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Abstract: Battery Management Systems are essential for safe and effective use of Lithium-Ion batteries.
The increasing complexity of the control and estimation algorithms requires deeper functional testing
and validation phases of BMSs. However, the use of real batteries in such phases leads to hazards
and safety risks. Battery emulators and the Hardware-in-the-Loop approach can instead speed-up
and increase the safety of the functional testing and algorithm validation phases. This work describes
the design and the characterization of a low-cost modular multi-cell battery emulator which provides
a complete emulation of cell voltage, temperature, and current. This platform can be used to carry
out Hardware-in-the-Loop tests on custom and commercial Battery Management Systems. The paper
describes the platform design constraints derived from the most diffused Battery Management System
architectures, the main design and implementation choices, and the platform characterization results.
The proposed emulation platform is compared with literature and commercial ones showing a very
good trade-off between performance and cost. This characteristic makes it appealing for small-size
laboratories that develop and test Battery Management Systems. The project has therefore been made
available to the scientific community as a freely downloadable open hardware platform.

Keywords: battery management system; battery emulator; hardware in the loop; open hardware
platform; BMS characterization

1. Introduction

Lithium-Ion batteries are the most widespread energy storage technology thanks to
their high power and energy densities, long cycle life, and low self-discharge rate [1].
Nevertheless, the working conditions of these batteries must be carefully monitored to
ensure their safe usage and prevent degrading and destructive phenomena [2—4]. Such
safety functions are accomplished by specific devices, the Battery Management Systems
(BMSs) [5-7]. BMSs are usually based on a modular approach [8,9], and their function-
alities are divided into different hierarchical levels [10,11]. The BMS reliability, both in
terms of construction and noise immunity, is very important to guarantee the battery
safety [12-14]. This is particularly true in safety-critical applications, such as the space and
automotive ones [15,16]. For these reasons, the BMS hardware and software functions must
be extensively tested [17,18].

Unfortunately, functional tests and control algorithm assessment are among the most
complex and time-consuming phases of the Lithium-Ion BMS development. The Hardware-in-
the-Loop (HiL) approach speeds up and simplifies those phases by replacing the battery with
an emulator that mimics the battery behavior in a reproducible and controllable way [19-21].
The HiL platform provides the BMS inputs and acquires its responses comparing them with
the expected values to check their correctness. Moreover, the HiL platform allows one to
carry out BMS functional tests with voltage, current, and temperature values even outside
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the Lithium-Ion (Li-Ion) battery safe operating area to verify the BMS behavior and identify
potentially harmful malfunctions [22].

HiL platforms can be classified according to their architecture in two main categories:
communication Hil. and power HiL [23]. In the communication HiL, an information
flow is settled between the HiL platform and the BMS under test. The communication
HiL platform simulates the battery behaviors and shares the cell voltage, current, and
temperature to the BMS control system by injecting data in the communication bus of the
BMS acquisition system. This architecture allows the accurate control of the simulated
quantities and is therefore particularly useful in assessing safety and state estimation
algorithms. On the other hand, it is highly architecture-specific and strictly depends on
the BMS communication interface to its analog front-end. Moreover, it does not allow the
complete assessment of the BMS functionalities, such as the verification of the balancing
system. Instead, the power HiL approach replicates in a controlled and reproducible way
the analog quantities monitored by the BMS under test. Therefore, power HiL platforms are
less specific to the architecture of the BMS under test and enable the complete evaluation of
the BMS functionalities. On the other hand, power HiL is usually expensive and requires
the management of high power levels.

Several commercial and custom power HiL battery emulators have been developed in
the last several years [24-35]. High complexity solutions using microcontrollers [26,32,33],
DSPs [24], dual active bridge converters [36], and FPGAs [25] have been reported in the
literature, together with low-cost solutions using simple analog circuits [28]. Usually,
those emulators reproduce only the cell voltages of a variable number of series-connected
cells that compose the “virtual battery”, neglecting the emulation of the battery current
and temperatures. This omission represents a major drawback in BMS functionalities
assessment, since current and temperature measures are both essential to the safety function
and to the State of Charge [37,38] and State of Health [39] estimation algorithms. These
algorithms are fundamental in large battery packs such as those used in electric and hybrid
vehicles. The battery control and state estimation algorithms play a key role in these
applications to optimize the energy management strategies [40,41].

To the best of our knowledge, both commercial and custom power HiL battery emula-
tors do not provide a complete all-in-one solution for emulation of voltages, current, and
temperatures. The purpose of our project is to fill this gap by means of the development
of a low-cost and open hardware/software platform. The platform is able to emulate the
cell voltage and the output of current and temperature sensors of a battery composed of a
variable number of series-connected cells. Small companies and laboratories could greatly
benefit from such a simple and low-cost HiL platform, as it can be used to speed up the
development and testing of new BMSs or third-party ones. For this purpose, the project
sources are freely downloadable from [42].

Our project started in [43], where different circuit approaches to emulate the cell volt-
age were compared. The most promising architecture was also used to implement a single
cell voltage emulator board that was experimentally characterized to highlight its pros and
cons. The present work improves the cell voltage emulator submodule developed in [43]
and illustrates the hardware design of the proposed all-in-one battery emulator including
the new cell temperature and current emulation submodules. The design constraints of
the platform are derived from the typical specifications of state-of-the-art BMSs. The hard-
ware design is described and the realized circuit boards are extensively characterized and
compared with literature and commercial solutions.

The main contributions of this work can be summarized as follows:

¢ Definition of the HiL platform structure based on modular approach to achieve the
maximum platform flexibility and testing capabilities;

e Complete redesign of the previously released cell voltage emulator [43] addressing its
major weakness, i.e., the maximum output current and the current measurement accuracy;

¢ Design of two additional submodules for the emulation of the temperature sensor
outputs and the current sensor based on the Hall effect;
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*  Design of the rack based structure to arrange the voltage, temperature, and current
submodules;

e  Extensive experimental characterization of the platform submodules to investigate
their advantages and disadvantages, and comparison of the obtained results with the
literature and commercial solutions.

The remainder of this paper is organized as follows: Section 2 reports the main
considerations about the BMS design used to define the emulator design constraints. The
description of the emulator platform and the design of the submodules are described in
detail in Section 3, while the characterization tests and the obtained results are discussed in
Section 4. The comparison of the developed emulator with other literature and commercial
solutions is shown in Section 5. Finally, some conclusions are drawn in Section 6.

2. Design Constraints of the Battery Emulator Platform

Functional test and algorithm assessment of the BMS requires the validation of several
possible scenarios and the complete and accurate emulation of all the battery behaviors.
For this reason, an emulation platform is a very complex and usually expensive system [34].
For example, checking the safety control functions requires that the emulator should be
able to sink and source very high currents and generate cell voltages and temperature
variations consistent with a certain battery model. Luckily, strategies can be adopted
to keep the system complexity low, still allowing the validation of the BMS functions.
For example, the battery emulator can generate the analog output of the current and
temperature sensors to deceive the BMS. This solution allows one to stimulate and validate
the BMS functions but does not allow the validation of the current and temperature sensors
instead. However, such step can easily be performed separately by characterizing the
sensors used, independently from the BMS.

The definition of the design constraints is essential to obtain a versatile battery emula-
tor while keeping its cost and complexity as low as possible. The constraints are directly
derived from the BMS characteristics and are summarized in the following subsections.

2.1. Cell Voltage Emulator Constraints

The cell voltage emulator constraints were discussed in detail in [43]. In particular, the
emulated voltage range should include all the possible values of the Li-lon technologies,
resulting in an interval from 1.5 to 4.5 V. The maximum output current should be high enough
to check all the battery functionalities such as the balancing algorithm. The BMS balancing
circuit can be based on a large number of approaches and architectures [44,45]. However, the
balancing current usually goes from some tens of milliamperes to a few amperes in passive
and active balancing systems [31,46], respectively. Therefore, a reasonable constraint for the
maximum sink/source output current is around 1 A. The setting voltage resolution and the
maximum update frequency constraints are related to the measurement circuit of the BMS
under test. The cell voltage acquisition is usually accomplished by the BMS using an Analog
to Digital Converter (ADC) with up to 16 bits of resolution and a reference value of 5V. The
voltage reading frequency is usually lower than 10 Hz, but it can reach over 100 Hz in some
critical battery applications. Finally, the output of the cell voltage emulator must be isolated to
allow the series connection of multiple emulated cells to build up the battery.

2.2. Current Emulator Design Constraints

Hall-effect based current sensors are one of the most common solutions for current
sensing in battery applications [47,48]. They intrinsically ensure galvanic isolation between
power and sensing paths and no voltage drop. Their output is a voltage proportional to the
flowing current in most cases. Table 1 reports the main characteristics of some of the most
common commercial Hall-based current sensors. These characteristics are used as design
constraints for the current sensor emulator submodule, to achieve good compatibility with
the reported sensors.
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Table 1. Specifications of commercial current sensor based on the Hall effect.

Manufacturer Device Series Output Range Load Specification
CR Magnetics Inc CR 5200 ooV RL>2kO
& ' ~10 + 10V L
Honeywell Sensing and .
Productivity Solutions CSCA —l2=12v Ry >10kQ
LES, LESR, LKSR 0=5V Ry >10kQ
LEM USA Inc. LPSR, LXS, LXSR ) CL <100nF
HAS, HX 12+ 12V Ry >10kQ
L01Z, LO6P, S05 0.5+45V
Tamura L03S 12 =12V Ry, >10kQ

It can be seen that the possible output voltage value can be either unipolar with 0 =5V
range or bipolar with —12 < 12V range. The output of the current sensor is generally
acquired using a 14 or 16 bit ADC. The sampling period of the current value is generally
between 100 ms and 1, but it can reach 1 ms for specific applications, e.g., in the presence
of current pulses.

2.3. Temperature Emulator Constraints

Temperature sensing can be accomplished using three main types of sensors: inte-
grated thermal sensors, thermocouples, and thermistors. The most common choice in BMSs
is thermistors, i.e., resistors, the resistance of which strongly depends on the temperature,
since they are easy to read, cheap, and do not require additional communications [47,49].
The thermistor values are typically read by the BMS using an ADC with 10 or 12 bit and a
sampling rate lower than 10 Hz. The ADC reads the voltage Vapc on the thermistor R(T)
by applying a reference voltage Vrgr to a voltage divider obtained with the thermistor and
a series-connected reference resistor Rrgr [49]:

R(T)
Vape = VRpp ————2
Apc = VREF @ R T

R(Tp) is the resistance of the thermistor at a reference temperature Ty, usually 25 °C,
and B is a parameter of the thermistor. Therefore, the thermistor’s value can be emu-
lated by an analog voltage generator. Since the resistor values are in the order of tens of
kiloohms, and the emulator output must ensure an output current of at least 1 mA for
each emulated sensor. An update frequency of 10 Hz is adequate for the emulation of the
temperature sensors.

with R(T) = R(Tp) P10 1)

3. Battery Emulator Platform Design

The constraints described in the previous section are summarized in Table 2 and are
used to design the battery emulator. The hardware of the proposed battery emulator is
composed of a variable number of series-connected standard modules. This architecture
allows us to adapt the size of the platform to the BMS under test.

Table 2. Design constraints of the three submodules.

Feature Cell Voltage Emulator Current Emulator Temperature Emulator
Output range 0545V —12 +12V 0+5V
Output resolution >16 bit >14 bit >10 bit
Output update frequency >100Hz >1kHz >10Hz

Maximum continuous
sink /source current
Maximum capacitive load No requirements >100nF No requirements

1+2A >10mA >1mA per channel
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The proposed battery emulator operates as shown in Figure 1. A proper number of
standard modules are series-connected to emulate the number of cells required by the
BMS under test. The battery emulator is controlled using a graphical user interface on a
PC, which checks the platform working status and configures its submodules to emulate
a given battery behavior. In addition, the BMS interface can be run on the same host PC
to perform BMS configuration and to check BMS functionalities. The data read by the
BMS and those imposed by the emulator are compared to check possible inconsistencies
and malfunctions. Such validation can be performed by the operator or by an additional
software program that automatically performs the data check and the BMS characterization
process.

Power Supply Unit Cell voltage submodules
[ | Current submodule U
— Temperature submodule
| \ |
Standard Standard |
Module Module
f —> Data Checker
1 1 el Elgrﬁlztlzgr
Analog front-ends Interface | | o t2ce
BMS Under Test > / m—— _\

Figure 1. Block scheme of the testing environment of the proposed battery emulator.

Each standard module emulates up to eight series-connected cells and is based on
a rack structure composed of an interconnection board which can be equipped with up
to eight cell voltage submodules, one temperature submodule with eight channels, one
current submodule, and a control board. The interconnection board is provided with
an edge card connector for each submodule and external connectors for the submodule
outputs, the power supply, and the external communications. Moreover, vertical supports
prevent the insertion of a submodule in the wrong connector and provide the possibility to
mount two 80 mm cooling fans. The rack structure allows the battery emulator upgrade by
adding or replacing submodules without changing the entire platform. The general block
diagram of the standard module and its 3D rendering are shown in Figure 2.

‘Standard module SPI  Com
i Power [ I I 1 |
.. 1 I 1 1 1 1 1 1 1
@ 15
o 3 =
® |ooo| € 5 3 g
= © St g §'
G a

@ (b)
Figure 2. Standard module of the developed platform: Block diagram (a) and 3D rendering (b).

The control board is connected to the other submodules via a Serial Peripheral Interface
(SPI) bus, and all the submodules are powered by a 48 V power bus. This high voltage value
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was chosen to reduce the maximum bus current, when all the cell submodules provide
the maximum output current. It is also important to note that the outputs of the cell
voltage emulator submodules are series-connected; therefore, the input power bus and the
communication bus of each submodule must be isolated. The hardware description of the
control board is omitted in this paper because it is strictly related to the software parts of
the platform that is under development. For this reason, this board will be described in a
future work.

Submodules Design

The architectures of the submodules that emulate the voltage, the current, and the
temperature are very similar to each other and are shown in Figure 3. The core of the
architecture consists of a Digital to Analog Converter (DAC) and an Analog to Digital
Converter (ADC). The DAC is used to set the board output voltage (eight independent
outputs are present in the temperature sensor emulator board) that is conditioned according
to the quantity to be emulated by an analog circuit different in the three board types. The
ADC, instead, measures the board output quantities. Both of these converters are controlled
by the control board via the isolated SPI bus. The submodules have also been equipped
with an isolated DC/DC converter that generates the supply voltages needed. If the board
requires multi voltage levels, one or more linear DC/DC converters are connected to
the isolated DC/DC output. The minimum isolation voltage guaranteed by the isolation
devices is 600 V. It limits the maximum emulated battery voltage and then the number
of series-connected standard modules. The maximum emulated battery voltage is equal
to the product of the total number of series-connected cells by the maximum cell voltage
(5V). The components of each board type were chosen to guarantee the design constraints
reported in Section 2 minimizing the system cost and complexity.

Isolated

Isolated Isolated

SPI SPI
Isolated i Isolated I‘ °u§t Isolated I}
DC/DC E‘ DC/DC -] DC/DC

(@) (b) (c)

Figure 3. Architecture of cell voltage emulator (a); current sensor emulator (b); temperature sensor

emulator (c).

The cell voltage submodule is based on a 16 bit DAC, the DAC8501 from Texas In-
struments. It generates the input voltage of the operational amplifier OPA569 from Texas
Instruments, which is connected as a non-inverting amplifier with gain A equal to 2. The
operational amplifier provides a rail-to-rail output with a configurable maximum output
current up to 2 A. This operational amplifier allows us to improve the performance of the cell
voltage emulator submodule presented in [43] by increasing the maximum output current.

The accuracy of the current measurement system is one of the major weaknesses of
the previous cell voltage emulator version [43]. For this reason, the current measurement
architecture has been significantly changed and relies on a 5 m() shunt resistor connected
in series to the operational amplifier output, instead of the Hall-based current sensor of
the first version. The feedback path of the operational amplifier is taken after the shunt
resistor, to allow the automatic compensation of the voltage drop on the shunt itself. The
voltage drop across the shunt resistor is then amplified by the Current-Sense amplifier
INA186, from Texas instruments, with a differential gain of 50. A 16 bit Sigma-Delta ADC,
the Microchip Technology MCP3464, is used to acquire both the emulator output voltage
and the output of INA186. Finally, the board can be equipped with an additional OPA569,
parallel-connected to the first one, to increase the maximum output current of the board.
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However, the submodule design allows the user to replace the shunt current measuring
system with a Hall-based current sensor, the TMCS1101 from Texas Instruments.

The output level of the current sensor submodule is controlled using the same DAC of
the cell submodule and a rail-to-rail operational amplifier with low input offset, the OPA196
by Texas Instruments. The operational amplifier adjusts the output range from —12to 12V
with a theoretical resolution of 366 1V. A resistor Rjs, can be series-connected to the output
of the operational amplifier to increase its stability in the case of a high capacitive load,
reducing the output bandwidth. The output voltage is sensed by a 14 bit SAR ADC, the
Texas Instruments ADS8675, which has a software-configurable input voltage range from
—12.288to0 12.288 V. Finally, the board output can also be optimized to cover the 0to 5V
output range by means of an appropriate configuration of the operational amplifier resistor
network.

An 8-channel 12bit DAC, the Texas Instruments DAC128S085, is used for the tem-
perature submodule board, to directly generate the eight independent outputs. A 12 bit
8-channel SAR ADC, the Texas Instruments TLV2548, is used to acquire the board outputs.
The choice of ADC and DAC with eight channels optimizes the trade-off between com-
plexity and cost of the battery emulator design, allowing for emulating eight independent
temperature sensor outputs.

The boards were designed using the free software suite for electronic design KiCad
EDA [50]. The project source files can freely be downloaded from [42].

4. Characterization of the Standard Module

A standard module consisting of four cell voltage, one current, and one temperature
submodules was assembled and characterized. Figure 4 shows the characterization experi-
mental setup. The TTi QPX1200SP, on the left-hand side of the figure, provides the power
supply to the standard module. Then, a sourcemeter Keithley 2460 is connected to the
output of one submodule. It imposes a controlled output current and measures the output
values that are used as reference to verify the accuracy of the submodule. The sourcemeter
is also connected to a custom LabVIEW interface which configures the instrument and logs
the acquired data. The sourcemeter is connected by the operator to the particular submod-
ule that is going to be characterized. A Python script running on a PC was developed to
implement the control board functionalities, i.e., setting and reading the output values of
the submodule under test. The communication between the PC and the standard module
is accomplished with an USB to SPI converter, the Microchip Technology MCP2210. All
the tests were performed at room temperature. The current value is considered positive if
sourced by the platform.

Figure 4. Experimental setup used for the characterization of the battery emulator module.

4.1. Cell Voltage Submodule

The cell voltage submodule was validated using test routines very similar to the ones
presented in [43]. A sweep of the DAC output code from 0 to the maximum value with an
output current equal to zero is used to characterize the cell voltage submodule output stage.
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Ten samples for each DAC code are acquired from the onboard ADC and from the Keithley
sourcemeter. They are compared one to the other to assess both the set and read accuracies.
Each theoretical set value is compared with the mean value of the relative 10 samples acquired
by the sourcemeter to obtain the set accuracy of the emulator. Instead, the read accuracy is
obtained by subtracting from the mean value read by the ADC the reference value measured
by the sourcemeter. Figure 5a,b report the set and the read errors, respectively.

error error
— — — — mean — — — — mean

SET error (mV)
READ error (mV)

2 4 6 2 4 6
DAC Code x10* DAC Code x10*

(a) (b)

Figure 5. Characterization of the set (a) and read (b) error with no output current.

We note that the voltage set error varies from about 2 to 9mV with an average value of
4.96 mV and a standard deviation of 2.15mV. The maximum error is less than 0.2% of the
full-scale value, showing a good overall accuracy of the cell voltage submodule. The read
error instead varies from about —1 to 2mV, with a standard deviation of only 0.78 mV. This
result demonstrates a very good accuracy of the onboard measurement system, enabling
the use of the ADC reading as feedback to partially correct the set error. In fact, the set
error can further be reduced by correcting via software the output voltage value. Tests with
non-zero output current were performed to characterize the current measurement system
and the output voltage with different load levels. A thermal analysis was preliminarily
performed to establish the maximum current levels that the board can sink and source. The
power dissipated by the operational amplifier (Pg;ss) can be expressed as [43]:
Piss = (Vee — Vout) Iout  if  Iout >0 @)

Pgiss = —Voutlout if Iout <0

where V. is the power supply voltage (5V), and Vot and Iy are the output voltage and
current, respectively. Since the desired output range varies from 0.5to 4.5V, the worst-case
scenarios for the power dissipated by the operational amplifier are with Vo equal to 0.5V
when it sources current and Vit equal to 4.5V when it acts as sink. The maximum current
level was evaluated by means of a Flir i50 infrared camera, with which the current is found
that brings the operational amplifier from room temperature to the temperature of 125 °C,
a value close to the absolute maximum rating of the device. The current value results in
being £750 mA. Figure 6 shows the image acquired by the infrared camera after 15 min
when sourcing 750 mA with a Vout of 0.5V. This result shows 50% improvement in the
maximum output current with respect to the previous version of the cell voltage submodule
presented in [43]. Figure 6 also shows that the heat produced by the operational amplifier
causes a thermal gradient over the board surface. This gradient also affects the behavior
of the shunt resistor, which is visible on the left side of Figure 6. A shunt resistor with
low thermal electromotive force coefficient must be used to avoid voltage drifts due to
thermoelectric effects [51]. Since the proposed standard module provides room to place
two cooling fans, the same test condition of Vit equal to 0.5V was applied with the fans
switched on, achieving a further improved maximum Iy of 1.25 A. This current value is
sufficient to validate BMS either with passive balancing or active balancing techniques,
even for high-capacity battery packs.
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124*°C
£=0.95

Shunt
resistor

Figure 6. Thermal image of the OPA569 measured with a Flir50 infrared camera. It shows a maximum
steady state temperature of 124 °C. The measurement was taken after 15 min of a constant power
(3.37 W) stress test.

The board was also characterized at different current levels. The submodule output
voltage is varied from 0.5to 4.5V with steps of 0.5V while the current value is changed
from —750mA to 750 mA with steps of 250mA for each voltage step. Each current step
has a duration of 300 s to characterize both the voltage output behavior with respect to the
current value and the possible thermal effect due to the heating of the operational amplifier.
The output current is held at 0 for 300 s after each step to let the circuit cool down. The first
10 samples of the acquired quantities are averaged. Then, the average is compared to the
reference to determine the effects of the output current on the output voltage errors. The
set and read errors are reported in the upper diagrams of Figure 7a,b, respectively.

Figure4a ~ ——%——1=750 mA I =500 mA Figure 4b ~ ——%——1=750 mA I =500 mA
——1=250mA ——k—1=0 I = —250 mA —*%—1=250mA —%—1=0 I = —250 mA
—k—1=-500mA —*—1=-750 mA —*%—1=-500mA ——1=-750 mA

15 T T T T T T T T T 4r
< 12 s
S >l M
E 9 = M
— o
2 6 s 0p
()

3 [a)]

2 T2 M
n 0 @

_3 1 1 1 1 1 1 1 1 _4 1 1 1 1 1 1 1 1 ]

0O 05 1 15 2 25 3 35 4 45 5 0 05 1 15 2 25 3 35 4 45 5

Set Voltage (V) — Set Voltage (V)
<10 : : : : > 3 : : : : :
E E
~ 8t A = 2f A
S g 1t 1
5 6 b [}
— g Or il
W 4r ] ]
) W -1t 1
Z ot 1 e
@ c -2 1
Q ©
I 0 s s s s s O _3 s s s s s
=750 =500  —250 0 250 500 750 E 750  —500 —250 0 250 500 750
Output Current (mA) Output Current (mA)
(@ (b)

Figure 7. Set voltage error (a) and read voltage error (b) with different cell current values. Errors
versus the set value (top). Mean set and read errors as a function of the output current (bottom).

The continuous diagrams in the top figures show the set and the read errors measured
in the previous tests of Figure 5. We see that the errors with zero output current are almost
perfectly superimposed, even if they are obtained with two very different tests, showing
the repeatability of the results. Moreover, the diagrams with non-zero output current are
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almost parallel one to the other. Thus, the emulator output can be modeled with a voltage
generator and a series resistor. The resistance value can be estimated starting from the data
shown in the bottom diagrams of Figure 7a,b, which report the mean error values for each
output current level. The curves are an almost perfect straight line with a slope of 6.19 mQ
and 3.6 mQ for the set and read error, respectively. These results can also be used to easily
correct via software the effect of the current, if needed.

Then, the average of the first 10 reference voltage samples and the last 10 ones of each
current pulse are compared to identify any potential thermal dependency of the output
voltage value. The set error difference between the two mean values taken at the beginning
and end of the test is always less than 0.62mV, showing a very low dependence of the
set error on the operational amplifier temperature. The current measurement error Iy is
calculated by applying the same procedure, as the difference between the mean value of
the first 10 samples of the ADC data and the reference one. The upper part of Figure 8
shows Ierr as a function of the set voltage for the considered output current values. The
bottom part of Figure 8 instead reports the mean value of the current measurement error
for each imposed current value.

—%—1=750mA —%— | =500 mA I =250 mA
—%—1=0 ——%—— 1= -250 mA I = —500 mA
—%— 1= —750 mA
30 .
e —F—F——k——F—F
i e e e e e
£ 10}
80 k¢
8 -10F k¥
= _90t
~30 KK % X X  — )
0 05 1 15 2 25 3 35 4 45 5
Set Voltage (V)
~ 30 , , , , ,
<
E 20} 1
_& 10t 1
@ (0 i
()
= -0} 1
g —20 ]
()
€ _30 L L L L L
—750 =500 —250 0 250 500 750
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Figure 8. Characterization of the current measurement system error with different cell current values.
Error as a function of the cell voltage set for different output current (top); mean current measurement
error as a function of the output current (bottom).

The results show a good accuracy of the onboard current measurement system, which
presents a negligible offset and a gain error of about 4%. In fact, the curve in the bottom
part of Figure 8 can linearly be interpolated with the function a + b * Iy, with a equal to
—0.02mA and b equal to 0.037. This gain error is compatible with the overall accuracy of
the submodule current measurement system. However, it could easily be corrected with a
calibration procedure. These results represent a significant improvement of the onboard
current measurement system compared to the previous version of the cell voltage emulator
submodule presented in [43]. In fact, that version presented a nonlinear behavior of the
error and a mean value significantly different from zero.

Finally, the maximum update frequency of the output was evaluated by means of
a Tektronix MS056 oscilloscope, by performing a step change of the output value from
the minimum to the maximum with current values of —750, 0, and 750 mA. The response
time consists of two main contributions: the time needed to configure the DAC and the
settling time of the operational amplifier. The DAC configuration time is composed of two
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parts: the communication time, which strictly depends on the chosen SPI speed and on the
number of bits required for the DAC configuration, and the time needed by the DAC to
update its output value. The chosen DAC requires three bytes for its configuration. Thus,
the configuration time is about 24 s using a SPI communication speed of 1 Mbit/s. This
time can further be reduced increasing the communication speed up to 20 Mbit/s if needed.
The sum of the “DAC data to output” value and the operational amplifier settling time was
measured using the oscilloscope. The maximum value obtained is 27 ps. The sum of the
two contributions enables an update time of about 51 ps and therefore a maximum update
frequency of about 20 kHz, in compliance with the 100 Hz constraint reported in Table 2.

4.2. Current Sensor Emulator Submodule

A very similar characterization procedure was carried out on the current sensor
emulator submodule. First, a complete sweep of the DAC codes with a load current of
0, £5mA, and £10 mA was performed. The set and read errors obtained are reported in
Figure 9. The error curves obtained with different output currents are very similar one
to the other, except for an offset error. The set error for the no load current test has a
mean value of 48.14 mV and a standard deviation of 8.94mV in the worst case. However,
the maximum relative error is less than 0.32% of the output full scale that complies with
the required emulator accuracy. The read error shows a mean value of —8.83mV and a
standard deviation of 0.99 mV in the worst case. The high accuracy of the onboard ADC
can be used to improve the output set value using the measured quantity as feedback.
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Figure 9. Characterization of set error (top) and read error (bottom) of current emulator board with
different output current values.

The maximum steady state temperature reached by the operational amplifier is about
65 °C in the worst-case scenario with a sink current of 10 mA. Moreover, the maximum
update frequency can be estimated with the same procedure used for the cell voltage
submodule. In this case, the worst time from the DAC configuration to the stable output is
108 s, achieved with a communication speed of 1 Mbit/s. It corresponds to a maximum
update frequency of about 9.2 kHz that meets the specification. Finally, a ceramic capacitor
of 100 nF was connected between the output terminals to test the capability to drive capaci-
tive loads. A 12V to 0 step and a —12 'V to 0 steps were performed, and the output voltage
was measured. This choice allows the maximum possible ringing and maintains the output
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in the middle of its dynamic range. Test results suggest that a value of 120 Q for the output
series resistance Rjs, provides a good trade-off between stability and set time.

4.3. Temperature Sensor Emulator Submodule

The temperature submodule was also tested using a similar procedure. The complete
sweep of the DAC codes with no load was applied to all the output channels, and the
set and read errors were measured. For the sake of clarity, Figure 10a reports the errors
obtained for the first channel only, as the other channels show very similar behaviors.
The set error mean varies from —1.22to —5.11mV among the eight channels, while the
standard deviation varies from 1.01 to 2.33 mV. Instead, the read error mean varies from
6.58 to 10.43 mV, with a standard deviation that varies from 4.53 to 5.02mV.

These output voltage errors can be converted in temperature errors. Let us consider
the typical application of thermistors in BMS described in Section 2.3 and summarized
with Equation (1). The voltage set error is converted in a set temperature error using
Vrer equal to 5V, Rggr and R(Ty) equal to 10kQ, Ty equal to 25°C, and B equal to 3450.
The calculated set temperature error is shown in Figure 10b. The gray areas in the figure
represent temperature values outside —40 =+ 125 °C, which is the operating range of the
thermistor chosen as an example.
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Figure 10. Characterization of set error and read error of the first channel of temperature emulator
board with no output current. Set error and read error as a function of the set value (a); voltage set
error converted in a temperature error (b).

Figure 10b shows that the set temperature error is always less than 0.8 °C, and is less
than 0.2 °C for the major part of the settable temperature range. The obtained results prove
that our solution represents a good trade-off between cost and performance, allowing the
utilization of this board for the emulation of the temperature sensors of the battery.

Since the output voltage of the board is directly driven by the DAC, the maximum
settling time can be taken from the datasheet that indicates less than 8.5 us. Therefore, the
minimum update frequency constraint of 10 Hz can also be reached at low communication
speed. The maximum continuous current for each channel is 6.5mA as reported in the
device datasheet.

5. Discussion and Future Developments

The experimental results meet the constraints presented in Table 2 for all the three
developed submodules. The major weaknesses of the platform stand in the set accuracy
of the current sensor submodule and in the read accuracy of the temperature sensor one,
which show a significant absolute error. However, the set and read errors obtained for
all the submodules comply with the requirements and the accuracy of the typical analog
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front-end usually implemented in state-of-the-art BMSs. The same consideration could also
be drawn for the update frequency and current level. The proposed battery emulator is here
compared both with literature and commercial solutions. To the best of our knowledge, an
all-in-one platform including temperature and current sensors has not been presented in
the literature yet. The authors propose a battery cell voltage emulator platform based on an
hierarchical approach in [24]. Each cell voltage is emulated by means of a microcontroller
unit with internal DAC and a power amplifier stage. Instead, the authors propose a cell
architecture similar to ours in [26], but they use a microcontroller unit for each cell voltage
emulation board. Finally, we include in the comparison the previous version of our cell
voltage emulator shown in [43]. Table 3 summarizes the comparison results concerning the
cell voltage emulation. The temperature and current submodules are not included in this
comparison because these functionalities are not provided by the other works.

Table 3. Feature comparison of our work with literature solutions.

Our Previous Work

Work [24] [26] [43] Our Work
Cell OPAMP + puC with internal  OPAMP + pC + external ~ OPAMP + external OPAMP + external
Architecture 12 bit DAC/ADC 16 bit DAC/ADC 16 bit DAC/ADC 16 bit DAC/ADC
Voltage resolution 1.2mV 92nuv 76 nV 76 nVvV
Voltage accuracy +12mVv'! +270pv 2 +2.17mv 3 +2mv3
Maximum current 3+5A 3A 05A 1.25A
Current accuracy 2mA! +462pA 2 +19.6mA 3 +25mA 3
Set time 5us 1.26 ps 340 ps 51ps
Cost low medium very low very low

I Theoretical data; 2 Spice simulation results; 3 With offset correction.

It is worth noting that the results of our solutions are obtained with experiments,
while the others are theoretical or extracted from simulations. The weakest point of our
solution is the current measurement accuracy, which is slightly greater than the others.
However, this inaccuracy is due to gain errors and can easily be corrected by means
of software calibration. Table 3 also highlights that our new version of the cell voltage
emulator submodule provides better characteristics of the previous one at the same cost.
In particular, the major upgrades are the extension of the current range from 0.5 A to
£1.25 A and a significant reduction of the set time.

To fairly compare our solution with commercial ones, the economic aspect must also
be considered. A coarse estimated cost of the three submodules and the backplane is: 60$
for each cell, 50% for the current sensor emulator, 50% for the current sensor emulator, and
40$ for the backplane, including the PCB printing and mounting services. Therefore, a
complete standard module cost is around 620%.

Three commercial battery emulators (Keithley Series 2281S, NXP BATT-6EMULATOR,
and NGI N83624) are also compared with our battery emulation platform. Keithley Series
2281S consists of a single channel DC power supply that is able to emulate the cell voltage
using a predefined or custom battery model. The NXP BATT-6EMULATOR emulates up to
six cells in series, using a slide potentiometer to configure the cell voltage output values.
Furthermore, it provides an additional channel to emulate a shunt resistor voltage drop
in a range of £150mV. NGI N83624 provides 24 isolated channels in the range 0 to 5V
to emulate the cell voltages and an application software to control the channels behavior.
Table 4 reports the feature comparison between our solution and the above-mentioned ones.
For the sake of clarity, the costs reported in the table are the sell prices for the commercial
devices and the prototype production cost for our solution.



Electronics 2023, 12, 1232

14 of 17

Table 4. Feature comparison of our work with commercial solutions.

Feature Keithley NXP BATT-6Emulator NGI N83624 Our Work
Series 2281S [52] [53] [54]
Software configurable YES NO YES YES
# of cells per module 1 6 24 8
Maximum countinous sourced 6A 115mA 1A,3A,0r5A 1.25 A with fan
current per channel configuration available (0.75 A no fan)
Maximum countinous sink 1.25 A with fan
current per channel 1A NO NO (0.75 A no fan)
Cell voltage resolution 1mV Slider 0.1mV 76 uVv
Cell voltage set accuracy +0.2% +2mV Slider 1mV ~9mV
. 1 CH for shunt some of the 24 CHs 8 temperature CHs (0 +~ 5V)
Current and Temperature CHs Not Available emulation £150 mV (0 +5V) can be used 1 CH for current (—12 = 12V)
Price/Cost >3k$ ~500% some k$ 620%

Table 4 shows that our platform provides a very good trade-off between performance
and cost. In fact, its cost is comparable to the NXP BATT-6Emulator, but it offers a soft-
ware configurable solution, two additional cell voltage channels, bidirectional current, a
maximum output current ten times larger, and eight additional channels for temperature
sensor emulation. Moreover, our platform has a performance comparable to that of the NGI
N83624 and Keithley Series 2281S solutions, but its cost is much lower. The development
of a control board and a custom graphical interface to set and read the output values of the
platform is under development and will be presented in future works. The final goal will
be to provide the community with a user-friendly interface to directly control the platform
output quantities or to apply different battery models, e.g. the simple resistance or the
two RC-branch models [55], that reproduce the behavior of a real battery. The developed
HiL platform is published under the Open Hardware License and adds a new piece to the
low-cost open hardware system for Lithium-Ion testing proposed in [56,57].

6. Conclusions

The design and the experimental characterization of a low-cost battery emulator for
BMS testing and verification using the Hardware-in-the-Loop approach are presented in
this work. The battery emulator is designed using a modular approach where each module
emulates up to eight cell voltages, eight temperature sensors, and a Hall-based current
sensor. The module is based on a rack structure where each emulation function is provided
by a specific submodule. One submodule emulates the cell voltage in a range from 0.5 to
4.5V with a maximum continuous current of £750 mA. The second submodule emulates
eight temperature sensor outputs with eight independent voltage signals from 0 to 5V. The
last one emulates the output voltage of a Hall-based current sensor with a range of £12'V.

The measured set errors of the cell voltage, temperature, and current submodules
are less than 0.2%, 0.32%, and 0.6% of the full scale values, respectively. The obtained
results prove that the developed platform is a good hardware solution suitable for both
BMS functional tests and the development of battery control algorithms. Furthermore,
a comparison with commercial battery emulators is presented and highlights the very
good trade-off between cost and performance of the proposed solution with respect to the
commercial ones.
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