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Using PSpice to
Simulate the Discharge
Behavior of Common
Batteries

By Steven C. Hageman APPLIED DC

Note: An article based on this manuscript appeared in EDN
Magazine, October 28, 1993

Asthe use of battery-operated electronic devices become more
widespread, so too does the need for simulation models used to
analyze the operating characteristics of batteries. The most
common batteries in use today are: non-rechargeable Alkaline
cells, rechargeable Nickel-Cadmium (NICD) cells, Nickel-
Metal-Hydride (NIMH) cells, and sealed Lead-Acid cdlls.” This
article presents PSpice behavioral models for simulating the
four battery types mentioned above.

Battery Variables

All of the battery types modeled here share some common
characteristics and deviations from ideal during discharge.

e The capacity of any group of cells may vary from +/- 20%
up to +/- 50% when shelf time, number of recharge cycles,
and manufacturing variances aretaken into account. For this
reason, parameters that change less than 15% are not
considered in these models.

e The capacity of acell decays with time after a complete
charge. For Alkaline cells, this decay takes yearsto affect
the usable capacity. For NICD and Lead-Acid batteries, the
decay is 10to 30% per month. This effect may be simulated
by specifying areduced state of charge at the start.

*, The term cell is used to indicate a single energy
source. The term battery is used to distinguish a power
source composed of asingle cell or several cells.
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Themajor deviationfromideal isthat theusabl e capacity of
acell varies depending on the discharge rate. At very low
discharge rates (<) 100 hours), al batteries are very
efficient. At very fast discharge rates (< 10 hours), the
batteries are not as efficient and usable capacity is lost.

For pulsed loads with cycle times greater than 10 seconds,
the cell givesmoretotal capacity than under aconstant load.
Therest portion of the pulsed load alows the battery
chemigtry to recover some of thelost capacity. But, asthe
pulsed load cycle time becomes less than 1 second, the cell
does not have enough time to recover and usable capacity is
not increased. In these cases, the RM S value of the pulsed
discharge current should be used in the simulation.

Cell temperature affects both the cell resistance and usable
capacity. Low cell temperatures reduce the usabl e capacity;
only aslight decreaseis noted at high temperatures. For the
battery types modeled here, the change in resistance versus
temperature falls bel ow the 15% change threshold, so these
effects are not modeled. These changes may be accounted
for by adjusting the parameters passed to the various cell
subcircuits.

Cell resistanceisafunction of the cdll’ s state of charge and,
athoughthereisanegligibleeffect onLead-Acid and NICD
types, Alkaline cells show a2:1to 4:1 increasein cell
resistance from full chargeto full discharge. Still, cell
resistance is fairly flat and constant until 80% discharged,
then the resistance increases sharply. The sharp fall in cell
voltage during discharge can be looked upon as alarge
increase in cell resistance.

Open circuit cell voltage varieswith discharge temperature.
But, thisvariation, even over a0to 60°C range, ismuch less
than the difference in actual cell discharge voltage.
Therefore, itisnot useful to smulate. NICD batteriesarethe
exception; these are used in high-rate discharge applications
wherethe cellsmay increasein temperature by 25°C during
discharge. Cell discharge voltage versus temperature is
modeled in the NICD subcircuit.
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Behavioral Modeling

Figure 145 shows the results of discharging seven identically
rated NICD cellsto see how well their capacity track. These
cellswereinweekly usefor 1 to 2 yearsand exhibit a2:1 spread
in measured capacity. Alkaline and Lead-Acid batteries have
similar variations even between new cells.

Thisindicatesthat thereislittle practical valuein overly
accurate models. Therefore, only those battery characteristics
that present a 10 to 15% or greater change during discharge are
modeled.
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Figure 145 AA cdll dischargerate

The batteriesare model ed using these functional blocks (refer to
Figure 146 and Figure 147):

1 Capacitor representing the A-H capacity of the cell.

2 Discharge rate normalizer to determine the lost capacity at
high discharge rates.

A circuit to discharge the A-H capacity of the cell.
4 Cdl voltage versus state-of-charge lookup table.
Cdll resistance.
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6 For NICD batteries, the therma effects of the cell under
high discharge rates.

To start modeling acell, severa actual discharge curves should
be measured on a computerized constant-current load analyzer
[1] at alow rate (20 to 200 hours) to get an actual voltage versus
capacity curve. A single curveisthen made by averaging severa
curves, or picking atypical curvefromthedata Thisdataisthen
converted into a parameterized PSpice lookup table Voltage-
Controlled Voltage Source (VCVS). Thismodelsthe cell’s
output voltage versus the state-of -charge at low discharge rates.
A simplified VCV S definition is

E_Cel | +QUT - QUTTABLE {V(x)} = (0,1.5) (0.5,1.3) (1.0,0.0)
where:

E_Cdl signifiesthe PSpice call to aVCVS named E_Cell

+0OUT and -OUT are the output nodes of the VCVS

TABLE is the PSpice behavioral modeling TABLE
directive
{V(x)} is the controlling voltage for the table

(0,1.5) (0.5,1.3) (1.0,0.0) arethetable pairsthat are output to +OUT
and -OUT based on the value of V(x). If V(x) is0, signifying 0%
discharge, then E_Cell will have avalue of 1.5 Volts (table pair 1).
If the cell is 50% discharged then the second table pair will be used
and so on. For in-between discharge values, PSpice uses linear
interpol ation between the table pairs.

Note The actual lookup tables are composed of 30 or
more pairs of data to provide finer granularity of the
resulting discharge voltage curve.

To modéd the discharge current sense and the cell resistance, a
zero-valued voltage source is added in series with the output
voltage. The cell resistance is modeled as a smple resistor for
NICD or Lead-Acid cells and as a more complex variable
resistance that depends on the cell’ sstate of chargefor Alkaine
cells.

To model the state-of-charge, a simple, appropriately sized

capacitor isused asthe charge storage el ement that simulatesthe
available charge of the cell. This capacitor issized so that it has
avalueof 1 Volt at 100% cell capacity and 0.5 Voltsat 50% cell
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capacity. This capacitor isgiven the following value at the start

of the simulation by PSpice' s*Parameterization” function:
C Cel | Capacity 50 0 {3600* CAPACI TY* FudgeFact or}

The capacitor, C_Cell Capacity, is connected between nodes 50
and 0 and is given avalue of the Amp-hour capacity of the cell
times a conversion from hours to seconds (3,600 seconds = 1
hour) timesafudge factor (FudgeFactor). If acell hasa10 Amp-
hour capacity, C_CellCapacity equals 10 * 3,600 or 36,000
Farads; thisis abig capacitor, but aworkable value that is easy
to understand.

FudgeFactor adjusts for the difference in the manufacturer’ s
listed Amp-hour capacity (i.e., some cutoff voltage with some
capacity remaining at the cutoff) and the simulated capacity of
0 Voltsoutput at 0% remaining capacity. To correct for this, and
still allow the model user to use the manufacturer’ s listed
capacity, a FudgeFactor value of 1.01 to 1.1 isincluded.

The actual usable capacity of acell dependson therateat which
it isbeing discharged. Most manufacturers list the capacity at
the most favorable rate—usually at greater than 20 hours
discharge. At any faster rate, the cell isless efficient and results
in anonlinear function of the discharge rate. This must be
characterized as alookup table at many discharge rates. This
inefficiency ismodeled asaVVCV S in series with the output
voltage of the battery state-of-charge node (the voltage on
C_CellCapacity). This VCV S subtracts a given amount of
capacity from the cell during discharge. The amount subtracted
depends on the rate a which the cell is being discharged.

To determine the rate at which the cell is being discharged, it is
convenient to normalize the discharge ratein Amps to a more
conventional cell rate called the C rate. The C rate is defined as
the capacity of the cell in Amp-hours when it is discharged
completely in one hour. This normalization makesit easy to
determine the cell inefficiency at different rates, and between
different cell sizes, because it converts discharge in Ampsto
dischargein “C” units of the battery capacity at one hour. This
conversion is donein the model by the VCVS, E_Rate, as
follows.

E_Rate RATE O VALUE = {I(V_Sense) / CAPACI TY}
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E_Rateisthe sensed discharge current in Amps divided by the
Amp-hour capacity of the cell. The node, RATE, isthe
instantaneous rate at which the cell is being discharged (see
Figure 146).

Thisinstantaneousrateinformation can almost be fed directly to
E_Lost_Rate to determine the actual available capacity. But,
when the dischargeis alow duty cycle, high value pulsed |oad,
the cell suppliesalargeinitia current which decays in seconds
to alower value. For pulsed loads, the cell recovers between
pulses and delivers ahigher proportion of its capacity than acell
under constant discharge. The delayed rateismodeled by an RC
lowpassfilter (R1 and C1 of Figure 146). The exact value of the
RC time constant depends on the type and size of cell being
smulated. E_Lost_Rateishbuilt likethe E_Cell table asfollows.

E Lost_Rate 50 SOC TABLE { V(x) } = (0.0,0.0) (1.5,0.5)

Thetable entriesindicate the capacity unavailable from the cell
at high discharge rates. The table entry showsthat at adischarge
rate of O, the cell loses 0% of its capacity (first entry). If the
dischargerateis 1.5 times the rated capacity of the cell (1.5 C),
the cell loses 50% of its capacity (second entry in the table).

In Figure 146, the Sate-Of-Charge (SOC) nodeisthe
subtraction of the voltage on the capacitor C_CellCapacity and
E Lost_Rate. The SOC node represents the capacity in the cell
for a given discharge rate during the simulation. G_Discharge
discharges C_CellCapacity at the cell rate. The voltage on node
50 relates to the capacity remaining in the cell if the discharge
rateislow enough to actually run the cell dry. At low discharge
rates, thesetwo nodes arethe same; at high dischargerates, node
SOC isat alower potential than node 50. I, at the end of ahigh
discharge rate the cell reverts to alow discharge, nearly the
entire rated capacity can be recovered from the cell. At the high
discharge rate, approximately 60% of the cell’ srated capacity
can be used.

All that needs to be done now isto link the state of charge with
the cell voltageto get an output. The state of chargeis1 Volt for
100%, while the cell voltage tableis just the opposite. To make



266

the cell voltage correct, the state-of-charge voltage must be
inverted as shown in Figure 146.

STATE_OF_CHARGE

E_Lost_Rate 50
coc O L = CellV
G_discharge C_CellCapacT R1 (') E_cell R5

]

RATE

Invert

R2 60
t ) E_Invert R4
( t E_Rate Cl | il
V_Sense E_Battery
20 10
N —
R_Cell
-OUTPUT +OUTPUT

Figure 146 Functional schematic developed for all of the
modeled cdll types; only minor changes are required to
complete each detailed mode type

Model Differences for Different
Battery Types

Alkaline cells (see listings in Figure 149 and
Figure 151)

Alkaline cell resistance is not fixed throughout the discharge.
The resistance model is developed by determining the

rel ationship of the output’ scurrent and voltage, then linking this
to the battery’ s state of charge. The cell has asmall resistance
increase from 100% to 20% cell capacity, then increasesto
twiceitsinitia value at 0% capacity.
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When the discharge current approaches 100 mA, the discharge
capacity versus discharge rate produces a kink in the discharge
curve. Below 100 mA, the cell loses capacity gradually; above
100 mA, therate of lost capacity increases significantly. Despite
the 100 mA dischargerate being the samefor all of thecell sizes,
the Crating isnot. Becauseit isn't possibleto relate thiskink to
aspecific C discharge rate, a separate E_L ost_Rate table must
be developed for each cdll size.

A separate subcircuit model is usedto model the 9 Volt Alkaline
cell. The cdll resistance change versus discharge state is more
pronounced in this type of battery, and is modified accordingly
in the model shown in Figure 151.

Nickel-cadmium cells (see Figure 147 and listing
in Figure 152)

These cells are often used at very high discharge rates up to 20
C. Discharging afully charged cell in 5 or 6 minutes (10 C rate)
releases significant amounts of heat. To account for this, a
therma model isincluded in the cell subcircuit.

The therma model depends on two fundamental relationships:

e Thethermal temperature rise of acell per watt dissipated in
freeair is approximately
Ocg) = 1341 * V061 where V is the cell volume in cubic
inches, and Oy isthe thermal rise of the cell in °C per watt
dissipated.

e Thethermal timeconstant for material of the density usedin
making NICD batteriesis approximately 20 minutes per
pound, or, expressed in more convenient terms, 2.65
seconds per gram.

These empirical relationships are used with the calculated cell
power dissipation (Cell Discharge Current? * Cell Resistance)
to get atemperature rise and time constant model for the cell
temperature. The cell temperature rise above ambient
temperature is available at node CELL_TEMPin the NICD
model. The temperature information is also used to add or
subtract from the cell discharge voltage to account for the cell
temperature E_Temp in the NICD model.
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Another small modification was made to the NICD model to
facilitate the direct entry of manufacturers’ rated capacity data.
Most NICD batteriesare not rated at their maximum capacity for
low dischargerates. Thenormisto ratethem at the C to C/5rate,
leaving 30% more than the rated capacity if the cell isused at
low dischargerates. To account for this difference aVoltage-
Controlled Current Source (VCCS), G_LowRate, isused to add
asmall amount of current to C_CellCapacity during discharge at
rateslessthan 1 C.

Nickel-Metal-Hydride cells (see listing in
Figure 156)

These cellsare modeled likethe NICD cells, but without the fast
discharge thermal effects.

Lead-acid cells (see listing in Figure 154)

Since these cells are almost universally used in batteries
composed of 3, 6, or more cells (6 or 12 Volt batteries), the
model is changed slightly. The single cell voltage is multiplied
by the number of cellsto get the total battery voltage.
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STATE_OF_CHARGE

E_LostRate

I
N

C_CeIICapacityI

SOC

G_Discharge v G_LowRate < R1

=]
\H—@k@ g

LowRate
") E_LowRate R3
70 V_Ambient R_Thermal CELL_TEMP
o - — —
" a L
80 Invert
E_Temp_Rise Cc2
— = E_Invert R4
RATE

V_Sense E_Temp E_Cell
30 20 - 10
) = (Q H( + R2 60
R_Cell
-OUTPUT +OUTPUT E Rate c1

Figure 147 NICD battery discharge models

Using the Discharge Models

To usethe models in asimulation, add the required number of
cellstothecircuit file, and passthe appropriate parametersto the
subcircuit model. The manufacturers data sheets may be
consulted for information on the cell parameters shownin
Table8.



Table 8 Cdl Parameters

Cell Model Parameter Meaning
ALKALINE CAPACITY Capacity of the cell
measured at greater than
100 hour discharge time
RESISTANCE Initia cell resistancein
ohms
9V ALKALINE No parameters are needed
for ageneric 9 Volt
Alkaline battery
NICKEL- CAPACITY Amp-hour capacity of cell
CADMIUM measured at the C/5 rate
RESISTANCE Mid-discharge cdll
resistance in ohms
CELLTEMP* Initial cell temperature at
start of simulation
VOLUME* Volume of cell in cubic
inches
WT* Theweight of thecell in
grams
NICKEL- CAPACITY Amp-hour capacity of cell
METAL- measured at the C/5 rate
HY DRIDE
RESISTANCE Mid-discharge cdll
resistance in ohms
LEAD-ACID CAPACITY Capacity of the battery
measured at the 20 hour rate
RESISTANCE Mid-discharge battery
resistance in ohms
CELLS The number of cells that

make up the battery
(6V =3cdls, 12V = 6, etc.)

* Theseparameters areonly needed at adischargerate greater
than 5 C to account for cell temperature rise.

Since little standardization exists for rating methods between
manufacturers, the popular typical parameters are summarized
in Table 9 for the most common consumer batteries.
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Table 9 Subcircuit Parameters for the Cell Moddls

Capacity Resistan Volu Weig Cell

'(I':e”e (Amp- ce me ht Numb
yp hour) (Ohms) (in3) (gm) er
Alkaline Cells

Typical subcircuit call for asingle Alkaline N cell:

X1 +node -node SOC RATE ALKALINE PARAMS: CAPACITY=0.9,
RESISTANCE=5

The correct E_Lost_Rate lookup table for an N cell
must not be commented in the circuit file shown in Figure 149.

N 0.9 0.8 — — —
AAA 1.2 0.6 — — —
AA 25 0.3 — — —
Cc 7.5 0.2 — — —
D 16.4 0.07 — — —

Nickel-Cadmium Cells (Standard)*
Typical subcircuit call for asingle NICD N cell:

X1 +node -node SOC RATE CELL_TEMP NICD
+ PARAMS: CAPACITY=0.15, RESISTANCE=5, VOLUME=0.2, WT=9

N 0.15 0.027 0.2 9 —
AAA 0.18 0.021 0.24 10 —
AA 0.55 0.012 0.48 24 —
SUBC 12 0.005 11 50 —
Cx* 18 0.0045 1.6 80 —
D** 4.0 0.0035 34 160 —

Nickel-Metal-Hydride Cells
Typical subcircuit call for asingle NIMH AA cell:

X1 +node -node SOC RATE NIMH PARAMS: CAPACITY=1.1,
RESISTANCE=0.03

AA 11 0.03 — — —

4/5A 15 estimated — — —
0.02
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Table 9 Subcircuit Parameters for the Cell Models

Cell Capacity Resistan Volu Weig Cell

Tvpe (Amp- ce me ht Numb
yp hour) (Ohms) (in3) (gm) er
Lead-Acid Cells

Typica subcircuit call for a6 Volt, 1.3 Amp-hour Lead-Acid battery:

X1 +node -node SOC RATE LEADACID PARAMS: CAPACITY=1.3,
RESISTANCE=0.06, CELLS=3

6V - 13 0.06 — — 3
1.3 A-hr

6V - 4.0 0.025 — — 3
4.0 A-hr

6V - 6.5 0.02 — — 3
6.5 A-hr

6V - 10 0.015 — — 3
10 A-hr

12V - 1.3 0.12 — — 6
1.3 A-hr

12V - 4.0 0.05 — — 6
4.0 A-hr

12V - 6.5 0.04 — — 6
6.5 A-hr

12V - 10 0.03 — — 6
10 A-hr

* The Volumeand Weight parameters applicableto NICD cdlls
need only be used when simulaing a discharge rate grater than
aoproximately 5 C and when the temperaure profile of the cel
isdesired.

** Although real NICD C and D cells can be purchased, most
consumer C and D batteries are actually SUB C cdlsinabig
empty can.
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Temperature Effects

During afast discharge, the cell temperature of aNICD can
change by 25°C or more. The effect of cell temperature on
voltageisaccounted for in the NICD model by changing the cell
voltage based on the calculated temperature. The other models
do not incorporate temperature effects directly into the
smulation.

The major temperature influence on the cell is capacity. This
may be accounted for by adjusting this parameter at the start of
asmulation. Thefollowing equations give the new capacity for
each cell type at any discharge temperature from 0 to 60°C
based on the initial capacity at 25°C.

e Alkaline Célls:
NewCapacity = O dCapacity * (0.85 + 8. 64E-
3* T - 1.05E-4 * T?)

e Nicke-Cadmium Célls:

If T > 25°C

NewCapaci t y=0 dCapacity

If T < 25°C

NewCapaci t y=0a dCapaci t y*(0. 815+7. 5E- 3*T)
e Nickel-Meta-Hydride Cdlls:

NewCapaci t y=0 dCapaci t y* (0. 913+1. 1E- 2* T- 3. OE- 4* T?)
e Lead-Acid Cells:

NewCapaci t y=0 dCapaci t y*(0. 84 + 7.96E- 3*T- 6. 07E- 5* T?)
To use the equations, simply plug in the 25°C capacity for
OldCapacity and the new discharge temperature for T into the

proper equation. If desired, these equations can also be built into
the subcircuit models.
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Example Circuit—AA NICD 2
Ohm Discharge Test

To demonstrate the use of a cell in an actual circuit, area AA
NICD cell was discharged into a constant resistance of 2 Ohms.
Then thefollowing circuit was used with PSpice to simulate the
2 Ohmdischarge. Thiscircuit, runwith the capacity of theNICD
model normalized to the actual capacity of the measured cell,
shows results which compare very favorably with the rea
behavior (see Figure 148).

.INC"NCD.AR ; Include the N CD subcircuit

. TRAN 30 3000 ; Simulate for 50 M nutes

. PRCBE ; Wite a Probe data file

RLoad 10 0 2 ; Load resistor - 2 Chns

.1 C V(X1.50)=1 V(X1.60)=0 ; Set 100% charged capacity

* * SUBBAORCUT CALL FOR AANCD CELL * *
X1 10 0 SOC RATE CELL_TEMP NI CD
+ PARAVE: CAPACI TY=0. 46, RESI STANCE=0. 012, CELLTEMP=25
+ VOLUME=48 |, Wi=24

. END

The .IC statement setstheinitia conditions, and must be set for
every subcircuit used. V(X 1.50) setsthe initial charge on node
50 of the X1 subcircuit. This isthe voltage on the battery Amp-
hour capacity model which simulatestheinitia state of charge.
Setting thisnhode to 1 Volt equals aninitia state of charge of
100%. Likewise, 0.8 Volts would represent an 80% initial state
of charge.

The next initial condition ( V(X 1.60)=0) sets the voltage on the
delayed logt rate calculator to zero. This allows the voltage on
capacitor C1 (internal to the subcircuit) to start at 0 Voltsas it
would if the discharge current was zero before the simulation
started. Another way to achieve this result isto switch on the
discharge currentsjust after the simulation starts. This
automatically setsthedelayedlost rate voltageto zero at the start
of the simulation.
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AACELL 2 OHM DISCHARGE - REAL Vs. PSPICE

|
S\MULATI[D

ffffffffffffffffffffffffffffffffffffffffffffffffff

VOLTAGE

TIVE (MINUTES)

Figure 148 The2 Ohmdischargetest resultsusingthe NICD
simulation model closdly match discharge data for an actual AA
cell

Limitations of the Models

The circuits presented here trade off accuracy with smplicity
and simulation time. There are several cases where the
smulated and actual results vary significantly.

In practice, Alkaline cells are sometimes used in 2 to 8 hour
shifts, and rest the remainder of the day. Thisrest time allows
the cell to recover part of its discharge capacity. This
phenomenon is not specifically modeled, and when simul ated
with the alkaline subcircuit (see Figure 149), the observed
capacity may be up to 25% short over a cell’ s actual
performance. Using the Alkaline models in these patterns will
give a conservative estimate of capacity.

When abattery is discharged to alow terminal voltage level,
then disconnected from the load, the battery voltage will recover
to some higher level in an hour or so. This phenomenon is
accounted for in these models when they are discharged at high
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current levelsthen | eft to rest. When the models are used at low
discharge rates to low terminal voltages however, they do not
show thisvoltage recovery. The battery chemistry triesto make
avoltage potential difference even if only afew molecules of
unused material remain. In this state of discharge, the internal
resistance of the cell can be an order of magnitude, or more, than
itsinitial value. If any load is reconnected, the terminal voltage
will quickly collapse again to zero.

The models were designed to be used with the standard cutoff
voltages as specified by the battery makers. For NICD batteries,
thisis0.8to 1.1 Volts per cell. For Alkaine cells, the cutoff is
0.8t0 1.2 Voltsper cell. For Lead-Acid cells, the cutoff voltage
istypically 1.5to 1.7 Volts per cell. Usage beyond these limits
should be studied carefully because they were not specifically
examined in the modeling process.

These models were not designed to be connected in paralldl.
Thisis not acceptable in consumer design anyway, because
thereisno way to guard against the end user putting an Alkaline
cell in parallel with aNICD or Carbon cell. If these different
types of cells are connected together, the charge most likely
won't equalize. Thisresultsin overcharging and leakage of the
wesak cell, thus causing damage.
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Simulation Speed

The goa of simulation isto obtain results faster than can be
achieved with the hardware, or to measure behaviors which
cannot easly be accessed in the hardware. The following notes
should help when making speed/accuracy trade-offs.

e Don't go overboard on the models that you attach to these
batteries during asimulation. Simulatethe power drain from
your circuit, not the transistor-level circuit itself. These
models have been tried and verified with many different
discharge regimens, and are believed to be accurate enough
to allow finding maximum or minimum battery life. The
trends these model s simulate are believed to be basically
accurate, even though the absolute capacity simulated may
be 20% or so off.

e Don't smulate pulsed current loads with cycle times less
than 5 seconds or so. Using short cycletime pulsed currents
may make the simulation run slower than real time. To
speed up the simulation with fast pulsed loads, usethe RMS
average of the pulsed current. Thiswill provide you with a
ba lpark answer.

e Useaminimum of semiconductor models hooked up to
these models. Semiconductors contain many internal
nonlinear equationsthat must be solved for each time point,
thus dowing simulation time.

e To prevent convergence problems, ABSTOL and VNTOL
should be set to values about nine orders of magnitude less
than the maximum currents and voltages in your circuit.

¢ RELTOL may berelaxed to 1% from its 0.1% default value
to speed up the simulation.

e If you experience convergence problems, usethe .IC
directive to set the initial voltages on critical nodesin your
circuit.
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If you still experience convergence problems, use avoltage-
controlled switch modd (S device type in PSpice) to
connect the battery to the load after the simulation starts.
Use asdow of aconnect transition time as possibleto avoid

galling the simulator.

* % AWP-HOR CAPAQ TY CF BATTERY * *

C Cel I Capacity 50 0 { 3600 * CAPAQTY * 1.01}

RL 50 0 1G
* * CHL RESISTANCE * *

E Resistance 20 10 VALLE = {1 (V Sense) * RESI STANCE * V(Cel | _Res)}

* * CAL RESI STANCE Vs. REMN N NG CHARE MLLTI PLI ER FACTCR * *
EGl| RGII_Res 0 TABLE { M50) } = (0,2) (0.2,1) (1, 1)

R3 @l _Res 0 1G

* * CALL QUTPUT OURRENT SENBE * *

V_Sense -QJTRUT 20 O

* * CHL QJIPUT MATAGE VS STATE OF GHARE *

Elnvert Invert 0 TABLE{ MSX) } =(0,1) (1,0

R4 Invert 0 1G

E Gl | +QUTPUT 10 TABLE { MInvert) } =

+ (0. 000E+00 1. 528E+00)
+ (9. 280E- 03 1. 481E+00)
+ (2. 552602 1. 442E+00)
+ (4. 872E 02 1. 406E+00)
+ (7. 656E 02 1. 370E+00)
+ (5. 522601 1. 126E+00)
+ (9. 257601 9. 792E-01)
+ (9. 628E- 01 9. 445E-01)
+ (9. 791E01 9. 043E-01)
+ (9. 860E- 01 8. 654E-01)
+ (9. 930E 01 6.417E-01)
+(1.00.0)

.ENB

(2.320E 03 1. 511E+00)
(1.392E 02 1. 468E+00)
(3.248E 02 1. 430E+00)
(5. 800E 02 1. 394E+00)
(1.206E 01 1. 326E+00)
(8.213E 01 1. 021E+00)
(9. 443E 01 9. 6765 01)
(9. 698E 01 9. 2995 01)
(9. 814E 01 8. 937E-01)
(9. 884E 01 8. 4705 01)
(9.953E 01 3. 7955 01)

(4. 640E-03 1. 500E+00)
(1. 856E-02 1. 457E+00)
(3.944E-02 1. 419E+00)
(6. 728E-02 1. 380E+00)
(2.691E-01 1. 230E+00)
(9.025E-01 9. 901E 01)
(9. 559E-01 9. 564E 01)
(9. 744E-01 9. 181E 01)
(9. 837E-01 8. 800E 01)
(9.907E-01 8. 040E 01)
(9.976E-01 3. 354E 01)

Figure 149 Alkaline cell model covering all of the popular
consumer-type cells; valid for one to one-thousand hour
discharge (continued on the next page).
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PSpi ce Al kal ine battery di scharge nodel
* Qptimzed for Nthrough D Gells, and discharge rates from1 to 1,000 hours.

*--- Nodes

* +QJTPUT, -QJTPUT = + - cel | connections (floating)

* SOC = state-of -charge out put node, (1V=100% O0V=0%

* RATE= nst ant aneous di scharge rate, (1V=G 10V=10C) referred to 50 hour rate
*--- Paraneters

* CAPAQTY = battery capacity in Ap-hours, 1=1A-hr, 0.5=0.5A hr
* neasured at 100 hour or greater rate

* RESISTANCE = total battery resistance i n ohns

. SUBCKT ALKALI NE

+ +QUTPUT - QJTPUT SOC RATE

+ PARAVE CAPAQ TY=1, RESI STANCE-L

* * D SCHARE RATE CALOLATION * *

E Rate RATE O VALLE = { | (V_Sense)/CAPAQ TY }

R2 RATE 60 10 ; R2-Cl -> 10 Second tine const ant

Cl 6001

* * D SCHARGE AND STATE OF GHARCE * *

GD scharge SOCO VALLE = { 1(V_Sense) } ; DO scharge Qurrent

* * LCBT CAPAQ TY DUR NG FAST D SCHARGE DHLAYED BY R2-CL * *
_Lost_Rate 50 SOC TABLE { (60) } =

* * e one of the following tables!!! * *

s Wse this table for Ncells -----

;+ (0.0,0.0) (0.019,0.056) (0.043,0.13) (0.072,0.28)
7+ (0.12,0.39) (0.21,0.58) (0.31,0.69)

s Wse this table for AAAand M cells -----

;+ (0.0,0.0) (0.018,0.08) (0.043,0.14) (0.08,0.2)
7+ (0.14,0.3) (0.26,0.48) (0.4,0.6)

s Wse this table for Ccells -----
(0.0,0.0) (0.17,0.13) (0.035,0.31) (0.055,0.45)
;+ (0.093,0.53) (0.17,0.65) (0.27,0.73)

s Wse this table for Dcells -----
,0.0) (0.0091,0.091) (0.017,0.15) (0.032, 0. 36)
58, 0. 42) (0.079,0.61) (0.13,0.73) (0.18,0.82)

—_~—

—_~—

i+ (0.
+ (0

[oNe]

Figure 150 Alkaline cell model covering all of the popular
consumer -type cells; valid for one to one-thousand hour
discharges (Continued)
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PJice 9 Volt Alkaline battery di scharge nodel
* Tested for discharge rates from0O to 400 nAto 4.8 Wolt cutoff vol tage.

*--- Nodes

* +QJTPUT, -QJTPUT = +/ - cel| connections (floating)
* SOC = state-of -charge output node, (1Vv=100% OV=0%
* RATE = i nstantaneous di scharge rate, (1V=C 10v=10Q
* referred to 120 hour rate

*--- Paraneters

* CAPAQTY = mi-hr capacity of 9 Wlt Akaline battery
. SUBCKT ALK 9V

+ +QUTPUT - QJTPUT SOC RATE

+ PARAME. CAPAQ TY=0. 565

* * D SCHARE RATE CALOLATION * *

E Rate RATE O VALLE = { |(V_Sense)/ CAPAQ TY }
R2 RATE 60 10 ; R2-Cl -> 10 Second tine constant
Cl16001

* * D SCHARE AND STATE OF GHARCE * *
GD scharge SOC0 VALLE ={ I(V_Sense) } ; Dscharge Qurrent

* * LCBT CAPAQ TY DR NG FAST O SOHARGE DELAYED BY R-Cl *
E Lost Rate 50 SOC TABLE { V(60) } =
+(0.0,0.0) (0.025,0.009) (0.046,0.080) (0.088,0.14) (0.18,0.21) (0.71,0.45)

* * AV HOLR CAPAQ TY CF BATTERY * *

C Cel I Gapacity 50 0 { 3600 * CAPAQTY * 1.06 }

RL 50 0 1G

* * CHL RESISTANCE * *

E Resistance 20 10 VALLE = { I (V_Sense) * 2.0 * M Cel | _Res) }

* * CHL RESISTANCE Vs. REMA N NG GHARGE MLLTI LI ER FACTCR * *
ECell _RGell_Res 0 TABLE{ M50) } =(0,4) (0.2,2) (1,1)

R3 Gll_Res 0 1G

* * CHL QJIPUT ORRENT SENSE * *

V_Sense -QJTAUT 20 O

* * CHALL QUTPUT VOLTAGE VS STATE OF GHAREE * *
Elnvert Invert O TABLE{ MSX) } =(0,1) (10
R4 Invert 0 1G

E Gel| +QUTPUT 10 TABLE { MInvert) } =

+(0.00 9.18) (0.05 8.82) (0.10 8.62)
+(0.15 8.41) (0.20 8.30) (0.25 8.21)
+(0.30 8.09) (0.357.99) (0.40 7.95)
+(0.45 7.89) (0.50 7.79) (0.55 7.66)
+(0.60 7.55) (0.70 7.18) (0.75 6.96)
+(0.80 6.58) (0.85 6.12) (0.90 5.42)
+(0.95 4.51) (1.00 0.00)

. BNDS
Figure 151 9 Volt alkaline cell model for discharge rates
from O to 400 mA



Using PSpice to Simulate the Discharge Behavior of Common Batteries 281

PSpi ce N ckel - Cadmiumbat tery di scharge nodel
* ptimzed for Nthrough SUB C Sandard Cells, D scharge rates
fromOCto 10C

*--- Nodes

* +QJTPUT, -QJTPUT = +/ - cell connections (floating)
* SOC = state-of -charge out put node, (1V=100% OV=0%
* RATE = i nst ant aneous di scharge rate, (1V=G 10V=100
* (ALL_TEWP = cel | tenperature output node

*--- Paraneters

* CAPAQTY =cell capacity in Awp-hours, 1=1A-hr, 0.5=0.5A hr
* neasured at 1 hour or greater rate

* RES STANCE = cel | resistance in ohns

* (ELLTEWP = anbi ent tenperature i n degrees C

* VALUME = cel | vol une in cubic inches

* W =cell weight in grans

. SUBOKT N D

+ +QJTPUT - QJTPUT SOC RATE CELL_TEWP

+ PARAVE CAPAQ TY=1, RESISTANCE=1, CELLTEWP=25, VALUMEEL, W=l
* * D SCHARGE RATE CALOLLATION * *

E Rate RATE O VALLE = { | (V_Sense)/CAPAQTY }

R2 RATE 60 1 ; R2-Q provide 3 second del ayed ti ne constant

ClL 6003

* * LONRATE ACD TI ONAL ENERGY LAK- WP TABLE AND TRANSFER * *

E LowRate LowRate 0 TABLE {MRATB)} = (0,0) (0.001,0.2) (0.1,0.2) (1,0)
R3 LowRate 0 1G

G Lowrate 0 50 VALLE = { M LowRate)*|(V_Sense) }

* * D SCHARGE AND STATE OF GHARCE * *
GO scharge SOC 0 VALLE = { 1(V_Sense) } ; D scharge Qurrent

* * LOST CAPAQ TY DOUR NG FAST DI SCHARGE DELAYED BY R>-CL * *
E LostRate 50 SOC TABLE { V(60) } = (1.0,0) (10,0.25)

* % AVP-HOLR CAPAQI TY CF BATTERY * *
C @l Gapacity 50 0 { 3600 * CAPAQTY * 1.03 }
RL 50 0 1G

* * PONR DI SSI PATI ON AND CELL TEMPERATURE * *

E Tenp R se 70 0 VALLE = {PVR(I (V_Sense) , 2) *RES STANCE*(13. 4 PWR VCLUME, -
0. 6065))}

V Anbient 80 70 { CELLTEMP }

R Thermal CELL TEMP 80 { 2.65 * W }

Q ELTEWO 1

Figure 152 Nickel-Cadmium cell model valid for discharge
ratesfrom 0 to 10 C, where C is the one hour rated capacity in
Amps (continued on the next page).
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* * CALL RES STANCE * *

R Gl 20 30 { RES STANCE }

* * CALL VOLTAGE TEMPERATURE GCEFFI Q ENT * *

E Tenp 10 20 TABLE { (CELL_TEWP) } = (0,-0.025) (25,0) (60, -0.100)

* * CAELL QUTPUT OURRENT SENSE * *

V_Sense -QJTPUT 30 0

* * CELL QUTPUT VOLTAGE VS STATE OF CHARGE * *

E Invert Invert O TABLE{ (SQO } =(0,1) (1,0)

R4 Invert 0 1G
E Cel| +QUTPUT 10 TABLE { M(Invert) } =
+ (0. 0000000000E+00 1. 3148600000E+00) ( 1.7391197842E-03 1. 3114600000E+00)
+ (8. 6956352158E- 03 1. 3008400000E+00) ( 1.7391252284E-02 1. 2910200000E+00)
+ (3. 1304265000E- 02 1. 2794000000E+00) (4. 8695517284E-02 1. 2685600000E+00)
+ (6. 4347649784E- 02 1. 2608600000E+00) (9. 2173675215E-02 1. 2504800000E+00)
+ (1. 3739093478E- 01 1. 2401000000E+00) ( 2. 9217314000E-01 1. 2300000000E+00)
+ (4.9738998228E- 01 1. 2199000000E+00) ( 6. 0347665207E-01 1. 2099000000E+00)
+ (7.3738938358E- 01 1. 1909200000E+00) ( 7. 8782396620E- 01 1. 1801600000E+00)
+ (18.2086740543E- 01 1. 1705000000E+00) ( 8. 4695429293E- 01 1. 1602800000E+00)
+ (8. 6608462870E- 01 1. 1501000000E+00) ( 8. 7999764142E-01 1. 1403000000E+00)
+ (18.9043241457E- 01 1. 1309800000E+00) ( 8. 9912806793E-01 1. 1212400000E+00)
+ (9. 0782372129E- 01 1. 1090600000E+00) (9. 1304106250E- 01 1. 1001000000E+00)
+ (9.1825840370E- 01 1. 0899000000E+00) (9. 2347583564E- 01 1. 0784600000E+00)
+ (9. 2695405706E- 01 1. 0705000000E+00) (9. 3217141642E-01 1. 0586000000E+00)
+ (9. 3564971043E- 01 1. 0508000000E+00) (9. 3912795000E- 01 1. 0430000000E+00)
+ (9. 4434529120E- 01 1. 0303200000E+00) (9. 4782360336E- 01 1. 0207400000E+00)
+ (9. 5130184293E- 01 1. 0102600000E+00) ( 9. 5304094457E-01 1. 0046200000E+00)
+ (9.5478006435E- 01 9. 9866000000E- 01) (9. 5651918413E-01 9. 9248000000E- 01)
+ (9.5825830392E- 01 9. 8596000000E- 01) (9. 5999749629E- 01 9. 7910000000E- 01)
+ (9. 6173659793E- 01 9. 7178000000E- 01) (9. 6347571771E-01 9. 6386000000E- 01)
+ (9. 6521483750E- 01 9. 5520000000E- 01) (9. 6695395728E- 01 9. 4556000000E- 01)
+ (9. 6869307707E- 01 9. 3460000000E- 01) (9. 7043217870E-01 9. 2192000000E- 01)
+ (9.7217137108E- 01 9. 0686000000E- 01) (9. 7391049086E- 01 8. 8908000000E- 01)
+ (9. 7564961064E- 01 8. 6722000000E- 01) (9. 7738873043E-01 8. 3990000000E- 01)
+ (9.7912783206E- 01 8. 0636000000E- 01) (9. 8086695185E- 01 7. 6520000000E- 01)
+ (9. 8260607163E- 01 7. 1436000000E- 01) (9. 8434519142E-01 6. 6000000000E- 01)
+ (9.8608438379E-01 6. 0778000000E- 01) (9. 8782348543E- 01 5. 5698000000E- 01)
+ (9. 8956260521E- 01 5. 0776000000E- 01) (9. 9130172500E- 01 4. 5810000000E- 01)
+ (9. 9304084478E- 01 4. 0860000000E- 01) (9. 9477996457E-01 3. 5850000000E- 01)
+ (9. 9651906620E- 01 3. 0526000000E- 01) (9. 9825825858E- 01 2. 4604600000E- 01)
+ (9.9999737836E- 01 1. 8616600000E- 01) (1. 0000000000E+00 0. 0000000000E+O0)
. BNDS

Figure 153 Nickel-Cadmium cell model valid for discharge
ratesfrom O to 10 C, where C isthe one hour rated capacity in
Amps (Continued)
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PSpi ce Lead-Acid battery di scharge nodel
* (ptimzed for 6 and 12 Wolt Lead-Acid batteries wth capacities from
* 1.3 to 10 Anp-hours; discharge rates to 1 hour rate

*--- Nodes

* +QJTPUT, -QUJTPUT = +/ - cel | connections (floating)

* SOC = state-of -charge out put node, (1V=100% OV=0%

* RATE= nst ant aneous di scharge rate, (1V=C 10V=10Q) referred to 20 hour rate

*--- Paraneters

* CAPAQTY = battery capacity in Amp-hours, 1=1A hr, 0.5=0.5A hr
* neasured at 20 hour or greater rate

* RESISTANCE = total battery resistance i n ohns

* (HLLS = nunber of cells in battery (3 for 6V, 6 for 12V)

. SLBCKT LEADA D
+ +QUTPUT - QJTPUT SOC RATE
+ PARAVE CAPAQ TY=1, RESISTANCE=1, (HLS=3

* * D SOHARGE RATE CALOLLATION * *

E Rate RATE 0 VALLE = { |(V Sense)/CAPAQI TY }
R RATE 60 60 ;R2, Cl = 60 SEGOND CELAY
CL600 1

* * D SCHARGE AND STATE OF GHARGE * *
GO scharge SOC 0 VALLE = { 1(V_Sense) } ; DO scharge Qurrent

* * LOST CAPAQ TY DOUR NG FAST DI SCHARCE DELAYED BY R>-CL * *

E Lost_Rate 50 SOC TABLE { \(60) } =

+(0.05,0.0) (0.089,0.11)(0. 16, 0.20) (0. 62, 0.39) (0.8, 0.47) (1.6, 0.44)
* % AVP-HOR CAPAQI TY CF BATTERY * *

C @l Gapacity 50 0 { 3600 * CAPAQTY * 1.15 }

RL 50 0 1G

* * CHL RES STANCE * *

RGI| 10 20 { RES STANCE }

* * BATTERY QUTPUT VOLTACE * *

E Battery +QUTPUT 10 VALLE = { (Gl | \) * CALLS}

** CALL QJTPUT QURRENT SENSE * *
V_Sense - QJTPUT 20 O

Figure 154 Lead-Acid model which actually modelsthemore
common 6 and 12 Volt batteries by multiplying the number of
cells by the single cell voltage to get the total battery voltage
(continued on next page).
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* * SINGLE Lead- Acid CELL QUTPUT VOLTACGE VS STATE OF CHARGE * *
E Invert Invert 0 TABLE{ SOO } = (0,1) (1,0)

R4 Invert 0 1G

RS Cell_V 0 1G

E Cell Cell VO TABLE { Invert) } =

+ (8.732E-01
+ (9. 000E- 01

. ENDS

. 600E+00) (8. 850E-01
. 333E+00) (1. 000E+00

. 499E+00) (8. 965E- 01
. 000E+00)

. 401E+00)

+ (0. 000E+00 2. 171E+00) (5.222E-04 2. 149E+00) (1.828E-03 2. 128E+00)
+ (1.263E-01 2. 101E+00) (4.908E-01 2. 001E+00) (6. 385E-01 1. 949E+00)
+ (7.459E-01 1.900E+00) (7.834E-01 1.875E+00) (8.117E-01 1.850E+00)
+ (8.313E-01 1.826E+00) (8.436E-01 1.801E+00) (8.517E-01 1. 773E+00)
+ (8.556E-01 1. 750E+00) (8.591E-01 1.724E+00) (8.616E-01 1. 702E+00)
+ (8.646E-01 1.676E+00) (8.677E-01 1.648E+00) (8.707E-01 1.623E+00)

1 1 1

1 0

Figure 155 Lead-Acid model which actually modelsthemore
common 6 and 12 Volt batteries by multiplying the number of
cells by the single cell voltage to get the total battery voltage
continued).

PSpi ce N ckel - Metal - Hydri de battery di scharge node

* (ptimzed for 4/5A and AA standard cells discharge rates fromOCto 5C
* Note: This technology is newas of |ate 1993. The acutal perfornance of
* NMHcells is likely to change qui ckly as the production bugs are worked out
* e with care.

*--- Nodes

* +QJTPUT, -QJTPUT = + - cell connections (floating)

* SOC = state-of -charge out put node, (1V=100% OV=0%

* RATE = i nstant aneous di scharge rate, (1V=C 10V=100

*--- Paraneters

* CAPAQTY =cell capacity in Awp-hours, 1=1A-hr, 0.5=0.5A hr

* neasured at 5 hour rate

* RESISTANCE = total cell resistance in ohns

. SUBOKT N MH

+ +QUTPUT - QJTPUT SOC RATE

+ PARAVE CAPAQ TY=1, RESI STANCE-L

Figure 156 Nickel-Metal-Hydride cell model; based on
limited actual data sincetherearefew commonly availablecells
to test; therefore, use with caution
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* * D SCHARE RATE CALOLATION * *

E Rate RATE O VALLE = { | (V_Sense)/CAPAQ TY }

R2 RATE 60 1 ; R2-Q provide 3 second del ayed tine constant

Cl 6003

* * LONRATE ACD TI ONAL ENERGY LGK- WP TABLE AND TRANSFER * *

E LowRate LovwRate 0 TABLE {MRATB} = (0,0) (0.001,0.15) (0.1,0.1) (0.2,0)
R3 LowRate 0 1G

G Lowrate 0 50 VALLE = { M Lowrate)*I (V_Sense) }

* * D SCHARGE AND STATE OF GHARCE * *
GD scharge SOCO VALLE = { 1(V_Sense) } ; DO scharge Qurrent

* * LOST CAPAQ TY DOUR NG FAST O SCHARGE DELAYED BY R>-CL * *
E LostRate 50 SOC TABLE { M(60) } = (0.2,0.0) (1.0,0.15) (5,0.2)

* % AWP-HOR CAPAQ TY CF BATTERY * *
C Cel | Capacity 50 0 { 3600 * CAPAQTY * 1.01 }
RL 50 0 1G

* * CHL RESISTANCE * *

R Gell 20 30 { RESISTANCE }

* * CHL QJTPUT QURRENT SENSE * *
V_Sense - QJTRUT 30 O

* * CALL QUTPUT VALTAGE VS STATE OF GHAREE * *

Elnvert Invert 0 TABLE{ (SO } =(0,1) (1,0)

R4 Invert 0 1G

E Gel| +QUTPUT 20 TABLE { \(Invert) } =

+ 0. 0000E+00 1.3346E+00) (7.0989E 03 1. 3244E+00) (1.6327E 02 1. 3144E+00)
+H2.9283E-02 1.3042E+00) (4.2593E 02 1. 2942E+00) (6. 8859E-02 1. 2841E+00)
+(1.3008E- 01 1.2733E+00) (4.3605E 01 1.2633E+00) (5. 1165E 01 1. 2532E+00)
+(5.8033E- 01 1.2432E+00) (6.4635E 01 1. 2331E+00) (7. 0190E 01 1. 2231E+00)
+7.5834E- 01 1.2130E+00) (8.0324E 01 1. 2030E+00) (8.3075E 01 1. 1929E+00)
+8.5116E-01 1.1828E+00) (8.6820E 01 1.1727E+00) (8.8310E-01 1. 1627E+00)
+8.9641E- 01 1.1527E+00) (9.0848E 01 1. 1425E+00) (9. 1860E-01 1. 1324E+00)
+H9.2730E-01 1.1223E+00) (9.3475E 01 1.1122E+00) (9.4167E-01 1. 1021E+00)
+9.4841E- 01 1.0919E+00) (9.5480E 01 1. 0817E+00) (9.6013E 01 1. 0716E+00)
+9. 6439E- 01 1.0615E+00) (9.6776E 01 1. 0515E+00) (9. 7060E- 01 1. 0407E+00)
+9. 7291E- 01 1.0299E+00) (9. 7486E 01 1. 0190E+00) (9. 7663E 01 1. 0080E+00)
+9. 7823E-01 9.9782E-01) (9.8001E 01 9. 8706E 01) (9.8196E 01 9. 7630E- 01)
+9.8391E- 01 9.6612E-01) (9.8586E 01 9. 5606E 01) (9. 8799E 01 9. 4542E-01)
+9.9012E- 01 9.3524E-01) (9.9225E 01 9. 2518E 01) (9. 9420E- 01 9. 1498E-01)
+(9. 9580E- 01 9. 0400E-01) (9.9687E 01 8. 9186E 01) (9. 9740E 01 8. 7990E- 01)
+9.9775E- 01 8.6280E-01) (9.9793E 01 8.4818E 01) (9.9811E 01 8. 2718E 01)
+(9.9828E-01 7.9518E- 01) (9.9846E 01 7.4066E 01) (9. 9864E 01 6. 4712E 01)
+(9.9882E- 01 5. 1380E-01) (9.9899E 01 3. 3476E 01) (1. 0000E+00 0. 0000E+O0)

.BENDs

Figure 157 Nickel-Metal-Hydride cell model; based on
limited actual data sincethere arefew commonly availablecells
to test; therefore, use with caution (continued)
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