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Battery Management System

State of Charge Estimations
PAULINA ERIKSSON

SIMON NILSSON

Department of Electrical Engineering
Chalmers University of Technology

Abstract

Restrictions on tailpipe emissions from vehicles have driven the vehicle industry to-
wards electri ed vehicles with lithium cells. The cells have an arrow operating win-
dow, which brings the need for a Battery Management Systems (BMS). The purpose
with this thesis is to develop a semi-distributed scalable BMS for an electric go-kart
with a LiFeP O, battery. The individual cell voltage and temperature measure-
ments are performed by the Multicell Battery Monitor LTC6811-1 on the custom
designed PCB:s. The control system of the BMS is developed in MatlabSimulinkand
code generated to an Electronic Control Unit(ECU). The control system estimates
State of Charge (SOC) using a combination of the Coulomb Counting (CC) method
and the Open Circuit Voltage (OCV) method.

An improper time period setting in the ECU and the measuring accuracy of the
voltage and the current, greatly a ected the SOC estimations, as a result the esti-
mations had low accuracy. However it has been shown that the overall design of the
BMS is functioning properly with the data it receives. For better estimations, more
accurate current measurement and voltage data for the OCV method are needed.

Keywords: BMS, EV, SOC, OCV and CC.
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Introduction

1.1 Problem background

Restrictions on tailpipe emissions from vehicles have driven the vehicle industry
towards Electri ed Vehicles (EV:s) and at the same time the demand of mobile
electric devices like robots, laptops and cellphones have increased rapidly during the
last decade. This has lead to a very high demand of electric energy storage solutions
[1]. Today Lithium lon Batteries (LIB) are totally dominating in this sector because

of their high power density and cost e ectiveness compared to other solutions [1].

A LIB has a narrow operating range, in regards to voltage, current and temperature.
This makes it essential to monitor/estimate and control these parameters directly
or indirectly with a BMS to keep the LIB in a safe operation region [2].

The BMS measures and estimates a number of parameters where the more important
can be terminal voltage, drawn current, State Of Charge (SOC), State Of Health
(SOH), temperature, coolant ow and so on. SOC is a measure of how much charge
that is left in the battery and it is an important parameter in estimating how much
power that can bee drawn from the battery. Another important parameter is SOH,

it indicates the health of the battery since the battery capacity decreases over time.
To determine SOH of the LIC, a good model of the battery ageing is needed. As
this would require a lot of data SOH was not included in this thesis.

The battery pack is one of the most costly and heavy parts in an EV. Production of
battery cells also contributes greatly to the increase of greenhouse gases, pollution
of water and mineral resource depletion caused by EV:s [3]. Therefore it is very
important to dimension the battery to make it as small as possible to reduce the
strain on the environment, and the cost and weight of the EV.

SOH is highly dependent on the SOC window of which the Lithium lon Cell (LIC)

Is operated [4]. To reduce the ageing process, the LIB is kept within a specied
operation window, for example20 80% Because of the uncertainty of estimating
SOC, the battery capacity has to be increased with the uncertainty. So if the SOC
estimation has an accuracy 05%, the battery is over dimensioned byl0%to com-
pensate for this. If instead a more accurate SOC estimator would have been used,
the battery capacity could have been used more e ciently, thus making the EV to
have less impact on the environment.



1. Introduction

1.2 Previous work

Extensive research has been performed around battery modelling, SOC estimations
and BMS technology. Regarding SOC estimations especially interesting is [5] which
has summarised a great many SOC estimation methods and rated their accuracy.
It show's that the di erent methods vary in uncertainties but that by combining
several SOC estimations the accuracy of the estimation is increased.

Many di erent BMS:s are available in commercial products. However since battery
packs are heavy and bulky they are often custom designed for each application. This
brings a need for custom designed BMS:s.

In 2010 when the all electric go-kart was rst built at QRTECH AB, the master
thesis "A Battery Management Unit" focused on designing the BMS for the system
[6]. As the go-kart is being rebuilt as of spring 2018, a new LIB will be used which
creates the need for a new BMS. There has also been advances in technology such as
the Multicell Battery Monitor LTC6811-1 that was used in this thesis. The Multicell
Battery Monitor shows great potential in managing the LIB.

1.3 Purpose

The purpose of this thesis is to develop a semi-distributed scalable BMS for an
electric go-kart. Both hardware and software will be developed. The focus of this
thesis would be on measurement and estimations of battery states.
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Battery modelling and BMS
theory

In Chapter 2 the theory for designing the BMS is presented. This includes theory
about battery modelling, SOC estimation methods and passive battery balancing.
The theory is later used in Chapter 3 and 4.

2.1 Battery modelling

In Figure 2.1 a schematic picture of a LIC can be observed. The battery consists of
an anode and a cathode separated by an electrolyte. The electrolyte is electrically
isolating but can conductLi " -ions. When a load is connected to the battery, the
electrons takes the path from the current collector on the anode side and are trans-
ported to the current collector on the cathode side. Théi*-ions are transported
from the anode material to the cathode material through the electrolyte. There is a
separator between the anode and cathode to protect the battery from short-circuit
if the electrolyte is liquid [7].

Figure 2.1: Schematic of a LIC when a load is connected. The electron ahd" -ion
transportation from the anode to the cathode is indicated.

Depending on which materials that are used in the anode and cathode, the cell
will have di erent characteristics [7]. The cells are usually limited by the cathode
material, which sets the limits for the power and capacity of the cell [7]. Lithium

3



2. Battery modelling and BMS theory

Iron Phosphate LiFeP O,) is the cathode material used in this project.LiFeP O4
cells have a single-phase reaction when the cell have a high/low SOC level, result-
ing in a steep voltage increase/decrease at the edges of the voltage pro le. During
the rest of the voltage pro le, the cell has a two-phase reaction, meaning that the
voltage pro le will have a at appearance [7]. The advantage of this is that the
cell will supply a stable voltage level to the load. However the at voltage pro le
increases the di culty to determine SOC. The voltage pro le also shows a hystere-
sis behaviour, when the cell is charging the voltage is higher than when the cell is
discharging. As a consequence of the hysteresis, capacity is lost during operation [7].

Compared to Lithium Cobalt Oxide (LIC0O;) which is the most used cathode ma-
terial today, LiFePO4 has a lower power/capacity gain [7].LiFeP O4 has other
advantages such as being more safe to operate, if an object breaks the surface of the
casing of aLiFeP O4 cell, no thermal reaction will occur. If the case is broken on a
LiCoO; cell, and the materials are exposed to air or water, a thermal reaction will
occur. Both the cathode materials are however sensitive to high temperatures above
300 C-° [7]. LiCoO, cells raises ethical questions as cobalt is mostly mined in the
Democratic Republic of Congo where the working conditions in the mines are poor
and child labour is not uncommon [8]. Neither lithium or cobalt are abundant mate-
rials on earth, and the increase of EV:s would increase the demand on the materials.
As the recycling of lithium batteries is very poor, the usage of both materials will
limit the occurrence of the materials for future generations and a great increase in
prices are to expect in the future [9], [10], [11], [12].

The battery can be physically modelled with varying complexity and many mod-
elling techniques have been proposed in literature. Since this project focuses on the
BMS and not physical battery modelling, an equivalent and simpli ed circuit ap-
proach with two RC-links is taken to modell the battery and can be seen in Figure
2.2 [13].

Figure 2.2: Equivalent circuit model of an LIC.

OCV can be seen in Figure 2.2 and is equal to the terminal voltage during no
load operation. Depending on if the battery has been charged or discharge, the
hysteresis curve has to be accounted for [7]. The terminal voltag€dmina ) is the
voltage where the load/charger is connected and is given by
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2. Battery modelling and BMS theory

Viermna = OCV Rol IR ©1 [R,e 72 (2.1)

where Rq is the ohmic resistanceR; and R; are the polarisation resistancesC;
and C, are the polarisation capacitances, is the battery current, ; = R;C; and

> = R,C; [13]. Rg in the model is de ned as the resistance of the electrolyte and
the connections to the battery [13]. The two RC-links are used to describe the
nonlinear polarisation response [13]. To increase the accuracy of the model, more
RC-links can be added. As the cell has di erent chemical reactions dependent on
temperature, current, SOC and SOH, the battery parameters will vary with these.

2.2 BMS

The BMS needs to perform multiple functions for good operation of the battery.
The BMS usually consists of a hardware part and a software part [5]. According
to [5] the hardware can include sensor systems, safety circuits, charge control, ther-
mal management and communications while the software part can include battery
parameters, battery states (SOC, SOH), cell balancing, fault detection and a user
interface [5].

According to [14] the main problems in BMS:s is rstly to get accurate cell volt-
age measurements. This is because of limited measurement accuracy and the high
number of cells to be measured. Secondly to accurately estimate the battery states
such as SOC, SOH etc. Thirdly to balance the cells since they charge at di erent
rates and to di erent levels. The BMS needs to be able to preform these task and
perform battery fault diagnostics.

2.3 SOC estimation methods

SOC indicates how charged the battery is, ranging fro® % when the battery is
fully discharged and100 %when the battery is fully charged. SOC(t) is de ned as

100Q(t)
Qn

where SOC(tp) is the initial SOC level, Q(t) is the capacity that the battery is
charged with andQ, is the capacity when the battery is fully charged [15].

SOC(t) = SOC(to) (2.2)

2.3.1 OCV method

The Open Circuit Voltage method (OCV method) is based on the nonlinear relation-
ship between the OCV and SOCQCV = f (SOC) [5]. By knowing this relationship,
SOC can be estimated if OCV is known. The OCV method can measure SOC with
high accuracy if the EV is stationary for enough time, since the battery has to reach
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2. Battery modelling and BMS theory

equilibrium. This means that the battery has to rest from being charged/discharged
for enough time for the OCV method to be accurate [5].

2.3.2 Coulomb counting method

The Coulomb Counting (CC) method is one of the most used SOC estimators since
it is easy to implement [5]. It is de ned as

z t
SOC(t) = SOC(to) 1QOO | (t)dt (2.3)

n to
where is the coulombic e ciency and I (t) is the measured battery current [5].
| > 0 means that the LIC is being discharged and < 0 means that the LIC is
being charged. In this project is assumed to bel. This method can however not
measureSOC(tp), so for this function to work the starting capacity has to be known
[5]. Discretizing (2.3) gives

SOC(k) = SOC(0) 1QOO)@ I (k) (2.4)

n o

weren is the total number of samples and is the time period between samples.

2.4 Battery balancing

Since it is impossible to manufacture identical LIC:s, there is a problem with un-
balanced cells in LIB:s [16]. When the LIC:s are produced they will have di erent
capacity, internal impedance and self-discharge rate, causing them to be charged
and discharged with slightly di erent rates and to di erent SOC levels [16]. This
can cause the cells to be overcharged or undercharged and certain cells to spend a
majority of there time in the high or low voltage range. This can lead to increased
ageing and permanent damage to the cells [16].

A passive battery balancer using the controlled shunting resistor method can be
used to limit the e ect of unbalanced batteries by having a Transistor SwitchgW)

in series with the discharge resistor},) for each LIC [16]. By measuring the voltage
over each LIC, the batteries can be balanced by controlling theW individually to
dissipate energy throughRy, [16]. R, can be dimensioned by setting

R, = Dmax. (2.5)
I
whereUnax is the maximum cell voltage and , the maximum discharge current [17].
The discharge current is selected such that the current is kept below the maximum
current limited by the system, but high enough that imbalance will dissipate in a
timely fashion as

SOCimbalance QC

I = —m(t)b (2.6)
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where SOCpaance 1S the SOC imbalance Q. the nominal capacity [Ah] andt, the
time it should take to balance the cells [17].
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Simulation set-up

Chapter 3 presents the simulation set-up of the battery model and the BMS that
was built in Matlab®Simulink®. The BMS model was code generated into C which
where uploaded to the Electric Control Unit (ECU) and later used in Chapter 4.

The setup orientates around the BMS which receives its inputs from an analogue
charge and discharge circuit with a battery model, a simple load case setup and a
battery balancing circuit. The battery model consists of 16 identical series connected
battery cell models which is described in Section 3.1. Figures of the simulation set-
up can be found in Appendix A.

3.1 Battery cell model

The battery cell model was based on Figure 2.2. The battery parametd®s, Ry, R»,

C,, C, were taken from measurements, see Table 6.2. The OCV was implemented
as a two dimensional look-up table based on the data from the cell characterisation
seen in Figure 6.5 using a simpli ed version of (2.1). By using the current applied
by the Gamry instrument during the measurement and a resistance approximately
equal to Ry + R; for 25, 30 and 45°C, see Table 6.2, the voltage drop caused by
the small current was removed from the data. SOC and temperature were used as
breakpoints and the corresponding voltage as output. To provide a SOC input to
the lock-up table, CC was used with perfect parameters for each cell separately.

3.2 BMS model

The BMS model was given the measurement values IgfViermina @and T to manage
the LIB. Enable Equalising is also given to the system to determine when the passive
battery balancing should occur. The outputs of the BMS wer&emina , |, SOC,

T, Gate signals §), and over/under detection of voltage, temperature and current.
An overview of the BMS can be seen in Figure 3.1.

3.2.1 SOC estimators

Three methods were used to estimate SOC. The rst method&OCocy oOnly used
the OCV method to estimate SOC. The OCV method implements a inverse version

9



3. Simulation set-up

Figure 3.1: Overview of the BMS. With Vigrminal » |, T and Enable Equalising, the
BMS manages the system.

of the lock-up table used in the Battery model in Section 3.1. Here voltage and
temperature are used as breakpoints and the corresponding SOC level as output.

The second and third methodsSOCcc and SOC¢cedges bOth used a combination
of both the CC and the OCV method. The CC method is based on (2.4) with
=100 ms. If I < O, the LIB is charging and if| > O, the LIB is discharging. The

CC method and the OCV method cooperated as shown in Figure 3.2. Whénr= 0

for more than 30 minutes, the OCV method is used to estimate a ne8OC(0) and
the integration were reset. When 6 0 the CC method is used instead. The CC
method causes the SOC estimation to drift as the measuring error is accumulated,
the OCV method compensates for this since the SOC is reset by the OCV method.
SOCccedges ONly used the OCV method wheWiermina > 3:4 V Or Vigrmina < 3:1 V.
This method was implemented to avoid SOC estimation based on the at region of
the voltage curve.

3.2.2 Battery balancing

The battery balancing in the BMS model is responsible for setting the gate signal
controling the SW; to discharge the cells as described in Section 2.4. To determine
if the LIC needs to be balanced, a voltage tolerance 6f05V was set. If the LIC
was0:05V higher than the average cell voltage$Sy was set high, if notS, remained
low. To make sure that the voltage measurement was not done while the battery
balancing was active, a clock pulse with a time period df00 ms was inserted.

3.2.3 Fault detection

When an under- or overvoltage is detected by the system, a signal should be sent
to the relays to disconnect the system. This is done by comparing the highest and
the lowest cell voltages to the maximum and minimum voltage levels allowed. If

the cell voltages are in the allowed range, the signal goes high, if they are not the
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3. Simulation set-up

signal goes low and the relays are activated. A similar approach is done to see if the
batteries are operated within the allowed temperature and current range.

Figure 3.2: Simulation set-up of the OCV and the CC methods. The OCV method

consists of a look-up table and the CC method consists of current integration. If
| =0 for longer than 30 min, the OCV method applies, otherwise the CC method

IS active.
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BMS Design

Chapter 4 presents the BMS design. This includes the go-kart speci cations and a
description of the designed hardware and software for the BMS. The evaluation of
the design can be found in Chapter 6.

4.1 Go-kart speci cation

The LIC:s intended for the go-kart is the Headway 40152S cells, see Appendix C.
16 of these cells in series and two in parallel can supply the go-kart wigil:2 V,

an average current ofLlO0A and a peak current o200 A. However, these cells did
not arrive within the time frame of the project, instead the A123: HTPFR18650-
1100mAh-3.2V cells were used for testing and tuning the BMS system, see Appendix
D. The speci cations of both battery packs are shown in Table 4.1. The BMS was
designed for the Headway 40152S cells but all simulations, measurements and tests
in the report are based on the A123: HTPFR18650-1100mAh-3.2V cells.

Table 4.1: Speci cation for the battery pack intended for the go-kart and the one
for testing of the BMS.

Go-kart LIB Testing LIB
Nominal voltage 51.2V 51.2V
Nominal capacity 1440 Wh 56.32 Wh
Min cell voltage 2V 2V
Nominal cell voltage 3.2V 3.2V
Max cell voltage 3.6V 3.65V
Rated charge current 90 A 5A
Rated discharge current | 150 A 33A
Max discharge current 300A(30s) |40A (105s)
Drive time 15 min -
Number of cells in series | 16 16
Number of cells in parallel| 2 1
Weight 17.3 kg 0.356 kg
Cell dimension dia x h 40 x 165.5 mm| 18.2 x 65.2 mm
Max temperature 45 60
Min temperature -20 -20

13



4. BMS Design

4.2 Hardware

The hardware was designed in Altium. Figure 4.1 shows how the system was im-
plemented. The multicell battery monitor LTC6811-1 [17] was used to measure the
terminal voltages of the 16 LIC:s and perform 10 temperature measurements. To
enable voltage measurement on 16 LIC:s, two LTC6811-1:s were used. The two
LTC6811-1:s were connected in a daisy-chain con guration with a 2-wire isolated
interface. To enable this con guration, a isoSPI Isolated Communications Interface
LTC6820 [18] were used. The LTC6820 converts the 4-wire SPI system to a 2-wire
isolated interface, isoSPIl. The QRx was the ECU of the system and was provided
by QRTECH AB. The QRx contained the BMS software that controlled the system.
The current was measured with a LEM current transducer DHAB S/118 [19] that
was connected to an ADC on the QRx. To log the data during operation a PC was
connected to the QRx via a CAN bus.

Figure 4.1: System ow chart. Shows how the LIB, LTC6811-1, LTC6820, QRX,
inverter and computer are connected.

A picture of the design can bee seen in Figure 4.2 the turquoise areas in the gure
shows the 16 series connected LIC:s, the red areas shows the PCB:s with LTC6811-
1, the purple area shows the QRx and the PCB with LTC6820, and the grey area
show the CAN transceiver.
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