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ABSTRACT

Li-ion batteries are being used on a large scale varying from consumer electronics
to electric vehicles. The key to efficient use of batteries is implementing @leedloped
battery maagement systenit is imperative to develop tion cell model that replicate
the performance of a physical cell unit. This report discusses a dual polarization cell
model and a battery management system implemented to control the operation of the
battery. The Li-ion cell is modelled, and the performance is observed in PLECS

environment.

The main aspect of this report studies the viability eiold battery application in
Battery Energy Storage System (BESS) in Modular multilevel converter (MMC). MMC
basedBESS is a promising solution for gridvel battery energy storage to accelerate
utilization and integration of intermittent renewable energy resources, i.e., solar and wind
energy. When the battery units are directly integrated in submodules (SMs)tvitFoin
interfaced converters, this configuration provides highest system efficiency and lowest
cost. However, the lifetime of battery will be affected by the-feguency components
contained inchargingand discharging currents, i.@rm-currents, whib has not been
thoroughly investigated. This paper investigates impact of varioudrémuency arm
current ripples on lifetime of Lion battery cells and evaluate performance of battery

charging and discharging in an MMBESS without dalc interfaced coverters



Nomenclature: Battery Management System (BMS), Lithium loxiorfli Electric
Vehicles (EV), Hybrid Electric Vehicles (HEV), Dual Polarization model (DP model),
State of Charge (SoC), State of Health (SoH), Open Circuit Voltage (OCV), Multileve

Modular Converter (MMC), Battery Energy Storage System (BESS)

Note: In this paper, the term cell and battery have been used interchangeably as the

performance of the cell can be extended to the battery unit.
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l. INTRODUCTION

Batteries are the power house of | ar ge
world where compactness is of great value. Making the device compact calls for compact
batteries as well with a drawback of inefficient cooling. Also, these applicatitinerca
maximum run time (capacity) of the batteries. Thus, low power dissipation and higher
capacity of the battery are the properties of prime importance. This can be achieved by
implementing a weltleveloped BMS. Having an accurate battery model on weedan

predict and optimize the performance of the battery.

In this paper, an electrical equivalent model oidn battery isdiscussed The
model known as Thevenin equivalent model or duel polarization model is considered.
The reason to consider-lon batteries for the study lies in the fact that it is the most
widely used type in electronic applications
earth and is very highly chemically unstable. Lithium metal ore can be used to fabricate
batteries with hij energy to weight ratio. Moreover, -ldn batteries have further

advantages like low stand by losses, longer cycle based life and no memory effect.

In this report we shall discuss the details of thatery model and then will
further implement BMS. BMSs a crucial part for efficient performance of the battery.
From many studies, it has come to light that it is because of the BMS used by Tesla, their
Li-ion batteries over perform. The BMS will take into effect the change in physical
environmental conditins like temperature and electrical quantities to optimize the battery

performance.



Renewable energy sources are widely integrated into power grids during recent
decades, i.e., solar and wind energy resources. To increase penetration of renewable
energy reources, the battery energy storage systems (BESSs) need to be deployed and
installed to compensate power fluctuations due to intermittent resources. Tievglid
BESSs can also provide grid support to improve economy and serviceabiityn Li
batteriedue to their high energy density and stability are replacing the traditionally used
lead acid batteries in BESSs.

Different converter topologies are employed to implement BESSs, including two
level voltagesourced converter (VSC) and multilevel convesté&kmong them, modular
based converters such as modular multilevel converter (MMC) and cascaulédigél
converter (CHB) are most promising due to their improved performance in reliability,
scalability, maintainability, and functionality [1] [2] [3]. TheN¥C-based BESS (MME
BESS) can also provide a medium/higbitage dc link to interface dc gridhe small
battery units are integrated into submodules (SMs) with or withedtaonverters.

For the configuration without ddc converters, it provides the higst efficiency
and lowest cost. However, large amount offo@gquency components in arm currents to
charge and discharge the batteries may seriously affect lifetime of battevever, the
influence of lowfrequency current ripple might not be lineagpyoportional to the
percentage of current ripple. This can be used for designirgjddcfilter of each
submodule in MMC. For instance,designed so thdhe current ripples fully absorbed

by active power decoupling circuits, it is not cost effectifecurrent ripple is fully



absorbed by battery unit, it might severely influence battery lifetime. In this way, the

tradeoff between filter design and battery lifetime should be considered.

Therefore this studywill investigate impact of lowirequency am-current ripple
on lifetime of Lrion battery for MMCbased BESS applications based on analytical and

experimental studies.



Il. LITHIUM -ION BATTERIES

Li-ion batteries have proven to be superior over the other cell chemistries like NiMH,
NiCd or long used Lead acid batteries due to advantages like very high specific energy
due to high nominal voltage rating of 3.6V and flat discharge voltage curve though range
of 2.8V to 3.7V. Due to this Lion cells are most widely used today ranging from low
power applications like consumer electronics to medium power applications like electric
vehicles and have even penetrated high power applications for battery energy storage
systems in transmission and distribution sector.
Advantages of l-ion batteries:

1. Long cycle life.

2. No maintenance is required during its lifetime.

3. Low self-dischargeand hence haveng shelf life.

4. High capacity.

5. Low internal resistance.

6. Good coulombic efficiency.

7. Simple charging algorithm.

8. Fast charging.
Disadvantages of Lion batteris:

1. Protection circuit is required to prevent over heating leading to theumavay

2. Fast degradation at high operating temperatures.

3. Slow charging at temperatures belo%0



A. CompositionandWorking:

Li-ion batteries consists afCathode (positive elémde) made of Lithium metal
oxide and the anode (negative electrode) of porous cadswoally graphite Graphite
gives the Liion batteries the characteristic flat discharge cubwering the charging
process, the ions flow frortihe cathode tahe anode hrough the electrolyte. While the
flow direction is reversed for discharge procdsst the discharge procedke anode
undergoes oxidizatign.e. loss of electrons and cathode undergoes reduction reaction i.e.
gain of electronsThe opposite occurs dag the charging processigure 1 indicates the

flow of electrons in the cell:

Charge (Li)

F 3

Discharge (Li)

Cathode
\ ELECTROLYTE

Anode

Figurel. Li-ion battery working

Current Liion cells consist of graphite anode lightly doped with silicon on a copper
current collector, lHfoxide cathode coated on Aluminum current collector. The electrolyte
is usuallyanorganic solvent diffused with Lithium salt.
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B. Typesof Li-lon Batteries

Tablel summarizeslifferent types Liion battery technologig4.0]

Type of Lit hium  Lithium Lithium  Lithium Lithium
Battery Mangan Nickel Iron Nickel Titanite
ese Mangane Phosph Cobalt
Oxide se ate Aluminu
m Oxide
Symbolic LiMn2O4 LINIMNC LiFePa LiNiCoAl  Li2TiO3
Name (LMO) 00O, (LFP) 02 (NCA) (LTO)
(NMC)
Nominal 3.70V 3.60V 3.20, 3.60V 2.40V
voltage (3.80v) (3.70V) 3.30V
Charge 4.20V 4.20V (or 3.65V 4.20V 2.85V
Termination higher)
Voltage
Discharge 3.00vV 3.00v 2.50V 3.00v 1.80V
cut-off
voltage
Specific 100 1500 90i 200 700
Energy 150Wh/k 220Wh/kg 120Wh/ 260Wh/kg 80Wh/kg
g kg
SafeCharge 0.771C 0.71C 1C (3h) 1C 1C (5C
rate (3h) (3h) max)
Safe 1C,10C 1li2C 1C (25C 1C 10C
Discharge possible pule) possible
rate
Cycle life 300 700 1000Q 1000 500 3,000
(Ideal) 2000 2000 7,00
Thermal 250°C 210C 270°C 150°C Extremel
runaway (higher  (higher (safe at (higher y Safe
when when full when
empty) empty) charge) empty)
Characteristi High High Flat Highest Long life,
cs power, capacity discharg capacity fast
less andhigh e with charge,
capacity power. voltage moderate Low
high power. capacity,
power expensive

6

Tablel. Types of Liion batterytechnologies



C. NCA Cells

The cell used for test purposes tlse Panasonic NCR 18650BICR cells are
same as NCA cells where N and C stand for Nickle and Calealpectively while A
stands for Aluminum and R stands for Rechargeable. In fact, NCA and NCR have same
composition i.e. LithiurNickle-CobaltAluminum-Oxide (LiNiCoAIO>). LiNiCoAIO2
Panasonic cells have high energy density, negligible decrease in capacity during storage
and high safety factor due to integrated PTC resistant material used in it. For these
purposes the cell washosenfor testing purposes. Ehdatasheet in Appendix A

summarizes the uniqueness of this cell.

The NCA cells are similar to NMC (Nicklslanganes&obalt) cells but have
low discharge current capabilities but they make it up with excellent capacity and large
cycle life. These cells amesistant to mechanical shocks thus making a viable option for

automotive applications. Tesla implements same cells in their vehicles.



[I. LI-ION BATTERY TERMINOLOGIES

All battery terminologies can be applied to the single cell unit.

A. C-Rate

The Grate is charging/discharging current which will charge/discharge the
battery completely from completely discharged/charged state respectively in one hour.
For instance C-rate for 3.2 Ah battery is 3.2 A. If the battery is said to be charged with

0.5C or 1.8 then it indicates the charging current to be 1.6 A or 5.25 A respectively.

B. Cycle Life

The battery is termed to be dead if its capacity drops to 80 percent of its initial
value. The total number of charging and discharging cycles the battery can gghthro
before its end of life is termed as Cycle Life of batt&ycle life specified in the data

sheet pertains to the specific testing conditions mentioned.

C. Dual Polarization(DP) Cell Model

O I B I

I Eo Voc

Figure2. Dualpolarizationequivalert model of Ltion cell.
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According to the various experimsrconducted on Lion cells two types of polarization
effects can be observed. This DP model as inZFtgkes into consideration the effect of
electrochemical polarization arabncentration polazation separately which is exhibited

by the two capacitances in the modéiusthe accuracy of this model is high.

Rois the ohmic resistance of the cell which includes the internal resistance and
surface layer contact resistance of the cell. R, C: and C; replicate the dynamic
operationof the cell. \bcis the open circuit voltage of the batteRsis the electrolyte
surface resistance amidcharacterizes electrochemical potential whilesRon mobility
resistance that characterizes concentnagiolarization. The capacitances &d G are
used to depict the transient operation of the cell during charging and discharging process
and to describe the electrochemical and concentration polarization effects respectively.

V1 and \Lare the voltage dps across the resistancesaRd R respectively

Based on the model in Fig.2, the following equations can be derived

9 2 5:%8 0 ok 8
Y ° "% P P
W O w o 0zY 88¢

D. Open Cicuit Voltageand SoC

The Open Circuit Voltage §/of the cellis the functionof cell ScC. The Vocof
the cell represents SoC of the cell. There is-loear relation between and SoC of
the cell which can be established by measurip@i/differentSoC states. SoC represents

the available capacity of the battery and is generally calculated in percentage of available

9



capacity.Thus,SoC varies from 0% to 100%. In this paper coulomb counting method has

been used to calculate the SoC of the cell. Thwestates,

YO O YO - MOQBBo

Where, SoGiia is the initial condition of the battery.— is the coulombic
efficiency of the cell given by- ——where C is the cell capacity and) is the
terminal current beell.

The relation betweendéand SOC is notinear and is determined by studying the graph
provided in the data shedthe relation between/and SoC can be obtained using the

test procedure discussed in [5] and SoC yscdrve can be establishethe points on

the curve can be used as reference to predict SoC at diffexggunditions.

E. Transient Response

3.7 w .
- Short Time Constant — —
% 36" Long Time Constant .
ol
8
g 357 Instantaneous |

Response
3.4 | | '
0 10 20 30 40
Time (s)

Figure3. Transienresponse
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Figure 3 shows response of voltage to interruption in charging cycle. At t = 10sec the
discharge process isterrupted,and the cell is open circuited. The voltage response can
be divided into three parts. First being the steady state response namely longtime
constant, second the transient response i.e. short time constant and thengstsndéep
changeTheRy is responsible for a step change in voltage also known as ohmic resistance
of the cell. While RC: and RC; are polarization resistances reflected by the transient
response of the cell. The Ro is responsible for the instantanetiage changes while

R:C: are responsible for short time constant an€.Rare responsible for long time
constantAll the circuit parameters in the model are multivariable functions of SoC. The

procedure to calculate these parameters hal/be discused in following sections

F. Stateof Healthof Battery

State of Health (SoH) of battery represents the life of battery. A battery is dead when the
maximum capacityof the cell decreases to 80% of its init@pacityunder same test
conditions As per theexperimental resultshere is no observable change in the
polarization resistance due to ageing but the ohmic resistance changes distinguishably.

Thus,theohmic resistancean be considered as indicatortioé age of the battery unit.

Generally, the maraum charging or discharging current of the cell is determined by

(O] —éChar §8ng

11
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Where, hax Is the maximum current allowed to and from the cell, OCV is the Open
Circuit Voltage of the cell. Min and Vnax is the voltage limits ah R is the ohmic
resistance of the cell.

State of Health (SoH), as the name suggests it represents condition of the cell in
terms of itslifetime. The SoH of the cell depends on factors like, operating temperature
of the cell and depth of discharge. Durithg testing regime, the temperature of cells was
maintained constant at of Z5. Also, the depth of discharge was kept constant for each
discharge cycle. Thus the aging effect due to these factors can be neglected in this case.
According to [§, end of Ife can be defined when the resistance increases to the 160% of

its initial resistanc@indersame test condition$he definition of SoH is:

YO O—zzp ik 8B

Where, R is the curremhmic resistance of the celReoL is the ohmic resistance when
batteryohmic resistance reaches 160% of inittddmic resistance an&new is the ohmic
resistance of new battery unit. SoH is generally expressed in terms of percentage. When
SoH is 100% it indicates batteiyynew while0% SoH indicates the battery is dead at

80% of its initial capacity

12



V. DERIVING Vocvs SoC RELATION

The equation used for calculagi SoC is given irEq.3. To calculate SoC during the
battery operation we need to know the initial SoC of the célk Yocof the cell can be
measured directly and knowing théy to predict the SoC of the cell. The relation

betweernv,candSoC can be obtainading following test procedure as used if.[5

Step 1: First the battery is completely charged. The battefiyllyscharged when the
charging current is reduced to charge termination current which is specified in data sheet.

This will be discussed in detail in later sections.

Step 2:After pausing for 1lhr,he battery is then completely discharged and again
compleely chargedafter pause of 1hiThis makes sure the proper battery test conditions.
The SoC of a cell is usually unknown and cycling it once with a defined waiting time

before starting the actual test helps battery attain comparable test conditions.

Step 3: Then the battery is again charged and discharged with 1hr wait between two
cycles. During charging and discharging, the process is paused after every 10% SoC
change for short period of time to observe the dynamic behaviour of the cell/battery. A
pause 6 1hr is always applied between charging and discharging process to approach

equilibrium and cool down.

Step 4While discharginghe voltage rises during thpauses. All voltages reached during
the pauses at different SOC during discharging and chaagingonnected usingdmtted

line. The drop/rise in the voltage are not identical which suggest that the cool down time

13



is not enough to reach equilibrium state of the batfEhg average curve of the dotted

curves during charging and discharging is appnate OCV line.

In this manner SoC vs OCV curve can be established. The points on the curve can
be used as reference to predict SoC at differest cdnditions during the battery

operation.This type of testing is quite accurate and gives acceptabldtsder SoC

rangeof 20%to 100% according to [5

Deriving Voc vs SoC relation

4.50
£4.00
z

9

< 3.50
3.00

0 20 40 60 80 100 120 140 160 180
SoC (%)

--Discharge Curve —Charging Curve ~Mean of Charging and Discharging curve

Figure4. Voc vs SoC
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V. PARAMETER EXTRACTION

To extract the parameters, we need to consider a pause during charging and discharging.
Assuming during discharging process dhd load is turned off ab,tthe instantaneous
rise in voltage is due to the ohmic resistangeBy measuring the step change in voltage
V and measuring the load current we can calculateskg following equations:
Yo W WS By
Y Yo 8 BY
0@
Similarly, long time constant resistancedn be calculated by:

v

Yo W WS Bw
Y Yo 8&8pm
@ P
While the short time constant resistance&h be calculated by measuring the change in

voltage during 5seconds afteinstantaneous step chanfet the change in voltage be

denot edo BN Rds\given as:

Yo W WS Bpp
Y yé 8 &8
) PC

The respective capacitancesddd G can be calculated using thelation:

T YO8&8po

15



3.25 : : : : ; y 7
0] S 10 15 20 25 30 35 40

Figure5. Dynamicresponse obattery

The parameters obtained are then plotted for different SoC levels. The battery parameters
are a function of SoGemperature andycle life. But a cooling fans used to maintain

the battery temperature constaand the cycles conducted in test are far too less
compared to totdife cycles. Also, study in [bsuggests these is no distinct change in
parameter values with ageing effect forikun batteries. Herecthe effect of temperature

and ageing have been neglected during parameter extraction. This, R, Ci, C;are

all functions of battery SoC. Using this assumptemd graphical plots generalized

equations are computed to calculate the parametemyagigen SoC conditions. The

equations are as follows:

SOoC = (0.2599*9) + (-0.0587*%) + (0.3226*%) + (3.553*2) + (1.421*2) + (31.61*z) +

49.68 &8p T

16



Where

w o X G
T T W

Ry = -3E97(SoC§ + 7E95(SoCY - 0.0053(S0C) + 0.2448 8p L
R,= -5E99(S0C} + 2E96(SoC} - 0.0001(SoC) + 0.0128 & p ¢
R> = 3E98(S0C} - 6E%(SoCY + 0.0003(SoC)- 0.00238 8 p X

Fig. 6 shows the plot for measured resistance valuesioarainew cell against the cell

SoC.
SoC vs R,
0.25
0.2
© —e—RO0
E 0.15 T i Rl
0 ¢ ...
'<>E_< 0.1 : R2
......... Poly. (RO)
0.05
Poly. (R1)
0
-20 0 20 40 60 80 100 120 Poly. (R2)
SoC

Figure6. SAC vs Batteryesistances
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VI. MODEL VALIDATION.

The equations obtained above are then usdlLEECSenvironment to simulate the DP
model of the cell. The obtained simulation results are then compared with test results of
the cell. The simulation model ismaimportant tool which simplifies study of battery
applications. For fast and accurate results, it is necessary to develop model which can

replicate battery performaneecurately

Figure 7 shows the PLECS simulation model. This model uses the duel
polarization model and incorporates few of the BMS features like voltage regulation with

temperature change, safety switchover to prevent overcharging or over discharging of the

battery.
-_ o
H (‘ :;@Eﬁc
mmmmmmmm >
B
Figure7. PLECSsimulation model
In this modelt h e ohmic resi stance i s t aken t o be

obtained after testing multiple cells. It is considered to be a constant value as it remains

same over nominal operating range of 40% to 90% SoC. The same can be seen form
18



Fig.6. The vales for polarization resistances/capacitances ajachNé calculated from

SoC value are as per equations (13) through (16).

Figure8 shows the charging and discharging characteristitge Li-ion cell. This model
replicates the performance specifically MCR 18650 cells. Fig. 9 shows the effeft
changein operatingtemperature on charging and discharging characteristics of the cell.

The relation between temperature and open circuit voltage has been discussed in [11].

Battery Current

Am4
o
_2 |
Battery Voltage

4.0 Y YA 3
- 3.5
3.0

' SOC1
= 0.5

0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 x 1e4
Time (sec)

Figure8. Charging andischargingCharacteristics

Fig.8 shows the battery current, battery terminal voltage and corresponding cell SoC.
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Temperature
35 : '

30+
25
20+
15
10+

5.

I:] 1
Open Circuit Voltage

4.0 -
. Sum
3.8 — VOC(50C)

3.6
3.4
3.2

3.0+
0.0 0.5 1.0 1.5 2.0 2.5 3.0 x 1e4

Step3

dec C

Volts

Figure9. Effect of temperature o@Gell Voltage
In fig. 9. initially the cell temperature iSO while after 12000s it is change to 3&. The

effect of change in temperature can be seen in the plot labeled Sum. While the plot
labeled VOC(SOC) shows cell operation at room temperature®@f Za=nerally, the cell

rated voltage is specified at room temgiare. It can be clearly observed that cell open
circuit voltage drops below rated value while it is higher than rated value for lower and
higher operating temperatures respectively. Hence careful design of cell protection
circuitry and cooling/heating nebanisms need to be done as per the conditions

pertaining to the application.
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VIl.  BATTERY MANAGEMENT SYSTEM (BMS)

The priority task of BMS is to make sure that the battery is used efficiently while

supplying the load and to prevent damage to the baffarg.can be achieved by control

and monitoring of charging and discharging process of the batidmys, BMS

implements control and monitoring of battery charging and discharging regime.

There are main algorithms to check and control theslinkhe energy &in. These have

been listedas follows:

Charging Algorithm:

These tracksand controls the charging by interrupting it when the battery is
full. Overcharging leads to increase in battery temperature. This leads to
damage of the battery decreasing the caypaamnd useful cycles. Proper
charging algorithms are necessary for efficient battery usage.

Discharge Algorithm:

This controls the magnitude of the discharge current. It makes sure that that
the discharge current does not exceed the rated/set currentflithng battery
discharge currentAlso, it isolates the battery from the load if the operating
voltage falls below safe limits thus preventing permanent damage to the cell
due to over discharge.

Algorithms to determine SOC.:

This algorithm is used & fealback to tle charging algorithm to end charge
and discharge cycleas aforementioned discussions

Algorithm to control DGDC converter(Charger):
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This is used to power the load with minimum required voltage.

Objectives of Battery Management System:

=

BatteryManagementOptimum use the battery

2. Power ManagemenMinimum power dissipation and proper power distribution.

w

. Energy managemerifficient energy conversion

B

Keep track of SOEOC is used to control charging and discharging.

Thus, BMS integrates two funohs of monitoring and control. The monitoring unit
collects the data specific to the battery such as the charging or discharging currents, SoC,
number of cycles, and depth of discharge. While the control unit is the one which
implements intelligence to éhsystem by acting on the charging and discharging
processes based on the data collected by the monitoring unit. A BMS system can be made

very sophisticated for optimum use of the battery but is subject to various considerations:

a. Cost of the Product: Theost associated with the BMS should not overwhelm the
cost of the product. For instance, the BMS implemented in a cell phone should not
be very advanced such that it contributes to majority of production cost.

b. Product Requirement: The BMS should be desigred per the product
requirement. Certain applications use batteries in sensitive environment and call
for high level BMS system. For instance, in Electric Vehicles harbor large battery
packs, inadequate BMS can lead to overheating of batteries whicmicause
the batteries to blast leading to fatal accidents. Hence sophisticated BMS needs to

be implemented in such applications.
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c. Types of BatteriesCertainbatteries are more sensitive than others and require

better monitoring.

A generalized batterynanagment system can be represented using following block

diagram:

Charger ___, Battery ___, Converter —, Load

!_ .................. —

! Data Control
| | Acquisition |
|

Figure10. BMS block diagram

The Orange channels show the communication channel while the black arrows denote
electrical connections. The data acquisition unit dred dontrol unit together form the
BMS. The data acquisition unit is the monitoring unit that records real time data from the
battery like the charging and discharging current, SoC of the battery, etc. depending on
the sophistication of the BMS and the paeders required to be monitored. The data is
then given to the control which uses it as reference data to generate control signals for the
charger and converter units. The converter, which is @A0®r DC-DC unit depending

on the load, is used to interiathe load with the battery thus controlling the discharge

rate while the charging unit (ADC or DGDC) is required to charge the battery. The
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charging unit can also directly power the load in most applications like portable

electronicsThe mainBMS compmnentsare as follows

A. Charger

Charger can also be referred to as the power module.pdWwer module is
generally a AGDC converter which can be plugged into the mains supflyen the
battery is running low, theharger can be used to power the devigectly while
simultaneously charging the batterfnd supply the loadypassing thebattery when

fully charged to preserve the charge laieruse when mains supply is not available.

The BMS must control two parameters for the charger. First the energy
conversion process and the charging parameters of the battery. The charging current and
voltage of the battery is continuously measured and fed back to the controller of the
BMS. Which in turn generates the control signal to control the output ahinge. For
instancejn simpleconverter it generates tlagity cyclesignal to control thewitching of

the power devices (MOSFET or IGBT) to adjust the output.

B. The Battery

Main function of the battery is to store energy. The BMS should be designed spgcifical

for a certain battery type.

a) ElectronicSafety Switch for Liion batteries.

Li-ion batteries are very sensitive and require a safety switch to be integrtted

the batteryOperating Liion cells outside the safe operatmegioncan be hazardous. For
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li-ion batteries thesafe operating region is defined by the operating voltage,
charging/discharging current and the operating temperature. Operating tloeitsale
safe region high voltages can cause the cell to cause fire or explosion and at Igesvolta

it might cause irreversible losses to the overall capacity.

Maintaining the battery at high voltage increases the battery capacity of the
battery but reduces the cycle life considerably. So, the allowable maximum charging
voltage is a trade of betweeycle life and capacity. Higher the operating current more is
the operating temperature of the battery. Depending upon the operating conditions and
application of the cell, the limit for the maximum current should be decided. Both the
max voltage and maxucrent limits should be within the safe area of operation. Once the

limits are set, the electronic safety switch can be controlled using a controller.

The electronic safety switch is generally a MOSHETseries with the battery.
The controller senses theltage of the battery and the current and generates isolation

signal whenever any set limit is exceeded.

b) Charge Balancing

A single Liion cell can produce voltage around 3.6V and provide around 6A of
max current. This is too small for most of the appil@ssi.e., dectric vehicles. For this
purpose, number of cells are connected in series and parallel to derive the required rating.
Adding cells in series increase theltage while adding cells in parallel increases the

current rating of the battery.
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Two identical cells used for same application show difference in their
performance. This is due to the variations occurred during manufacturing, difference in
impedances, unequal heat distribution to the packaging style, etc. These variations

become even momevere with ageing effect.

Due to this difference in SoC levels is observed across different cells during
charging and discharging processes. There are many supervisory ICs available
commercially. These ICs supervise individual cell voltages and inteol@rge or
discharge currents when one of the voltage set limit is exceeded. A charge balancing
circuit equally distributes the charge applied to or drawn from the battery between the

individual cells by transferring charge from highest SoC cell to $o®eC cell.

c) Smart Battery

Smart battery is a battery with a microchip installed on it. This chip implements
the functions mentioned above with certain othuctionslike communication with the
hostand calculate and predi&eattime battery informationSmartbattery comes with
features such as, setfonitoring, charge control, fault identification, protection and
communication with host to store da@nce you have the first two features in the battery

it is relatively inexpensive to add the additiofedtures.

C. DC-DC Converter

The DCGDC converter is used to interface the battery to the load. The battery

rating may not be the same as the load demands. TRBMConverter isn chargeof
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providing appropriate voltage and current as per the load demBEmdsensures efficient

use of the battery and monitors the discharge current.

The converter is controlled by a microcontroller. The controller senses the battery
parameters to be controlled and load requirements and generates appropriate control

signals taadjust the converter output.
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VIIl.  LI-ION CELL OPERATING CHARACTERISTICS
There are 2 charging modes for-lan batteries.

1. Constant Current (CC mode)

2. Followed by constant voltage (CV mode)

The max voltage is determined by 2 factors. Firstly, mhax battery capacity and

secondly its cycle |ife. Batteryods | ife

value.

Max capacity is proportional to Max charging voltage. Life of the battery is inversely
proportional to charging voltage. t¥/ increasen battery voltage yields 12% increase in

capacity but decrease in life cycles by 200.

The same is shown fig.11 asillustrated in P]:

Charging Voltage effect on Cycle life and Capacity
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The following figureshows V and | characteristics during the application of a CC/CV

charging regime to Hon battery.

CHARGING PROFILE
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Figure1l2. Charging V/I characteristics

Both I.c and Vimax values are specified by the battery manufacturer. Charge rate is
generallyaround 07C to 1Cwhich is related tothe allowed current density. Value of

Vmaxis either 4.1V+1% or 4.2V+1%.

(A high degree of accuracy is taken care when specifying the valie.@f This is
because battery manufacturers want to guarantee a certbancantain cycldéife). Imin is

chosen to be 0.@to 0.1C.

A. ChargeTermination Mechanism

Imin @ndtmaxboth can be used as charge termination point. But there is a difference

betweenusing hin and thax as chargdgerminationpoint. The advantage of usinigin is

29



that the battery is then charged to full battery capacity. The time for which the battery is

in CV mode is reduced which is advantageous
between the externally applied charging voltagexd n d b sgquilibriuny @otential

E determines the current that flows into the battery in CV mode. The difference is equal

to d (over potential) including ohmic potent

The batt dmpgdarse cl8renC andtemperature detmines the total
overpotentiabf the battery. When charging is stopped at currertthisoccus atsame
SoC under the condition of constant temperature and internal impedance. Using equation

E=Vmaxd, we can find out thealue of SoC, where SoC is tbaly unknown quantity.

The curent value will not necessarily stop at the same value when the charging is
stopped atmax. Forexample, when a haftill battery is charged with as charge titagx
the current at the end of charging will be different from the situation where an empty
batery has been put on charge for the same charge tim@xofherefore the starting
SoC and the ending SoC will not be the same. This poses a problem for Battery

Management System algorithm.

B. Protection

A Li-ion battery needs to be charged within a aiartbattery voltage and
temperature range. Charging stops when the battery voltage or temperature is outside the
specified range. Before charging the battéing charger checks for tliault conditions,
such asshort circuit or open circuifTo be safe, @ electronic switch is always connected

in series with a L-ion batterywhich will interrupt the current flow when the battery is out

30



of the specified range. The safety voltage and temperature are wider than the ranges for
safety. Hence, the safety switglill be able to interrupt the charge current when the
charger safetyails. For extrasafety,device suchas PositiveTemperatureCoefficient

resistor PTC) is also connected to prevent failure.

C. ChargingVoltage

A higher value of Waxleads to higher capdy, but at the same time the cycle life
decreases drastically. One of the reason for the loss of cycle life is the decomposition of
the electrolyte at a higher value of voltage. A high value of voltage is present at the
positive electrode when the baftas charged in CV mode. During the decomposition
reaction,the Li* ions react irreversibly with the compounds of the electrolyte to form
decomposition products. The longer the battery remains at the relatively higbl@aye,
the more electrolyte will & decomposed, using up valuable active material, thereby
lowering the capacity. So besides high value et\/the application of Wax for long

periods of time should be avoided.

D. Charging Current

The battery can be charged quickly to the set max chavgitage Vinaxif higher
charging current is utilizedut it was observed that there is no significant decrease in
full charge time even if higher charge current is used. The reason being, under constant
voltage charging regime, the current decays expaigntence the time required to

completely charge the battery does not reduce significantly.
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But using high charging current causes loss in capacity of theAcglihssible
cause of capacity loss could be Li metal depositiethe negative electrode potéal
drops below 0OV Higher the current lower is the potential drop below 0V. This causes

irreversible Li metal deposition on the negative electrode.
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IX. MULTILEVEL MODULAR CONVERTER BASED BESS

MMC is gaining popularity in medium to high voffa applications due to advantages

like low harmonic content on AC side, scalability and high reliability due to modular
structure. Due to these features, it reduces the size of filters required on grid side, due to
scalability there is no need of step wpnisformer and due to modulgructurejt reduces

the down time.

Renewable energy sources are very uncertain and not constant. To overcome
these power fluctuations, energy storage systems are required in renewable energy
systems to maintain grid stabylitLi-ion batteries due to their high energy density and
stability are replacing the traditionally used lead acid batteries in Battery Energy Storage

systems which are being used widepewablesnergy generation facilities.

Integration of Battery Energ$torage into the MMC has been discussed?]n [
MMC can use balancing of battery SoC in each submodule thus preventing overcharge or
discharge which may damage the batteridereover, it can utilize the circulating

currents to improve the internal regiiben capability and output power quality.

33



= S : SUBMODULE
*E SM, SM, SM, l (Half Bridge)
A l l | MOSFFT
SM, SM, SM, ) j
VIOSFET Vsm
SMy SMy SMy |
Rarm {g Rarm [gllearm
[«arm Larrn lar?:\—),vai\ O_
1 L
Vq B—» 35
c o &H
VY. O—
L Laom , AC grid
y - Rarm Rarm
SMN+] SMN+1 SMN+1
| l |
SMp:+2 SMp+2 SMy+2
v '
_ SMpy SMyy SMyy

Figure13. MMC based BESS

Figure 13 shows BESS integrated into MMC. But in case of MMC, the output voltage of
each submodule is given as:

O — —zQ8&py

Whered=m* OES O
m= modulation index
The arm current of MMC represented kay is given by(19), which equals to the SM

current

Q Q =

2 2. "NEO0 8 Bp w
o C ! P
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Where,lm denoteghe magnitude of phase current

. JORN ) o ,.,.... 0 o
L W 27Q _— — — — ai Qeo — zi Qeo
o S o C C S
0 Al @ o
— P © 8§8Bcm
q q
0 2 2 ai Qeo o i Qeo O CAT © b8 B¢ p
@ @ T P
Maximum ripple is observed fogd0
. 0, ... O OAIT @
Q T i Qeo — m 8 8¢ ¢

Thus, it can be seen that, there is power line frequency compandrgecond
harmonic componenpresent on the DC side of each submoduleurgig4 showsthe
frequency spectrum of the frequencies observed on DC side of each subifnoaiule
PLECS simulation of MMC usinBESS and half bridge submoduldscan be seen that
in a submodule, on DC side there is large amount of ripple. The fundamental component
can be asigh as 200 percent while the 2nd harmonic content is 100 percent BCthe
component. In order to integrate BESS into MBIC, it is important to evaluate the
effect of ripple content on the battery performariee to voltage imbalance between the
phase arms circulating currents flow between the arasmonics of circulatig currents
are even harmonics excluding tripleen harmonitBe 29 harmonic is prominent

compared to other harmonicBhus,the submodule has to supply both the arm current
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and circulating currents which leads to presence of large ripple content on wideD@

the submodule.
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Figurel4. Frequencypectrum of DC side MMC current waveform
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X. EXPERIMENTAL SETUP

L Oscilloscope
DC IS upply
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N

NCR 18650
DSP Cell
Buck Convertei

Figure15. Experimentaketup

A. Converter

The converter used for the experiment s is effectively a buck converter
topology. The control signal for the converter was generated using the Texas Instruments
DSP F28335. The code for the DSP was written using the Code composer studio software

and the DSP was interfaced to the computergian emulator.

The control strategy implemented was that of SPWMe converter utilized
Infineon MOSFET (IPPO75N15N3 G). This MOSFET is anhannel power transistor

rated at 100A and 150V.

For the experiment, the output current was controlled usingdPP& controllers
of the DSP. The code used for this purpose has been illustrated in appernidie B.

converter was effectively used to generate charging and discharging currents of 1.65A
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DC and to add required ripple content to the DC current for stughoper-or charging
stage, the DC supply by GW Instek was used to provide constant voltage source of 10V.

While for discharge stage, the-ian cell under test was used as constant voltage source.

B. CurrentandVoltage Measurement

For monitoring current ansgoltage at the output of the converter, current and
voltage transducers by LEM were utilized. The current transducer was of 1A &5l

voltage transducer LV 2B series.

LA 55-P is suitable for DC and AC current measurements and provides galvanic
isolation between primary circuit (high power) and secondary electronic ciftist.a

closed loop current transducer which operates on principle of Hall Effect.

LV 25-P transducer is similar to LA 5B in terms of operating principle. For voltage
measurementsa current proportional to the measured voltage must pass through the
measurement resistor. The measurement resistor is selected by the user and is installed in

series with primary circuit of the transducer.

The circuit diagrams of all electronic circuiigere developed using ALTIUM

software. Figres 16 and 18how the circuits used for the testing purpose.
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Following the trasducer unit, the output of the transducer is fed to an amplifier
circuit and then to bipolar to unipolar converter. The converter converts the output of the
transducewhichis bipolar (both positive and negative values) to unipolar output suitable
to feedack to ADC of the DSP. In this case the voltage transducer output is +3.3 V
which is converted to +1.65V by the amplifier stage and thé€3X&V by the converter

stage. The input range of the ADC of DSP is sar3e3V.

C. Gate Driver

The gate driver is amportant circuit pertaining to the Buck converter. Gate
driver by Avago ACPEW345 was used to generate the gate signal. AGRBU5
contains an AlGaAs LED, which is optically coupled to an IC with power output stage.
This diver issuitablefor generating gte signals for MOSFETSs used in any type of
converter systems. The gate driver can generate gate voltage of £20V and max output
current of 1A. The high O/P current and voltage make this driver suitable for direct
driving MOSFETS at high frequency for higfficiency conversion. For this
experimental purpose, the output voltage of the driver circuit was set to +158\and
DC. Figure 18 shows the diver circuit. A series resistor R3 is used to limit the gate
current as per the MOSFET ratirjso, antiparalél Zener diodes are used to protect the

MOSFET gate from over voltage conditions.
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Figurel8. Gate driver circuit

D. Peripheral Equipment

All the waveforms for the purpose of study were monitored and recorded by using
the Tektroncs MDO3000 series Oscilloscope. A cooling fan was utilize#eep the

operating temperature of the cell under test constant at room temperature.
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XI. TEST PROCEDURE

The currentwaveform obtained from the simulation results of MMC was recreated using
the DSP controlled buck converter. F1§. shows the waveform obtained from the
PLECS simulation, while Fig0 shows thecurrent waveform used during testing
procedure. The nature of the waveforms is similar with respect to harmonic content.
Using thiswaveform,a cell was charged and discharged multiple times and the resistance
was calculated from transient response as discussed in earlier sections. The resistance
was calculated before and after the test procedure and were compared. Different cells
were tested n same fashion but with different magnitude of current ripple. The
experimental results of all cells were then compared to determine the effect of ripple on

lifetime of the battery.
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Figure19. PLECS simulation MMC waveform
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Figure 20. Testwaveform

The nominal voltage of the battery i68 which can be known from its data
sheet.Generally,in BESS the voltage of batteriesbalanced and maintained above the
nominal value. The nominal voltage of thiattery corresponds to 89SoC and hence,
SoC betweerd(% to 90% was identified as the operating range. The resistances

corresponding to this operating region were compared.

The testing was conducted on various cells with ripple percentage varying,as 0,
10, 20 percent (60 Hz fundamental frequency ripple) and then tested using the waveform
observed from MMC simulatiorCell with 5% ripple content showed an increase of 9%
ion cell resistanceWhile cell tested with 10 percent ripple content showed average

increase in resistance by 17 percent in the measured SoC range. Further, the cell tested
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with 20 percent ripple content showed increase of 19 percent in cell resistance. While the
cell tested with waveform similar to that observed on DC side of MMC subi@od
showed increase in cell resistance by 29 percent.

The degradation of cells in terms of SoH of the battery is illustratdeigial.

Which is calculated usingq.6.

SoH of Cell
120%
100%
80%

S 600
S 60%
40%
20%
0%

0% ripple 5% ripple 10% ripple 20% ripple MMC
waveform

Figure21. Current SoH of the cell

SoH represents the conidit of the cell. 100% SoH corresponds to new cell with
no loss in capacity. While 0% SoH corresponds to dead cell with capacity reduced to
80%. To confirm the test results, the cell tested with MMC waveform was tested for
another 10 cycles with same wawveafo After the test, capacity test was conducted on the
cell. For capacitytest, the cell was first charged completely to 100% SoC and then
discharge using 1.4A discharge current. The cell was discharged completely in 1.9 hours.

Thus, the capacity of the ltevas 2.66 Ah against 3.2Ah rated capadity., the capacity
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of cell was reduced to 81%. This verifies the test results. For 10 cycles increase in
resistance was 29% thus it indicates slightly above 50% SoH. In another 10 cycles, the
cell was reduced talmost 0% SoH.

Same test was conducted again on a breawd cell which was cycled 20 times.
After 20 cycles it showed 59% increase in cell resistance which indicates near 0% SoH

(0% SoH corresponds to 60% increase in cell resistance).
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Xll.  PASSIVE FILTERING

As it can be seen that low frequency ripple has negative impact on life time of the battery,
it is necessary to reduce the ripple content observed by the battery. One way to achieve
the same is using capacitive filter on the DC side oMMC submodule. As on DC side
of the MMC, fundamental and second frequency harmonics are dominant, the filter needs
to be designed accordingly. The impedaaténe capacitive filtepbserved by the ripple
needs to be lower than that of thattery itself.The impedance of the capacitive filter for
particular frequency is given by:
W CLQ&(% B¢ o

Where, f is the frequency and C is capacitance of the filter.
For negligible effect on life time of the battery, it is necessary to reduce the harmonic
content in the system below 5%.

To analyze the same, a capacitive filter is simadausing MATLAB. Figire
shows thesimulation model used to obsergéect of using a capacitor in parallel with
the batteryUsing a capacitor, it creates a low impedance path for ripple current while it
is observed as open circuit by DC current. As alteghe ripple current flows through
t he capacitor and baenlythe degiredddcerspongrt Butetx p e r
reduce the ripple level below acceptable level,iadow 5% at least a capacitor rated at
0.8F is requiredFor purpose of simulatig a 1A DC current source was connected in
parallel to 2A 60Hz current source and 1A 120Hz current source to recreate waveform
similar to that observed on DC side of the MMC submodule. The capacitor value was

gradually increased from 500mF till the rippl@lue was reduced to less than 5%.
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Figure22. Matlabfilter smulationmodel

The dimensions of a 1F electrolytic capacitor is 10cm in diameter and 25cm in
length. This is quite large volume. Hence proper design consideratiotiganbe taken
in order to incorporate capacitor within the submodule of MMC.
One solution to this could benplementinga super capacitor in place of electrolytic
capacitor.Fig 23. And Fig. 24 show the Fast Fourier Analysis of the current waveform at

thebattery terminals using 0.8F capacitor and 0.8F ultra capacitor respectively.
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FFT analysis
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FFT analysis
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Figure24 Reduction irripple due to 0.8kiltra-capacitor
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A tradeoff can be made in the cost and size by installing a capacitor and ultra
capacitor in series. The same has been simulated in MATLAB environment. The effect

has been illustrated in Fig. 25 and Fig. 26.

Figure25. Attenuationobtained usingseriescapacitor andiltra capacitorcombination

For simulation purposes the capacitor and tdapacitor capacitancewsere
equally selected to be 0.4 F each such that the total capacitance of series combination is
0.8F same as earlier configuaats. This combination is less effective than individually
installed componentas the same capacitance reduces the ripple content just below 9%.
But giving more design considerations, #odution ca be implemented making traaéf

between size and cost passive filter.
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