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Import data from the load test.

In[26]:=
data3p3 =

Import@"êUsersêmcgillêDocumentsêMy\ ProjectsêLithium\ Battery\ SafetyêTest\
DataêNCR18650Bê3300mAêNCR18650B_3300mA.xls"D;

In[27]:=
Vbat = Drop@data3p3@@1, All, 3DD, 1D;

In[28]:=
Length@VbatD

Out[28]= 12 418



In[29]:=
ListPlot@Vbat, PlotRange Ø 880, 12 500<, 82.5, 4.5<<,
GridLines Ø 8Range@0, 12 000, 1000D, Range@2.5, 4.5, 0.5D<, Frame Ø True,
FrameStyle Ø Directive@18D, FrameLabel Ø 8Style@"Time HsecsL", FontSize Ø 18D,

Style@"Cell Voltage HVL", FontSize Ø 18D<,
PlotLabel Ø Style@"NCR18650B Discharge\r6 min at 3.3 A, 15 min rest",

FontSize Ø 24D, PlotStyle Ø RedD

Out[29]=
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NCR18650B Discharge
6 min at 3.3 A, 15 min rest

Extract just the first pulse, keeping 100 sec before the load was applied and lasting a total of 1000 sec.

In[30]:=
Vbatp1 = Vbat@@800 ;; 1799DD;
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In[31]:=
ListPlot@Vbatp1, PlotRange Ø 880, 1000<, 83.7, 4.2<<,
GridLines Ø 8Range@0, 1300, 200D, Range@3.7, 4.2, 0.1D<, Frame Ø True,
FrameStyle Ø Directive@18D, FrameLabel Ø 8Style@"Time HsecsL", FontSize Ø 18D,

Style@"Cell Voltage HVL", FontSize Ø 18D<,
PlotLabel Ø Style@"NCR18650B Discharge\r6 min at 3.3 A, 15 min rest",

FontSize Ø 24D, PlotStyle Ø RedD

Out[31]=
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NCR18650B Discharge
6 min at 3.3 A, 15 min rest

Now model the cell internals that cause the voltage to drop under load. Use the following RC network
according to Chen, M., and G.A. Rincon-Mora. “Accurate Electrical Battery Model Capable of Predicting
Runtime and I–V Performance.” IEEE Transactions on Energy Conversion 21.2 (2006): 504-11.

506 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 21, NO. 2, JUNE 2006

Fig. 2. Proposed electrical battery model.

Fig. 3. Typical battery characteristic curves of usable capacity versus (a) cycle
number, (b) temperature, (c) current, and (d) storage time, as well as (e) open-
circuit voltage versus SOC and (f) transient response to a step load-current
event.

procedure, makes a fully Cadence-compatible model possible,
and simultaneously predicts runtime, steady state, and transient
response accurately and “on the fly,” capturing all the dynamic
electrical characteristics of batteries: usable capacity (CCapacity),
open-circuit voltage (VOC), and transient response (RC net-
work).

A. Usable Capacity

Assuming a battery is discharged from an equally charged
state to the same end-of-discharge voltage, the extracted en-
ergy, called usable capacity, declines as cycle number, dis-
charge current, and/or storage time (self-discharge) increases,
and/or as temperature decreases, as shown in Fig. 3(a)–(d).
The phenomenon of the usable capacity can be modeled by
a full-capacity capacitor (CCapacity), a self-discharge resistor
(RSelf-Discharge), and an equivalent series resistor (the sum of
RSeries, RTransient S, and RTransient L).

Full-capacity capacitor CCapacity represents the whole charge
stored in the battery, i.e., SOC, by converting nominal battery
capacity in Ahr to charge in coulomb and its value is defined as

CCapacity = 3600 · Capacity · f1(Cycle) · f2(Temp) (1)

where Capacity is the nominal capacity in Ahr and f1 (Cycle)
and f2 (Temp) are cycle number- and temperature-dependent
correction factors, shown in Fig. 3(a) and (b). By setting the
initial voltage across CCapacity(VSOC) equal to 1 V or 0 V, the
battery is initialized to its fully charged (i.e., SOC is 100%) or
fully discharged (i.e., SOC is 0%) states. In other words, VSOC

represents the SOC of the battery quantitatively.
As seen from (1), CCapacity will not change with current varia-

tion, which is reasonable for the battery’s full capacity because
energy is conserved. The variation of current-dependent us-
able capacity, shown in Fig. 3(c), comes from different SOC
values at the end of discharge for different currents owing
to different voltage drops across internal resistor (the sum
of RSeries, RTransient S, and RTransient L) and the same end-
of-discharge voltage. When the battery is being charged or
discharged, current-controlled current source IBatt is used to
charge or discharge CCapacity so that the SOC, represented by
VSOC, will change dynamically. Therefore, the battery runtime
is obtained when battery voltage reaches the end-of-discharge
voltage.

Self-discharge resistor RSelf-Discharge is used to characterize
the self-discharge energy loss when batteries are stored for a
long time. Theoretically, RSelf-Discharge is a function of SOC,
temperature, and, frequently, cycle number. Practically, it can
be simplified as a large resistor, or even ignored, according to
the capacity retention curve shown in Fig. 3(d), which shows
that usable capacity decreases slowly with time when no load is
connected to the battery.

B. Open-Circuit Voltage

Open-circuit voltage (VOC) is changed to different capacity
levels, i.e., SOC, as shown in Fig. 3(e). The nonlinear relation
between the open-circuit voltage (VOC) and SOC is important
to be included in the model. Thus, voltage-controlled voltage
source VOC(VSOC) is used to represent this relation. The open-
circuit voltage is normally measured as the steady-state open-
circuit terminal voltage at various SOC points. However, for
each SOC point, this measurement can take days [30]. [30] of-
fers two quick techniques, namely, extrapolation and averaging
techniques, to ascertain the true open-circuit voltage (VOC).

C. Transient Response

In a step load current event, the battery voltage responds
slowly, as shown in Fig. 3(f). Its response curve usually in-
cludes instantaneous and curve-dependant voltage drops. There-
fore, the transient response is characterized by the shaded RC
network in Fig. 2. The electrical network consists of series
resistor RSeries and two RC parallel networks composed of
RTransient S, CTransient S, RTransient L, and CTransient L.

Series resistor RSeries is responsible for the instantaneous
voltage drop of the step response. RTransient S, CTransient S,
RTransient L, and CTransient L are responsible for short- and
long-time constants of the step response, shown by the two
dotted circles in Fig. 3(f). On the basis of numerous experimental
curves, using two RC time constants, instead of one or three,
is the best tradeoff between accuracy and complexity because

Write the transfer function of the circuit that models the complex impedance of the cell.
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In[32]:=
tf = Rser +

Rfast

HRfast s CfastL + 1
+

Rslow

HRslow s CslowL + 1

Out[32]= Rser +
Rfast

1 + Cfast Rfast s
+

Rslow

1 + Cslow Rslow s

Convert the tf into a transfer function model.

In[33]:=
tfm = TransferFunctionModel@88tf<<, sD

Out[33]= Rfast + Rser + Rslow + Cfast Rfast Rser s + Cfast Rfast Rslow s + Cslow Rfast Rslow s + Cslow

H1 + Cfast Rfast sL H1 + Cslow Rslow sL

T

Convert the continuous-time transfer function model into discrete-time model.

In[34]:=
dtm = ToDiscreteTimeModel@tfm, 1, zD

Out[34]= Rfast + Rser - 2 Cfast Rfast Rser + Rslow - 2 Cfast Rfast Rslow - 2 Cslow Rfast Rslow - 2 Cslow

1

T

Model the cell’s open-circuit voltage, using the first and last sample of the load test data.

In[35]:=
Vocp1 = TableBPiecewiseB:8Vbatp1@@1DD, t < 100<,

:Vbatp1@@1DD -
Vbatp1@@1DD - Vbatp1@@1000DD

359
Ht - 100L, 100 § t § 458>,

8Vbatp1@@1000DD, t > 458<>F, 8t, 0, 999<F;

In[36]:=
ListPlot@Vocp1D

Out[36]=
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Model the current pulse applied to the cell.

In[37]:=
Ibatp1 =

Table@Piecewise@880, t < 100<, 83.3, 100 § t § 458<, 80, t > 458<<D, 8t, 0, 999<D;
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In[38]:=
ListPlot@Ibatp1D

Out[38]=
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Generate the output of the impedance model, given some sample component values.

In[39]:=
vals = 8Rser Ø 0.05, Rfast Ø 0.05, Cfast Ø 500, Rslow Ø 0.05, Cslow Ø 8000<

Out[39]=
8Rser Ø 0.05, Rfast Ø 0.05, Cfast Ø 500, Rslow Ø 0.05, Cslow Ø 8000<

In[40]:=
Vsagp1 = Flatten@OutputResponse@dtm ê. vals, Ibatp1DD;

In[41]:=
ListPlot@Vocp1 - Vsagp1D

Out[41]=
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Make a plot with component values that we can manipulate interactively.
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In[42]:=
Manipulate@ListPlot@8If@Measured, Vbatp1D, Vocp1 - Flatten@OutputResponse@

dtm ê. 8Rser Ø a, Rfast Ø b, Cfast Ø c, Rslow Ø d, Cslow Ø e<, Ibatp1D
D<, PlotRange Ø 880, 1000<, 83.7, 4.2<<, GridLines Ø Automatic

D, 88a, 0.05, "Rser"<, 0, 0.1<, 88b, 0.05, "Rfast"<, 0, 0.1<,
88c, 5000, "Cfast"<, 0, 10 000<, 88d, 0.05, "Rslow"<, 0, 0.1<,
88e, 50 000, "Cslow"<, 0, 100 000<, 88Measured, False<, 8True, False<<D

Out[42]=
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No combination of component values produces the desired output, so modify the open-circuit voltage
during and after the current pulse.
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In[43]:=
Vocp1s = TableBPiecewiseB:8Vbatp1@@1DD, t < 100<,

:Vbatp1@@1DD -
Vbatp1@@1DD - Vbatp1@@1000DD - 0.05

359
Ht - 100L, 100 § t § 458>,

:Vbatp1@@1000DD - K0.033 E-J
t-458

150
N
O, t > 458>>F, 8t, 0, 999<F;

In[44]:=
ListPlot@Vocp1sD

Out[44]=
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In[45]:=
Manipulate@ListPlot@8If@Measured, Vbatp1D, Vocp1s - Flatten@OutputResponse@

dtm ê. 8Rser Ø a, Rfast Ø b, Cfast Ø c, Rslow Ø d, Cslow Ø e<, Ibatp1D
D<, PlotRange Ø 880, 1000<, 83.7, 4.2<<, GridLines Ø Automatic

D, 88a, 0.085, "Rser"<, 0, 0.1<, 88b, 0.05, "Rfast"<, 0, 0.1<,
88c, 2500, "Cfast"<, 0, 5000<, 88d, 0.05, "Rslow"<, 0, 0.1<,
88e, 5000, "Cslow"<, 0, 10 000<, 88Measured, False<, 8True, False<<D

Out[45]=
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Write an objective function that measures the difference between the model output and the measured
output.
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In[46]:=
objf@8Rse_?NumericQ, Rfa_?NumericQ, Cfa_?NumericQ,

Rsl_?NumericQ, Csl_?NumericQ<D := Module@8modResp, error<,
modResp = Flatten@OutputResponse@dtm ê.

8Rser Ø Rse, Rfast Ø Rfa, Cfast Ø Cfa, Rslow Ø Rsl, Cslow Ø Csl<, Ibatp1DD;
error = ManhattanDistance@Vocp1s - modResp, Vbatp1D

D;

In[47]:=
sol = Timing@NMinimize@8objf@8Rser, Rfast, Cfast, Rslow, Cslow<D, 0.01 < Rser < 0.1,

0.01 < Rfast < 0.1, 0.01 < Cfast < 1000, 0.01 < Rslow < 0.1, 1000 < Cslow < 10 000<,
8Rser, Rfast, Cfast, Rslow, Cslow<, Method Ø "DifferentialEvolution"DD

Out[47]=
82400.906304, 83.66694, 8Rser Ø 0.0732495, Rfast Ø 0.0151545,

Cfast Ø 0.417882, Rslow Ø 0.0176008, Cslow Ø 1848.02<<<

In[48]:=
ListPlot@8Vocp1s - Flatten@OutputResponse@dtm ê. sol@@2, 2DD, Ibatp1DD, Vbatp1<,
PlotRange -> 83.7, 4.2<, GridLines Ø AutomaticD
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