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Why Using Li-lon Cells

I
Advantages of Li-lon cells

» Higher energy density O

L .

> Slow loss of charge when disconnected 2@ ;
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» Smaller hysteresis effect sof & ;
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» Durability
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Volumetric Energy Density (Wh/L)
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Disadvantages of Li-lon cells
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» Damage at high voltages

http://www.cei.washington.edu/education/science-of-solar/battery-technology/
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Cell, Module, and Pack

» Cell: The smallest unit connected in parallel or series to make a module

» Pack: A module is connected in parallel or series to make a pack. Voltage,
current, and temperature are measured by sensors from each module.

-

J— . - = ‘.\3
U ,4\\ \ === \

Cell :{> Module :(> Pack

The battery cell, module (4 cells), and pack (48 modules) used by Nissan Leaf

http://www.nissan-global.com/EN/TECHNOLOGY/MAGAZINE/ev_battery.html
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Battery Definitions

C-Rate: The rate at which the battery is charged or discharged with respect to
its maximum capacity (1 C-rate is the current that discharges the cell in 1 hour)

Open-Circuit Voltage: The voltage across the cell terminals when no load is
applied.

Terminal Voltage: The voltage across the cell terminals when a load is applied.

Nominal Capacity: The total Amp-hour that
can be drawn from a healthy battery when
the battery is discharged at a certain C-rate.

Internal Resistance: The resistance within
the battery components that converts the
charging energy into heat.

http://web.mit.edu/evt/summary_battery_specifications.pdf
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Battery Conditions
.

Cycle Life: The number of full charging/discharging cycles before the cell’s
capacity drops to 80% of its initial capacity. It is a function of the operating
temperature and the C-rate.

State of Charge (SOC): The battery’s current capacity as a percentage of its
maximum capacity. The SOC is not directly measured by any sensor. It can be
calculated using the current integration or can be obtained by state estimation.

Depth of Discharge (DOD): The battery capacity that is N
discharged as a percentage of its maximum capacity.
State of Health (SOH): It is an indicator that reflects the xR R |

general condition of a battery (a cell or a pack) compared 4:'| r . L Al

to its ideal condition.

http://web.mit.edu/evt/summary_battery_specifications.pdf
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Main Elements of a Cell
N

» Main elements of a battery include: anode, cathode, electrolyte, separator,
and current collectors.

» Anode is the source of reduction reactions during charge and oxidation
reactions during discharge. Cathode is the source of oxidation reactions
during charge and reduction reactions during discharge.

+

Charge Discharge

Flow of
electrons

Flow of
electrons

Cations Cations

Anions Anions

Electrolyte Electrolyte

http://storage4.eu/2013/03/rechargeable-battery-diagram-convention/
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Charge-Discharge Process
S

Discharge: During discharge, the anode is oxidized and the cathode is
reduced. This causes that electrons move from anode (-) to cathode (+).
As the anode looses electrons, it attracts anions. Otherwise, the cathode
attracts electrons, and the cell starts loosing the charge.

Charge: During charge, a voltage applies to the cell and it causes that
electrons move in the other direction (note that (-) and (+) stay at the
same sides, since electrons flow in the direction they left from before).
Even though, the left electrode is now reduced and the right electrode
is oxidized, for the convention, anode’s and cathode’s name stay the
same. But, from a scientific point of view, the cathode and anode will
depend on the state of the battery (charge vs. discharge).

http://storage4.eu/2013/03/rechargeable-battery-diagram-convention/

Li-lon
Batteries

[:‘"E

CENTRE FOR MECHATRONICS AND HYBRIL

D TECHNOLOGIES

X
e




A Typical Battery Test Setup
N

» Main elements of a test setup: 1-environmental chamber, 2-power
supply, 3-data acquisition card, 4-current sensor, 5-thermocouples, and
6-safety circuit:

Power Supply

- B

LA
Bt s

A Li-lon cell inside the holder The battery test setup
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Elements of a Battery Testbed

» The environmental chamber is used to vary the temperature between -66°C
to 177°C.

» The power supply provides current for the Li-lon cell in the range of +6V
and £150 A. It is controlled by a computer using the data acquisition card.

» The setup uses three thermocouples to measure the cell temperature and
another one to measure the ambient temperature.

The power supply The four thermocouples
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Three Main Test Scenarios
S

Three tests are mainly run to model a Li-lon cell:

1) The static capacity test: To measure the cell’'s nominal capacity C» at
a constant-current discharge rate with 1 C-rate;

2) The SOC-OCV test: To obtain the SOC-OCV relationship by charging
and discharging at 1/15 C-rate. The averaged curve for charge and
discharge is approximated by a high-order polynomial function;

3) The cycle tests: To excite battery’s dynamics and measure input-
output (current-terminal voltage) data that are later used to identify
parameters of the equivalent circuit model.
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Sample of Cycling Tests

» Input current cycle:

Current (A)
e
N —

1 1 1
0 2000 2500

> Measured terminal :
voltage: ;

» Calculated SOC
(Coulomb-counting):

of Charge (%)

State
[3*]
(=1

1 | 1 1
1000 1500 2000 2500
Time (s)
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OCV-SOC Curve Derivation

N
» The OCV-SOC curve is obtained by taking the average of the OCV-SOC

curve for charge and discharge with a C/15 rate. This curve is then
approximated using a high-order polynomial function.
OCV (7)) = Pyozi* + PoZi” + Pozi” + Py + Pezi” + Psz + PaZic’ + Pazi” + Pozi” + Przc + Py

4.5

COEFFICIENTS OF THE 10TH-ORDER SOC-OCV POLYNOMIAL ar

Coefficient Pi P2 D3 D4
Numeric value  -10150.68 54373.42 -125525.42 163388.70

351

Coefficient Ps Ps p7 Ps
-131706.22  67987.96 -22460.65 4613.87

Averaged of Charging and Discharging
3k —— OCV(SOC) during Charging

——OCV(SOC) during Discharging

Open Circuit Voltage (volt)

Coefficient Do Pio pi
Numeric value -554.99 35.66 2.53

251

-0.1 0 0.0 02 03 04 05 06 07 08 09 1
State of Charge

Profiles for charge, discharge and the averaged one
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Hysteresis Curve Derivation
B

» The hysteresis is equal to the amount of the voltage drop during charging
and discharging. It is determined by subtracting the SOC-OCV curve for
discharging from the SOC-OCV curve for charging.

0.25

0.2

0.15

0.1

0.05 |

Hysteresis Effects as Voltage Drop (volt)

0 2 -+ 6 8 10 12 14 16 18
Time (h)

Profile of the hysteresis drop in voltage
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Different Modeling Techniques
s

» The choice among modeling approaches is a compromise between model
complexity, accuracy, and computational cost:

Empirical Modeling \

Represent hysteresis, polarization time, Ohmic loss Tkl =k = (",}ir)"k-
No physical significance, less parameters to tune
Applicable for SOC estimation but not for SOH estimation
Lower accuracy of modeling

K
Yk = Ko — Ri — ,—; — Kazp + K3 In(zp)

+ Ky In(l = zp).

Equivalent Circuit Modeling

|

Represent hysteresis, Ohmic loss, different polarization constants
Average physical significance, less parameters to tune

Applicable for SOC estimation but not for SOH estimation

Easy and accurate for implementation and computationally efficient

Electro-chemical Modeling

7

Represent Lithium diffusion

High physical significance, more parameters to tune
Applicable for SOC and SOH estimation

Difficult to obtain parameters and computationally expensive
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The 1-Order R-RC Model

16|
> A 1st-order R-RC model in state-space: AAR

At >

{vkﬂ} 1- 2o {vk} c | —\VVNV— T

=l RC + g I

Zy 1 0 1 Zy _ 1At ocv(® I('l ]
. C _ : -

VTerminaI,k = OCV(Zk)_ Rik _Vk, o

At is sample time, C is nominal capacity, and n is columbic efficiency.

» The 1%t-order R-RC model consists of an internal resistance R, a modeling
resistance Ri1, and a modeling capacitance Ci. Value of R is a function of the
current direction. It is R+ for charging and R- for discharging.

» There are two state variables including V the voltage across C1, and z the
state of charge. The input to the model is the current ik, and the output is
VTerminal that is the terminal voltage across the two ends of the cell.

l‘ The 1%-
M I I 0 order R-RC
CENTRE FOR MECHATRONICS AND HYBRID TECHNOLOGIES

model




Parameters of the 15-Order R-R-C

» The equivalent circuit is a grey-box modeling method in which the model
structure is known and parameters are unknown. The structure is derived
from circuit equations and parameters are obtained using optimization.

» The OCV denotes the open-circuit voltage variable defined as a polynomial
function of zk. This function is obtained using the OCV-SOC characterization
test that is explained later.

» Value of Cis obtained by the static capacity test, n is assumed to be equal to
one, and value of At depends on the sampling rate of the voltmeter.

» Values of Ci1, Ri, R+, R- are obtained by capturing input-output data and
applying genetic algorithm for parameterization. It minimizes the error that
is the difference between the simulated and measured terminal voltage.

;‘ The 1¢'-
( MI I I o order R-RC
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The 15-Order R-RC-H Model
T

» The R-RC-H model uses a R-C and a hysteresis R

element to represent the cell dynamics: R Wy

At ] At ] c ‘>

1- 0 0 = 0 I <
Vl, K+l R,C, V1, K C, i ocv C) |C| g
heg |=| O FGi,) Of|lh, [+] 0 1-F(iy) {M(Z,z)} :
Zy 1 0 0 1|z _nAt 0

C

VTerminaI,k =0CV (Zk) _Vk + hk - Rik’

» In addition to C, C1, R1, R+, R-, OCV, the 1%t-order R-RC-H uses a hysteresis
element h to represent the hysteresis effect. The hysteresis is the difference
between the cell’s voltage on charge and discharge at the same SOC value.

» The hysteresis effect is quantified comparing the SOC-OCV characterization
tests for charging and discharging.

‘ Li-lon Test Setup The 1%- Parameterization Introduction Modelin MCMaSter
CMH I 0 Batteries and Test order R-RC via the genetic to MATLAB- via Simuliﬁk Urnversﬂy oy
CENTRE FOR MECHATRONICS AND HYBRID TECHNOLOGIES procedures model ulgori’rhm MUl = ENGINEERING




Parameters of the 15"-Order R-RC-H

» The R-RC-H model has three states including V, z, and the hysteresis state h.
It has two inputs including ik, and Mk, which is the polarization constant and
it has two values including M+ for charging and M- for discharging. The
output V7erminal is a function of OCV, V, Rxi, and h.

» The hysteresis effect is calculated using the following function:

F(ik>=exp(—"”ci‘k],

where Y is the hysteresis rate, and n is the columbic efficiency.

» Values of C1, R1, R+, R-, M+, M- and Y are obtained by capturing input-
output data and applying the genetic algorithm for optimization. Note that
upper bounds for M+, M- and Y are set based on the hysteresis curve.
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Genetic Algorithm for Optimization

» Genetic algorithm is a class of stochastic search strategies that are modeled
by evolutionary mechanisms.

» They can optimize nonlinear systems with a large number of variables.

» Main steps of a genetic algorithm:

1)
2)

3)
4)

5)

CENTRE FOR MECHATRONICS AND HYBRIL

Choose parameters to optimize

Create initial population of
individuals

Evaluate fitness of each individual

Apply selection rules and random
behavior to select survivors

Create new individuals randomly

D TECHNOLOGIES

Initialize Population

v

Evaluation

Evaluate Fitness

Evaluation

Yes Satisfy
Constraints?

No

Recpmbination

Select Survivors

—»

Randomly Varying
Individuals

—>

Optimization Results

https://www.msi.umn.edu/sites/default/files/OptimizingWithGA.pdf

Parameterization
via the genetic
algorithm




Genetic Algorithm vs Newton-Raphson

» Newton-Raphson and its variants use local information for optimization.

» They use the function value and its derivative with respect to the optimized
parameters to find the local maximum or minimum.

» The Newton-Raphson approach fails, since a local method can only find
local extrema.
_-If we start our search here

.| ~We'll end up here

' m\/{\vﬂ/\

3

-2.5

https://www.msi.umn.edu/sites/default/files/OptimizingWithGA.pdf
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Genetic Algorithm for Parameterization
2

» The model is obtained from the equivalent circuit (e.g. 15t-order R-RC),
where its parameters are unknown. The three test procedures are run.
Excitation tests produce input-output (current-terminal voltage) data.

» The genetic algorithm applies using the 1%t-order R-RC model and input-
output data to identify parameters of the model. It minimizes the error
that is the difference between the simulated and the measured output.

> For the case study, the population e a2
Slze and the generatlon number |l|1|0|0|1|0|0|:JL|1|1|0|1IUIF:a;re|r:‘t'|Slll]011]0111010[1|1|0|0|0|
are respectively set to 200, and 15. C‘ ‘ c_—
For more accurate reSU|tS’ these |1|1|01011[011101011|llololfTilszTlllﬂ|1|0|0|0|1|1|0|1|0|1|
numbers need to be Iarger. a0l oo o o] olo]0] [o]a]afol oo el s ] 0]1]
Mutation Mutation

New population
http://www.mdpi.com/1996-1073/9/3/181/htm
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Parameterization Results
N

» Parameters of the 1t-order R-RC model with and without hysteresis are:

Numeric values of parameters for the R-RC-H model

Numeric values of parameters for the R-RC model

Parameter

Numeric Value

Parameter Numeric Value

nominal capacity, C 7380 (Amp.s) nominal capacity, C 7380 (Amp.s)

cell Columbic efficiency, 7 | 1 cell Columbic efficiency, 1

modeling capacity, C; 6618.4 (Amp.s) modeling capacity, C; 2775.92 (Amp.s)

modeling resistance, R; 8.62e-05 (Ohms) modeling resistance, R; 0.0172 (Ohms)

internal resistance, Ry” 0.0445 (Ohms) internal resistance, Ro* 0.0360 (Ohms)

internal resistance, Ry 0.0217 (Ohms) internal resistance, Ry 0.0248 (Ohms)

sampling time, A7 0.062 (s) max polarization constant, M~ 0.0178

max polarization constant, M~ | 5.384e-05
hysteresis rate, y 16.676
4.2 , ‘
Terminal Voltage by Measurement
54 l \ A - - —-Terminal Voltage by R-RC Model |
: S - |
38 i | , -
= alles i
2 s} h ! - Lt g i .
s ! \ N I__l y
.5 - - - 1 N A
% 34 ~ o 8 & v 1 ‘k | | ]
h
312 _
! ! ! 1 \
0 500 1000 1500 2000 2500

Time (s)

Comparison between the simulated and the measured terminal voltage
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Introduction to MATLAB-Simulink

» How to run a Simulink file:

Simulink Icon

™ simulink Library Browser - a X

& o [Enter search term v&\v‘&lvu‘f @

Simulink

3 Mcimuink |
5‘} [ FnaFies & E = — ‘Commonly Used Blocks
openl ] =

4\ MATLAB R2014b

Continuous

Discontinuities

Discrete Commenly  Cortinuous  Discontinuities  Discrete
Logic and Bit Operations used Blocks

P HE | «Projects » Post-Doctorate Jobs » Cadex Project  Files and Presentations * Submitted Matlab Files » Equivalent Circuit Madels v a1 Lookup Tables
i = Main Simulink Math Operations
& Editor - Untitied © x Workspace @ Blocksets Model Verification
Untitled | + Model-Wide Utilities

Name Forts & Subsystems Logicand Bt Lookup Math Model Main Simuli
ain Simulink
H Signal Attributes Operations Tables Operations  Verification oD
tout Signal Routing Libraries

Sinks
Sources

User-Defined Functions

— | > Additional Math & Discrete Model-Wide  Ports & Signal Signal
[ | > Communications System Toolbox Utilties Subsystems  Attributes Routing
> Computer Vision System Toolbox
Control System Toolbox
> Embedded Coder
g Fuzzy Logic Toalbox Sinks Sources  User-Defined Additional Math

HDL Coder Functions & Discrete

Image Acquisition Toolbox |

L X Instrument Control Toolbox

Type "simulink” in Additional Model Predictive Control Toolbox

Command Window thonal > Neural Network Toolbox
Blocksets Real-Time Windows Target

Robust Control Toolbox

SimEvents

Simscape

Simulink 3D Animation

Simulink Coder

simulink Control Design

simulink Design Vertfier

simulink Extras

simulink Verification and Validation

Stateflow

System Identification Toolbox

Vehicle Network Toolbox

< > | Recently Used Blocks

[PV IV EVIVEVEW)

v
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How to Run Simulink

» How to adjust the numeric solver:

Simulation Start Time Discrete-time Solver Simulation Stop Time
) Configuration Parameters: R_RC_Madel/Configur: n (Active) - O x
Selact: Simulation ti -
Solver Start time: [0.0 v 7 | Stop time: [2630.04 |
Data Import/Export
> Optimization Solver options \ /
> Diagnostics !
Hardware Implementation | Type: ‘Fixed—step v| Solver: |discrete (no continuous states) - |<:| Numerical Solver
Model Referencing . . . i i
> Simulation Target Fixed-step size (fundamental sample time): |D.I}62 |<:| Sampling Time
> Code Generation
» HDL Code Generation Tasking and sample time options
Periodic sample time constraint: |Unconstrained = |
Tasking mode for periodic sample times: |Auto '|
[ Automatically handle rate transition for data transfer
] Higher priority value indicates higher task priority
w
7] ‘ OK ‘ | Cancel | | Help Apply
Bottom for Running Simulink
*4 RRC_Model - O X
File Edit View Display Diagram Simulation is Code Tools Help
B o0 CEEG-Er@\@ @) Y 004 | [Nomal - @

R_RC_Maodel
® ‘ R_RC_Model

McMaster
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MASK Interface

26 f
» How to create a mask interface on the model

» Right click on the model to see the mask options as:

4 RRC_Model Explore _ o %

Open In New Tab
File Edit View Display Diagram Simulation Analysis Code Tools Help pe N
Open In New Window

&- 8 Ee-=- Ol D T cux

R_RC_Model Hy Copy Ctrl+C

[PalR_RC_Model Paste Ctrl+V -
Comment Through Ctrl+Shift+Y
Comment Out Ctrl+Shift+X
Delete Del

Find Referenced Variables

Subsystem & Model Reference 3

BEUES e

R R —
Current from mat file Format oG- - ;

—N\N/N\/ Rotate & Fli| 3
Current AO e R soc
- rrange
i) 2
v () [ Mask T eamask, ctriem
Library Link L Mask Parameters...
Signals & Ports R Look Under Mask ~ Ctrl+U

Vt_actual(k) | |

¢

Voltage from mat file 1st-ordel Requirements Traceability Vit

v
Linear Analysis L3

Voltage Design Verifier s

»

Coverage

Model Advisor >
Fixed-Point Tool...

C/C++ Code L4
HDL Code L4
Block Parameters (Subsystem)

Properties...
Help

v @ E
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15-Order R-RC Model in Simulink

» How to feed parameters into the 15:-R-RC model:

Ry

Current from mat file R’ SOC_simulation(k) I

|

SOC
|
i(k) <
5
oCcv g
C E
! E Vt_simulation(k)
Voltage from mat file 1st-order R-RC model of a Li-lon cell Vi actual(k) Vit
Voltage }
.
Double click on the model to see:
(]
R, l
A A A —
Current from mat file |’_i| Function Block Parameters: 1st-order R-RC model of a Li-lon cell X
1st-order R-RC model of a Li-Ion battery cell
i(k) Simulation inputs: 1-current i(k), 2-measured terminal voltage Vt-actual(k)
(V| Simulation outputs: 1-state of charge SOC(k), 2-terminal voltage Vt(k)
Physical parameters of the Li-Ion cell:
Va
— Nominal capacity, C (A.Sec) 735!) Modeling capacity, C1 (A.Sec) |6618.4
Voltage from mat file I: | ‘ |
Modeliong resistance, R1 (Ohms) ‘B.GZefS | Cell Coulombic efficiency, Eta ‘1 |
Voltage
Internal resistance for charging, R+ (Ohms) Internal resistance for discharging, R- (Ohms) |D.0217 |

Simulation parameters:

Sampling time (Sec) [0.062 | mitial SoC (%) Initial voltage across ¢t (Yo |

Approximation of the open circuit voltage as a 10th-order polynomial function of SOC:
OCV = a10*S0C*10+a9*SOCA9+a8*SOCA8+a/*SOCA7+ab6*SOCA6+a5%S0CA5+a4*SOCA4+a3*S0C 3 +a2*S0CN 2+a1*S0C+al

Enter the polynomial coefficients as: [a10 a9 a8 a7 a6 a5 a4 a3 a2 al a0]
ilsB244933,163 388.6998767932,-131706.2154282435,67987.9548086319,-22460.6473728408,4613.8659150179,-554.9927788049,35.6574029497,2.5292480288] |

| OK H Cancel H Help ‘ Apply
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How to Run the Files

» There are two Simulink files: R_RC_Model.slx and R_RC_H Model.slx. They
respectively represent dynamics of a Li-lon cell using a 15t-order R-RC model
without and with the hysteresis element.

» Supporting files include two JPEG files as cover photos for models, and two
MATLAB files named by Current.mat, and Voltage.mat. They are linked to
model and contain the input current and the measured terminal voltage.

» Simulink files can only be run using MATLAB R2014b and probably newer
versions. Parametric values for these models are fed into models using a
mask interface built in Simulink models.

» The Simulink solver is set to discrete that is a fixed-step solver. The sample
time for test and simulations is equal to 0.062 sec and the total running
period is 2630.04 sec.
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Look into the15'-Order R-RC Model
T

» How to create the Simulink model using blocks:

model algorithm
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At
V. 1-AU olrv
1k+1 - 1,k C, .
Zk+1 0 1 Zk . 77At
. X(K-1) 1 x(k)
VTerminaI,k =0CV (Zk) _Vl,k — Ry, Z.
Integration
> v x1=vi(k) i
L v1 State Equation
" ) ¥2=50C(K) _ g
ik-1) S0OC State Equation xi=vitk)
| X2=S0C(K)] 100 >
Unit Delay | —
z %
Y
e e
_ w0 ) >0 OCV (k)
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Current Product
direction
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State Equation Blocks

T
» How to add the state equation blocks into Simulink:

@ Function Block Parameters: v1 State Equation X @ Function Block Parameters: SOC State Equation I X
Fcn Fcn
General expression block. Use "u" as the input variable name. General expression block. Use "u" as the input variable name.
Example: sin(u(1)*exp(2.3*(-u(2)))) Example: sin(u(1)*exp(2.3*(-u(2))))
Parameters Parameters
Expression: Expression:
|[(1-DeltaT/(C1*R1))*u(1)+(DeltaT/C1)*u(3) | |u(2)-(Eta*DeltaT/C)*u(3) \
Sample time (-1 for inherited): Sample time (-1 for inherited):
[DeltaT] | DeltaT \
| OK | | Cancel ‘ | Help | Apply OK | ‘ Cancel ‘ | Help Apply
» How to initiate the integration:
.
E| Function Block Parameters: Integrator X
UnitDelay

Sample and hold with one sample period delay.

Main  State Attributes

Initial condition: |[VC1_init,50C_init/100] \

Input processing: ‘Inherited < ‘

Sample time (-1 for inherited): |De|taT ‘

(7] | OK | ‘ Cancel | | Help | Apply
‘ Li-lon Test Setup Parameterization Introduction Modelin MCMaStCI'
CMHT 0 Batteries and Test via the genetic to MATLAB- 9 UanCI'Slty “iie

5 Ml via Simulink
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Terminal Voltage Calculation

31
Create the OCV-SOC curve using a 10t-order polynomial:

[*& Function Block Parameters: OCV-SOC X
Fcn

General expression block. Use "u" as the input variable name.
Example: sin(u(1)*exp(2.3%(-u(2))))

Parameters
Expression:

F+A(L,5)*u(1)~6+A(L,6)*u(1)A5+A(L, 7)*u(1) A 4+A(1,8)*u(1)A3+A(1,9)*u(1)72+A(1, 10)*u(1)+A(1,11) |

Sample time (-1 for inherited):
DeltaT \

Cancel Help Apply

Profiles of the SOC and Vt:

4 soc - m] X AV - o X
EEIE RN =L IR RS m ISR LRI R «

50C_simulation(k)

=
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Assignment
o

» The 2"9-order R-RC-RC model is defined as follows. Parameters of the model
are presented in the table and the OCV-SOC relationship is similar to one
used by the 1st-order R-RC. Design a 2"9-order R-RC-RC model in Simulink
and compare the simulated terminal voltage with the measured one.

A 0 at
R.C, C
Pl’k”} At Vie],| At | ocy
Vo |= 0 1- 0 { ' }+ — i,
R,C, Zy C,
Zyia
0 0 1 nAt
L } __ T_ Numeric values of parameters for the R-RC-RC model
. Parameter Numeric Value
VTerminal,k =0CV (Zk) _Vl,k _Vz,k o le y nominal capacity, C 7380 (Amp.s)
cell Columbic efficiency. # | 1
modeling capacity, C; 28730.04 (Amp.s)
modeling resistance, R; 0.00349 (Ohms)
modeling capacity, C2 7583.62 (Amp.s)
modeling resistance, R2 0.00664 (Ohms)
internal resistance, Ro™ 0.03731 (Ohms)
internal resistance, Ro 0.02564 (Ohms) .
CMHTAO‘ sampling time, 4t 0.062 (s) [L‘ V
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Any Question?
Please contact Hamed Afshari by
cmht@mcmaster.ca
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