scientific, Medical) frequency bands: 6.765–6.795 MHz, 13.553–13.567 MHz, 26.957–27.283 MHz,
40.66–40.70 MHz, 433.05–434.79 MHz, 868.00–870.00 MHz, 2.400–2.483 GHz, 5.572–5.875 GHz,
24.00–24.25 GHz, 61.00–61.50 GHz, 122.00–123.00 GHz and 244.00–246.00 GHz [35]. The most
commonly used controllers are the commercial ones with RFID, NFC, Bluetooth, ZigBee,
WirelessHart or WiFi communication protocols operating in the ISM bands. The ZigBee,
Bluetooth or WiFi communication interfaces are most suitable for low-range wireless
network sensors (WSN) applications [35]. The Analog Devices company also developed
another dedicated solution called the SmartMesh IP 802.15.4e SoC wireless communication
system operating in a 2.4 GHz band. It is a solution with the most outstanding applica-
tion potential for battery systems due to the functionality and the unit price of the RF
transceivers. Another customized communication solution is the WiBaAN system (Wire-
less Battery Area Network), strictly dedicated to large battery systems [31]. The WiBaAN
approach is a good reference point for other wireless communication systems developed in
battery systems [31,32,36].
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4. Modular Battery Management System and Its Operation

The presented approach to battery management is based on the concept of a battery
system composed of a number of scalable battery modules made of Li-Ion cells and
connected in series. The rated capacity of the system is thus limited by the capacity of
a single battery module, while its output voltage is defined by the number of modules
installed in the system and their rated voltage. Each of the battery modules is controlled
directly by its SU. Each of the SUs communicates with the BMC via the wireless system to
ensure better scalability and reconfiguration of the whole battery system. The developed
concept of the Modular Battery Management System (MBMS) relies on two types of
modules, BMC and SU(s), operating in a wireless network of a star topology (Figure 3).

Figure 3. Concept of Modular Battery Management System with wireless communication.

The BMC unit (Figure 4) is responsible both for SoC and SoH control of the entire
n·(1SmP) battery system and for monitoring the status of n modules in the 1S·mP con-
figuration managed by slave units. Based on the data sent by the SU (module voltage,
temperature, auxiliary service states of the modules), the BMC estimates the current SoC
and SoH. Depending on the SoC and SoH parameters, the BMC initiates various operating
modes and configurations, such as: balancing the modules, disconnecting the battery
module, or switching the battery system to the service mode. Each SU (Figure 5) must be
equipped with an Analog to Digital Converter (ADC), temperature sensor, Radio Frequency
(RF) transceiver, switching, and peripheral circuits to ensure the above-described func-
tionality of MBMS. No wonder that the battery management system consumes a certain
amount of accumulated energy for its own needs and thus reduces the effective capacity
and time interval between successive charges to maintain the acceptable DoD and ensure an
uninterrupted power supply to the MBMS. High voltage battery systems with many units
have very demanding power requirements to supply all SUs and BMC. Since every battery
module operates as a power source for the MBMS, especially for the built-in SU, the critical
issue is to prevent the battery system from fast self-discharging. Therefore, the authors
paid special attention to the development of the low-power communication protocol along
with the dedicated low-power BMC and SU devices, which would significantly reduce the
power consumption of the MBMS.
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Figure 4. Generic diagram of the BMS Master Controller.

Figure 5. Generic diagram of the slave unit.

The principle of operation of the presented MBMS is based on bidirectional syn-
chronous communication between SUs and BMC, which provides all the necessary func-
tionalities of a typical BMS while allowing each SU to enter the Power-Down mode for
the precisely specified period of time. All SUs in the system have their unique IDs but
the same priority and functionality. The SUs wake up synchronously and are responsible
for initializing the communication with the BMC within the defined time slots. After
transmission, the SU goes into the Power-Down mode with the radio transceiver turned
off. The order of messages, synchronously broadcast by the consecutive SUs, and the
communication time slots are defined and synchronized by the BMC. The timing diagram
of the synchronization queue is shown in Figure 6.
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Figure 6. The timing diagram of the bidirectional synchronous communication protocol between SU and BMC (detailed
description of symbols in the text of Sections 5 and 6).

The order of synchronously established RF connections causes that only one SU com-
municates with the BMC at a given time. All other SUs have their RF transceivers turned
off and remain in the Power-Down mode until their system watchdog timer generates a
wakeup interrupt after a strictly defined time interval (n − 1) · tR settled and synchronized
by the BMC. Longer intervals, although they might be used to reduce the power consump-
tion even further, are not recommended since the reduced frequency of data updates in the
BMC may adversely affect the safety of the battery system. The polling frequency can be
decreased only in idle states of the battery system. The communication algorithm does not
require that the SU is permanently in the listening mode. Therefore, the RF transceiver can
be turned off, and the SU works most of the time in the Power-Down mode. The devel-
oped MBMS allows for a significant increase in energy efficiency thanks to the low-power
electronic components used in the SU and BMC design, optimized communication, and the
unique MBMS operation algorithms. A detailed description of communication algorithm
and energy efficiency studies are presented in the following sections.

5. MBMS Algorithms

The MBMS performs all necessary operations to monitor SoC and SoH parameters. It
is also responsible for controlling the power stage of the battery system during charging
and exploitation. The system output state is checked, and the SoC is determined based on
the V-I curves of the cells, the instantaneous charging/discharging current, each module
voltages, and system output voltage measurements. The SoH is determined based on
the temperature of the modules, the number of previous charging/discharging cycles,
C-rate profiles, and technical data of the cells. BMC aggregates the data transmitted by
all SUs and provides real-time access to the operational parameters of the battery system.
The MBMS operations are performed in three primary processes: assembling, reporting,
and management.

Pairing the battery modules with the BMC is part of the battery system manufacturing
process and is performed once. During this process, the BMC configures the battery system
topology, identifies all battery modules, and creates a communication queue with all SUs
installed in the battery modules (Figure 7).
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Figure 7. Algorithm of pairing Slave Units with the BMC into a modular battery system.

In order to pair devices, the BMC initiates the module pairing mode using external
software. The BMC listens for messages broadcast by consecutive SUs, places them in the
queue, and determines the time interval of the subsequent response for each of them. Each
SU has a unique ID number that is assigned to a physical battery module. Validation and
completion of the assembly process are done manually by the builder of the battery system.

After the assembly process is completed, the BMC goes into the normal operation
mode and executes the battery management process. The management process implements
two simultaneous threads: maintaining communication with all SUs and managing the
battery system. The algorithm of this process is illustrated in Figure 8.
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Figure 8. Algorithm illustrating the management process executed by the BMC.

The BMC checks in the ongoing management process that the SU responds according
to the prescribed schedule and analyzes the received data. The BMC is also equipped with
its own voltage, current, and temperature measurement system, which collects information
about the output parameters of the entire battery system needed to update the SoC and
SoH parameters. The BMC analyzes collected data to detect alarm threshold limits or
critical system errors. Appropriate procedures are executed if the errors are not critical
(e.g., a charger disconnect, a load disconnect, start balancing, run the cooling system). A
critical safety procedure is triggered when the monitored parameters are out of range. The
BMC turns off unnecessary peripherals, all SUs are switched to power-down mode, and
the error log is saved in the non-volatile memory. After the modules have entered the
Power-Down mode, a service action is required.
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The reporting process is executed by all SUs installed in the battery system. The
synchronization and queuing of this process take place in the BMC. Each SU performs the
procedure at strictly defined time intervals in the given order according to the schedule
shown in Figure 6. The order of establishing SU-BMC connections is essential because all
SUs use the same frequency band (e.g., 868 MHz) for communication. To avoid communica-
tion collisions and message overlapping, only one SU may be in the message broadcasting
mode at the defined time tR. The appropriate time tD must elapse before reporting by
another SU. To complete communication, the SU must send back an acknowledgement
with a new (n − 1) · tR value and trigger the Power-Down mode for (n − 1) · tR time. The
BMC receives the acknowledgement and assigns it to the queue time slot when the given
SU should re-report its state again.

According to the algorithm (Figure 9), the SU monitors the current state of charge,
the temperature, and the balancing status of the battery module. If either the monitored
parameters have reached critical values or communication with the BMC has been lost,
the SU goes into a permanent Power-Down state. Service action is required to reactivate
the unit. The SU writes an appropriate status flag (BYTE 4, ‘Command’) in the memory,
which blocks the re-initialization of the ADC and the RF transmitter, and pauses the
balancing procedure. When the SU detects the absence of critical states, it enters the normal
operation mode and establishes communication with the BMC. After the reporting process
is completed, the SU goes into the Power-Down mode for the time interval set by the BMC.
Collision-free communication with all n SUs installed in the system requires time tS = n·tR,
then, each SU connected to the battery system may exchange messages with the BMC once
during every tS cycle, according to the BMC-controlled schedule. The redundant time tD
can be used for additional attempts to reconnect the SU with the BMC (Figure 6). The
maximum scanning frequency of a system composed of n units is f s = (n·tR)−1. Scanning
frequency can be adjusted by changing the time tD or tR when it is necessary. The BMC
may only decrease the transmission frequency when all SoC, SoH parameters remain in
the optimal range. The tcB and tcR times have a dominant influence on the f s because they
determine how long the radio communication channel is occupied. The tcB and tcR time
intervals depend on the wireless communication interface and the length of the data frames
sent by the SU and the BMC. The layout of the frames broadcast by both units is shown in
Figure 10a,b. The communication data frame sent by the SU includes new measurements
of module voltage VBM and temperature TBM, balancing status, and feedback on the value
of the last time interval (n − 1) · tR. The acknowledgement frame transmitted by the BMC
contains information about the new (n − 1) · tR value and the feedback confirmation of the
VBM, TBM, and balancing status readings obtained from the SU.
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Figure 9. Algorithm illustrating the reporting process executed by all Slave Units.
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Figure 10. Communication between the MBMS modules: (a) the layout of communication frames sent by BMC and SU;
(b) status flags in the ‘Command’ Byte (4).

In addition, a CRC checksum is continuously calculated in each communication frame.
The transmission is considered correct only when the computed checksum is equal to the
sent value. Otherwise, the data transfer process will be repeated. After sending information,
the SU waits for a confirmation response from the BMC until the timeout toutR expires. If
the acknowledgement is received, the SU confirms it to the BMC at the time tcR, executes
the received commands, and triggers the Power-Down mode for (n − 1) · tR time. If there
is no appropriate confirmation from the BMC, the SU tries to establish communication
three times. In the case of no further responses, the SU goes into the Power-Down state
and requires a service action.

6. Evaluation of MBMS Energy Efficiency

Evaluation of the MBMS efficiency requires identifying all periodic, anomalous, and
continuous processes in the MBMS that require to be supplied from the battery system. A
comparative analysis was carried out for various operating states to confirm the increased
energy efficiency of the MBMS. Measurements of instantaneous supply current and energy
consumption by the BMC were carried out in the normal operation mode. The SU has
been tested in the following modes: establishing a connection with the BMC module,
reporting in the normal operation mode, and reconnecting in a communication error state.
Evaluation of the energy efficiency was carried out for components specified in Table 1,
while the configuration of the MBMS hardware was consistent with Figures 4 and 5.
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Table 1. MBMS and battery module technical specification.

MBMS Units Components Component ID Manufacturer

BMC

MCU (32 bit ARM CPU + internal thermometer,
USB, SPI, I2C, ADC, GPIO, Timers) STM32F407VET ST Microelectronics

RF Transceiver 868 MHz SI4421 Silicon Labs
CAN Transceiver (Not used in tests) SN65HVD230 Texas Instruments

Buck regulator AOZ1282CI Alpha & Omega Semiconductor
Low dropout voltage regulator LT1117-3.3 Linear Technology

Low voltage comparator LMV331 ST Microelectronics
EEPROM Memory 24C256 Microchip

Power MOSFET driver MCP1402 Microchip
SD Card (Not used in tests) SDCS2/32 GB Kingston

Photocoupler LTV-357T Liteon
Current shunt monitor INA199A3 Texas Instruments

DC-DC Converter MP9488GS-Z Monolithic Power Systems
Digital Potentiometer MCP4531 Microchip

SU
MCU (8 bit CPU, ADC, SPI, Timers, thermometer,

GPIO, EEPROM) ATMega328P Microchip

RF Transceiver 868 MHz SI4421 Silicon Labs

Cell Li-Ion cell 18650-type US18650VTC6 Murata

Battery module 1S15P 3.7 V, 45 Ah ECO-BPack BTO Ltd.

The 24-bit Dynamic Signal Analyzer NI PCI 4462 and calibrated shunt resistors 0.1 Ω
and 1.0 Ω were used to investigate current profiles and to measure the instantaneous
supply current. The average current consumed by the BMC at 12.0 VDC is 23.7 mA. The
BMC supply current waveform has no variable component, and the instantaneous power
is approximately constant. The RF transceiver has a dominant influence on the energy
consumption because it is constantly waiting for communication with SUs. All BMC
components that contribute to the total power consumption are summarized in Table 2.

Table 2. Rated power requirements of the BMC components in normal operation mode.

BMC Module Component IAVG (mA) PMAX (mW) E (mJ) VSS (V) t (s) Description

MCU STM32F407VET 44.00 204.60 1506.30 3.3 10.374 MCU
Radio SI4421 12.00 46.20 410.81 3.3 10.374 RF
CAN SN65HVD230 0.37 1.98 12.67 3.3 10.374 CAN

EEPROM 24C256 0.05 0.25 2.59 5.0 10.374 EEPROM

Power Supply
MP9488GS-Z 0.01 10.00 41.50 400.0 10.374 DC-DC Converter

LT1117-3.3 5.00 50.00 259.35 5.0 10.374 DC-DC Converter
AOZ1282CI 1.00 18.00 155.61 15.0 10.374 DC-DC Converter

Current sense
circuits

2x INA199A3 0.13 0.66 4.45 3.3 10.374 OPAMP shunt
MCP4531 0.003 0.017 0.09 3.3 10.374 Digital potentiometer
LMV331 0.02 0.33 0.68 3.3 10.374 Overcurrent comparator

Power stage
control system

MCP1402 0.85 16.50 132.27 15.0 10.374 HS MOSFET Driver
LTV-357T 1.00 75. 00 155.61 15.0 10.374 Optocoupler

LED diode 5.00 33. 00 171.17 3.3 10.374 LED
Total Estimated Energy 2853.10
Total Measured Energy 2951.11

The instantaneous supply current depends on the operating mode and the process
executed in a given SU. While the battery system is being assembled, every SU is paired
with the BMC, configured, and begins cyclic reporting (Figure 7). A typical instantaneous
current profile for this process is shown in Figure 11. The increased supply current of
12.7 mA after the first activation of the SU occurs due to its waiting in the receiving mode
for establishing communication with the BMC. A further short-term increase to 14.2 mA
means that the SU has entered the transmitting mode and communicates with the BMC.
The plunge of current to the value of 18 µA after successful pairing means that the SU has
entered the Power-Down mode. The successive periodic spikes in the graph show the SU
activity during the repeated reporting process.
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Figure 11. Typical instantaneous supply current and energy transfer to the SU prior to and during
the initial connection with the BMC and the sequential reporting.

This process is repeated many times by all SUs installed in the battery system and
has a crucial influence on the MBMS current consumption in normal operation mode. A
detailed profile of the supply current of the reporting SU is shown in Figure 12.

Figure 12. Typical instantaneous supply current and energy transfer for the reporting SU in the
normal operating mode.

The waveform of the instantaneous current while reporting is closely correlated
with stages of the reporting process. Time intervals marked in Figure 12 with colors and
numbers refer to the sequential operations specified in the algorithm shown in Figure 9
and characterized in Table 3. Initialization of the SU and reading the configuration data
(step 1) takes more than half of the reporting time tR. Built-in features and architecture
of the microcontroller impact the magnitude of current and time duration of this stage.
Step (2) involving initialization of the ADC, taking measurements of the voltage VBM and
the temperature TBM of the module, data handling, and turning off the ADC is roughly
short and has a small contribution to the total current consumption during reporting. The
steps labeled 3, 4, 6, 7, and 9 are responsible for the initialization and operation of the RF
module. During these operations, the current consumption reaches a value of 12.9 mA.
The time of initialization (3) and transmission (4 and 9) is fixed. While waiting for an
acknowledgement from the BMC (6), the SU may remain in the receive mode for toutR and
then receive the data for the time tcR. The system reconfiguration is carried out in steps 5
and 8. The time duration of this operation does not exceed 1.33 ms, and the supply current
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drops to the value of 3 mA. In the last step (10), the RF module is turned off, the data are
stored in the SU memory, and the watchdog timer is set. The execution time is negligibly
short, but the maximum current consumption is the same as when the SU is transmitting
or receiving. After the reporting has been completed, the SU goes into the Power-Down
mode (11) for the time (n−1)·tR and reduces the supply current to 18 µA.

Table 3. Power requirements of the SU in normal operation mode.

Step No. Event Type IAVG (mA) IMAX (mA) PMAX (mW) E (µJ) VSS (V) t (ms)

1 EEPROM and MCU initialization 1.02 1.20 4.46 107.01 3.62 28.98
2 ADC initialization and measurements 1.27 1.43 5.32 11.82 3.62 2.57
3 RF initialization 11.45 12.49 46.48 63.42 3.62 1.53
4 RF communication 12.98 13.17 49.00 186.54 3.62 3.97
5 Switching RF mode 2.52 12.83 47.71 12.13 3.62 1.33
6 Waiting for BMC acknowledgment 12.17 12.69 47.19 201.33 3.62 4.57
7 Receiving data from BMC 12.65 12.78 47.55 98.45 3.62 2.15
8 Switching RF mode 3.14 13.17 49.01 15.12 3.62 1.33
9 Sending acknowledgment to BMC 12.69 13.16 48.97 180.08 3.62 3.92

10 Turning off the RF module and BMC
command execution 12.79 13.17 49.00 9.72 3.62 0.21

11 Power-Down mode 0.02 0.06 0.22 3.74 3.62 51.60

In the normal operation mode, one SU is activated every tR time and does not require
waiting for any events related to the synchronization with the BCM. Upon completing
the reporting process, the SU immediately goes into the Power-Down mode to minimize
power consumption. SUs enter the communication error mode when errors occur during
either reporting (Figure 13) or adding the SU to the system (Figure 14). The error mode is
also triggered when either the SU has not received an acknowledgement from the BMC
before the toutR time expires or errors occurred in the received acknowledgement. In the
error mode, the SU terminates the current reporting process after the step 8 and once again
enters the step 4 (Figures 6 and 9), trying to establish the correct communication with the
BMC. If it receives an acknowledgement from the BMC and completes reporting within
three attempts, it enters the normal operation mode with the parameters received in the
last successful data exchange. Otherwise, if such a triple attempt is unsuccessful, the SU
enters the Power-Down mode and requires service.

Figure 13. Instantaneous supply current and energy transfer for the SU operating in the communica-
tion error mode triggered during reporting.
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Figure 14. Instantaneous supply current and energy transfer for the SU detecting the communication
error during the assembling of a system.

Handling a communication error during the assembly process is different than dealing
with the communication error during reporting. If pairing has not occurred for more than
toutP > n·tR, the SU goes into the Power-Down mode. Resuming its pairing with the BMC
can only be done in the service mode.

Figure 14 manifests the communication error in the SU as the increased current
consumption of 12.65 mA, resulting from the activity of the RF transceiver in the receive
mode for the time toutP. Then, the SU goes into the power-down mode after a failed pairing
attempt and reduces the power consumption to 18 uA. Figures 15 and 16, and Table 4
present the components of the MBMS power budget in all analyzed operating modes.

Figure 15. Comparative data of the MBMS supply current in all analyzed operating modes.
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Figure 16. Energy consumption of the MBMS in all analyzed operating modes.

Table 4. Power requirements comparison of the MBMS components.

BMC/SU Mode IAVG (mA) IMAX (mA) PMAX (mW) E (mJ) VSS (V) t (s)

BMC Normal Operation Mode 23.706 25.162 301.95 2951.1 12.00 10.374
SU Communication Initialization Mode 12.318 14.145 169.74 267.5 3.62 6.000

SU Reporting in Normal Operation Mode 0.091 14.384 172.61 3.4 3.62 10.374
SU Communication Error Mode 6.195 13.174 158.10 2.0 3.62 0.088

SU Power-Down mode 0.018 0.027 0.32 0.7 3.62 10.374

Assuming that the tested battery system consists of one hundred battery modules
100S1P (3.7 V, 45 Ah per module), one can calculate that the system can store the energy of
59.94 MJ. Assuming further that the MBMS works uninterruptedly under rated conditions,
the energy needed to complete one BMC communication cycle with one hundred SUs is
3.291 J, according to the presented measurements (Table 4). The stored energy is enough to
perform 18.2 × 106 communication cycles. Each reporting cycle lasts no less than 10.374 s.
Thus, if no other losses are taken into account, the energy accumulated in the system
is enough to supply the MBMS for six years before it reaches 100% DoD. The energy
consumption of the considered MBMS is comparable to the inherent processes that take
place in modern lithium cells. Comparing the annual energy consumption of the MBMS,
being at the level of 16% of the battery system capacitance, one can see that this amount
is less than the energy dissipated due to the self-discharge of lithium batteries at room
temperature, which is about 20% per year [6].

Table 5 shows the energy consumption needed to perform a single data transmission
from SU to BMC (Figure 12, Table 2). The obtained results were compared with equiv-
alent mesh networks, which have similar communication rules to the presented MBMS.
A single low-power node (LPN) containing a dedicated system on chip LTC5800-LMT
needs approximately 337 µJ to communicate with the adjacent node. Assuming the average
connection path consists of two additional descendant nodes, the estimated energy needed
for communicating with the master node is about 1.0 mJ [37]. Other studies [38,39] present
the energy consumption evaluation of low-power nodes operating in the Bluetooth mesh
networks. Assuming the optimized Receive window time of 49.04 ms [38], the estimated
energy consumption per transmission is 2.4 mJ (nRF52840) [38] and 2.1 mJ (nRF51422) [39],
respectively. These values only take into account communication between adjacent nodes.
This solution is the simplest scenario for mesh networks because it assumes that inter-
mediate communication nodes are not involved in transmission to the master. Thus, the
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comparison shows that BLE LPNs that could be adapted to the MBMS have more than
two times worse energy efficiency, and LPN with the dedicated system has similar power
requirements to the SU.

Table 5. Power requirements comparison of similar network nodes.

SU/Counterpart E (mJ) VSS (V) t (ms) Remarks

SU Reporting in Normal Operation Mode 889.4 3.62 50.56 Single reporting (Table 3)

LTC5800-LTM Low-Power Node 336.6 3.60 22.0 Single transmission TX + RX +
Doze (atomic operations) [36]

nRF52840 Low-Power Node 2412.6 3.00 95.86 Single transmission RX + TX +
other actions in BTLBT mode [37]

nRF51422 Low-Power Node 2118.4 3.00 95.86 Single transmission
3xAdvertising + Scanning [38]

7. Summary

The paper presents an approach to designing modular battery management systems
that emphasize their energy efficiency and modularity. The developed low-power wire-
less communication interface for energy storage systems enables integrating more than a
hundred battery modules and examining their status within ca. 10 s. The average power
required to supply the MBMS consisting of the master module and a hundred slave units
operating in normal mode is equal to 0.5 W. The estimated annual energy consumption
accounts for 16% of the energy stored in the Li-Ion battery system with a rated capacity
of 60 mJ. This amount of energy is comparable to the self-discharge losses in Li-Ion cells
and proves the high energy efficiency of the presented work. The application of a micro-
controller and RF transceivers with a shorter initialization time might be considered to
reduce energy consumption even further. Therefore, the proposed solution can significantly
increase the efficiency of the entire system without loss of its functionality. The concept
of the dedicated low power communication interface between modules presented in the
paper seems to be particularly promising. It could probably be a solid basis for further
development in the open-source formula or adaptation to other solutions, such as wireless
sensor networks.
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