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Executive Brief

Contract No. 955782 was a research contract performed by Gould, Inc.
for the Jet Propulsion Laboratory, California Institute of Technology. It was
sponsored by the U.S. Department of Energy through an agreement with the
National Aeronautics and Space Administration. The objective was to design,
fabricate, test and deliver a state-of-the-art Battery Charger and State-of-
Charge Indicator (BC/SCI) for use in electrically powered vehicles. The
BC/SCI system was designed with primary emphasis on attaining 90 pércent or
better overall energy efficiency, low weight, 1ow‘input line noise generation,
near unity power factor, state-of-charge indication accuracy of 0% to -10% and
weight and volume as small as possible.

The battery charger employs a ful 1-wave rectifier in series with a
transformer isolated 20kHz dc-dc converter whose high frequency switches are
programmed to actively shape the ihput'ac Tine current to be a mirror image of
the ac line voltage. The pdwér circuit is capable of operating at 2kW peak
and 1kW .average power.- The BC/SCI has two major subsystems; 1) the battery
charger power electronics with its controls and 2) a microcomputer subsystem
which is used to acquire batteny'termina1 data and exercise the state-of-
charge software programs. The state-of-charge definition employed is the
energy remaining in the battery when extracted at a 10kW rate divided by the
energy capacity of a fully charged new battery.

The battery charger circuit is an isolated boost converter operating at
an internal frequency of 20kHz. The switches selected for the battery charger
are the single most important item in determining its efficiency. The
combination of voltage and current requirements dictated the use of high power
NPN Darlington switching transistors. The power circuit topology developed is
a threec switch design utilizing a power FET on the center tap of the isolation
transformer and the power Darlingtons on each of the two ends. An analog
control system is employed to accomplish active input current waveshaping as
well as the necessary regulation.



The battery state-of-charge (SOC) and recharge algorithms implemented
in the BC/SCI are based on a phenomenological battery model which is an
adaptation of both the Martin and Shepherd equations for battery voltage under
dc discharge conditions. An MC6809 microprocessor provides the basic nucleus
of the low-power electronics. A remote display (SCI) is connected to the
system using a simple serial communications path. The software for the BC/SCI
employs both assembly and Fortran languages.

Testing of the completed BC/SC! hardware indicated that most of the
original performance target goals were met. Some of the targets were revised
during the program due to state-of-the-art limitations and JPL's decision to
rescope Gould's developmental efforts in the contract extension. Overall
efficiency of the charger is 87% at an output power level of 1kVA. The weight
of the entire BC/SCI system is under 35 Ibs. The charger introduces a Total
Harmonic Distortion of only 5% on the utility grid at the 1kW operating
point. The power factor of the charger is at the targeted goal of 0.94.

The battery SOC algorithm implemented in the BC/SCI is capable of the
desired +5% accuracy only when equipped with accurate battery parameters. The
feasibility of tracking these battery parameters as the battery ages was
demonstrated under laboratory conditions, however this capability was not
included in the BC/SCI software due to the aforementioned rescoping of the
contract extension. However, a follow-on contract from JPL addresses the
50Ttwdre Javeloment of an 'adative algorithm'. This follow-on activity is not
discussed in this report. |

The battery recharge algorithm incorporates depth-of-discharge
information obtained while calculating the 5CC. Knowledge of this c¢harge
information prolongs the life of the propulsion batteries since the amount of
overcharge is carefully controlled. '

Some recommendations are suggested for future high performance EV
battery chargers. These include a]térnate means for electrical isolation,
increasing the line distortion specification limits and including an adaptive
algorithm to ensure accurate SOC indication.

viii



1. Introduction

This report discusses a program to design, fabricate, test and deliver
a state-of-the-art Battery Charger and State-of-Charge Indicator (BC/SCI) for
use in electrically powered vehicles. This work was performed by Gould, Inc.
under Contract No. 955782 for Jet Propulsion Laboratory, California Institute
of Technology. It was sponsored by the U.S. Department of Energy through an
agreement with the National Aeronautics and Space Administration.

The BC/SCI system was designed with emphasis on attaining 90 percent or
better overall energy efficiency, low weight, input power 1line noise
generation of less than 100 ma, power factor between 1.0 and 0.94, state-of-
charge indication accuracy of +0% to -10%, maximum battery Tife, minimum
battery maintenance, safe installation and high reliability. The maximum
power output of the battery charger was targeted at 3kVA. Semiconductors with
sufficiently high  voltage ratings were not available, hence this power
requirement was lowered to 1kVA.

The BC/SCI system which was designed and constructed during this
contract is a sdphisticated piece of hardware aimed directly at mating with a
54-cell lead-acid battery, specifically a string of Gould PB-220, 3 cell golf-
cart style batteries. The battery charger employs a full-wave rectifier in
series with a transformer-isolated 20kHz dc-dc converter whose high frequency
~switches are programmed in such a manner to actively shape the ac line current
to be a mirror image of the ac line voltage. The power circuit is capable of
operating at peak powers of 2kW and average powers of 1kW. The ac-dc charging
system dissipates only 120W measured during full power (1kW) operation. To
minimize loss, circuit components were designed or selected to bev nearly
ideal, especially the 20kHz isolation transformer.

The original BS/SCI performance goals were relaxed due to the costs
associated with solving the technical problems which arose during the initial
contract. Resource limitations at JPL precluded their ability to fund all the
work needed to resolve these problems. As such, Gould was not permitled to
address all of the problems, during the contract extension, needed to satisfy



the original goals. However, the ability of the SOC algorithm to ‘adopt’ to
aging batteries is the subject of another follow-on contract from JPL. This
‘adaptive' algorithm is not discussed in this report.



2. Battery Charge/State-of-Chargé Indicator System -

2.A System Description

The Battery Charger/State-of-Charge Indicator (BC/SCI) has two major
subsystems, those being the battery charger power electronics with its
controls and a microcomputer subsystem which is used to acquire battery
terminal data and exercise the state of charge software programs. These two
~electrical subsystems are completely independent; the power circuitry is
referenced to thé ac line and the microcomputer is electrically referenced to
the propulsion battery. Galvanic isolation between the two systems is
achieved with a transformer integral to the battery charger and opto-isolated
data communication paths. These major subsystems communicate with each other
only during battery charging.

Figure 2.A.1 is a schematic block diagram of the complete BC/SCI. As
shown in the figure, there are two independent subsystems, each with their own
power supply and control electronics. A ground-fault-interruptor (GFI) is
included in series with the ac line for user safety. Figure 2.A.2 is a
photograph of the BC/SCI system. The major blocks in Figure 2.A.1 are all
contained in the main enclosure with the exception of the GFI and the
display. Battery data is obtained by inserting the junction box between the
battery and the vehicle controller.

The BC/SCI system has four distinct operational modes, although only
two are readily apparent to a user. The modes are; 1) Discharge Monitoring,
2) Charging, 3) Wake-up, and 4) Thinking.

\ The Discharge Monitoring Mode is operational while the electric vehicle
(EV) controller is on. In this mode, the battery parameters of voltage,
current and electrolyte temperature as well as time of day are measured.
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Using these parameters, battery state-of-charge is calculated and displayed on
the display's bar graph. The state-of-charge definition employed is the
energy remaining in the battery if extracted at a 10kW rate divided by the
energy capacity of (again at the 10kW rate) a fully charged new battery. The
state-of-charge is displayed in 10% increments.

The Charging Mode will be obvious to the user. During this mode, the
battery is charged with a charging profile selected by the microcomputer
system. The charging prof1]c can be thought of as a fempprature -compensated
modified-constant-potential prof11e,w‘shown in F1gure 2.A.3. An equalize
recharge profile is automat1ca]]y commaaded by the microcomputer
periodically. It can be defered by the operator but net requested.

The third mode, the Wake-up. Mode, 1s one which is seTf commanded by the
microcomputer subsystem. Th1s mode is exercised only: after a battery
d1scharge and two hours. have e]apsed. Buring this mode, the value of the
battery terminal voltage is measured - and - used as -a -measurement of the
battery's equilibrium voltage. The measurement is used to assist in

determining the actual ampere-hours and amount of charge extracted from the
battery.

The fourth mode, the Think Mode, has been provided to give the BL/SCI
the capability of - adJust1ng the battery mddel as the;'oéftery changes its
characteristics during its useful Tife. In the present system, Lhe f(ourth
mode is unused.
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2.8. Power Conversion Electronics

The design selected for the charger section of the BC/SCI stems from it
being an on-board electric vehicle charger and the potential impact of
widespread vehicle charging on the electrical distribution grid. The
charger's electrical efficiency directly impacts the operating cost of an
electric vehicle and the time required to recharge the propulsion battery.
- Therefore it is desirable to obtain high ac-dc conversion efficiency. The
weight of the charger affects the useful range and payload of present electric

vehicles. A final charger design requirement is that the propulsion battery
be isolated from the ac power source.

The concerns of the wutility idindustry are directed towards line
distortion "and power factor. Many battery chargers in operation
simultaneously having poor power factor reduces the capacity of the

transmission network and decreases its efficiency. Line distortion can
adversely influence the performance of Tloads which are common to the
transmission line. The combination of the attributes of high efficiency, line
isolation, high power factor, and low weight suggested a battery charger which
contains a high-frequency transformer link to reduce the size and weight of
the isolation magnetics. Furthermore, absence of 60Hz energy storage elements
to achieve high power factor is essential. Active waveshapping control of the
input line current is needed to minimize line distortion.

The battery charger circuit which was  sclected to meet  these
requirements is an isolated boost converter operating at an internal frequency

of 20kHz., The general topology of a boost converter is shown in Fiqure
2.B.1. [t contains a dc voltage source, a "boost" inductor, a switch, an
output diode and a filter capacitor which is connected across the battery.
During operation, S1 is toggled at high frequency and transfers energy from
the source to the boost inductor, L1, when S1 is closed, then to the battery
from the boost inductor when S1 is opened. Boost converters are characterized
by the qualities of continuous input current, discontinuous output current,

and output voltages higher than the source voltage.
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the source to L1 when the switch is closed, then to the battery
- when the switch is opened. :



The following definitions are useful 1in order to understand the
operational characteristics of the simple boost converter of Figure 2.B.1

fo = switching frequency of Si

d = time fraction of switching period during which S1 is closed

Vip = source voltage

I, = boost inductor current at start of first period

Iy boost inductor current at start of second period .

Vphat = battery terminal voltage

Iy = boost inductor current

At the end of the time interval when Sl is closed, the current which
flows in the boost inductor L1 is

Viood
imn
iy o= Iy + — () ' (1)
L1
° 0 f

Similarly, at the end of the interval when S1 is open

. Win-Ypat)  (1-d)
Iy =1 (2)
L] "

S

10



Examination of equations (1) and (2) reveal that the control variable d
does not uniquely determine the current in the boost inductor L1, but only its
rate of change. There is only one value of d which causes the boost inductor
current to reméin unchanged and the converter to be in equilibrium. Equating
(1) and (2); and solving for d assuming I, is unchanged (I, - I,' = 0) after
a complete switching period, ?:;, yields:

v ] :
bat - (3)
(1-d) e .

Vin

For equilibrium operation, that- is constant Iy, d is uniquely determined by
the input and output voltages.

Again combining equations (1) and (2) and solving for the change in
ILpe ai, as a function of d,

1
fg LI

A= Vip = Vgt (1-d) (4)

Equation (4) shows that by modulating d, it is possible to shape ai,
and hence I7- This is the fundamental concept employed in the BC/SCI charger
to extract sine waves of current from the ac line.In the charger, Vin =\f7"vac
sin ot and d = 1-sin wt. The input current of the charger is controlled to
follow the input voltage so that Lin = \fi'[ac sin wt. The power into the
charger is then P = Vi ljq = 2V4clac sinlwt. The outpqt power is very nearly
equal in the input power so that Pyt = Vpaelpat = 2Vaclae Sinluwt. The output
current, Ipa¢, is therefore proportional to sinfut since the battery voltage,
Vhat» is constant.

2.B.1 Power Circuit Description

The BC/SCI poWer circuit consists of an input diode bridge to convert
the ac input power to dc and a transformer isolated boost converter. A
detailed electrical schematic of the power circuit is shown in Figure 2.B.2.

1



The output voltage is held to a value determined primarily by the terminal
voltage of the battery.

Diodes D6-D9 form the input bridge, L2 and C2 form a high frequency
low-pass filter, and L1 is the main boost inductor. Q1 is a field-effect
transistor. Q2 and Q3 are used to alternately ground each half of the primary
winding. 01 and D2 are diodes incorporated into Q! and Q2. Finally D3, D4
and the secondary transformer windings form a full-wave rectifier which is
connected to the battery terminals. Ci is employed as an output filter to
shunt the inductive impedance of the battery cables.

The resemblance of the actual circuit incorporated in the BC/SCI to the
simple circuit in Figure 2.8.1 is evident, The simple source voltage V;, has
been replaced with a full-wave diode bridge, a high-frequency filter shunts
the inductor ripple current from the ac line, and an isolation transformer has

been included. The inductor discharge path includes transistors Q2 or
alternately Q3.

Since high power conversion efficiency was the primary design goal, it
strongly influenced the design and selection ot the power circuit
components:  The circuit switching sequence is presented as an introduction to
both the active and passive component requirements.

A current Io initially flows in L1, the boost inductor. This current
increases during the interval d/2fs where fs is the isolation transformer
frequency of operation and d is the time fraction of the period QI 1s
closed. During this interval the current slews to a new value of [, + Al
Base drive 15 supplied to Q2 (or alternately Q3) momentarily before opening
Ql. Q2 is gated on for the time period (1-d)/2fc, after which time Q1 is
again closed. The storage time of Q2 insures overlap, between Q1 and Q2
(Q3).  The circuit timing diagram is illustrated in Figure 2.8.3.  The
resulting switching action occuring between Q1, Q2 and Q3 alternately
transfers the current flowing thru L1 between the two primary windings of TI
and Q1. This action soft switches Q2 and Q3 with Q1 as illustrated in Figure
2.B.3. The voltage requirements of Q2 and Q3 will be 2V'y,¢ where V'p,¢ 1S
the battery voltage transformed to the primary side across Q1.

A2
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Figure 2.B.2 Battery charger power stage topology. The power clrcult
consists of a boost chopper driving a toggled transformer.
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The addition of Q1 and D5 in the circuit topology are apparently
redundant, as the same switching action on L1 can be achieved with an
appropriate gating sequence on Q2 and Q3 (Reference 1). Efficiency penalties
associated with suitable transistors for Q2 and Q3, however, justify the

addition of Q3 and D5 as is discussed in a following section.

2.B.2. Design Strategy

As discussed carlicr, the primary emphasis during the design phase was
to achieve high efficiency operation. This section examines the component
requirements and summarizes the selection/design decisions.  This design
iteration concentrated on a 108V lead-acid Battery and a power rating of 3kW.

Input Rectifier Bridge

The input rectifiers must have a Vogm rating of 400V and will conduct
an average current of 11.25A. The dissipation of 25A, 50A, and 100A recti-
fiers was measured and compared to determine the effects of current density
and manufacturing processes on the diode terminal V-1 characteristics. Device
dissipation was obtained from the measured V-1 terminal relationship inte-
grated over 60Hz when conducting half wave current sinusoids with an average
value of 11.25A. Table 2.B.1 summarizes the results and also the diode costs.

14
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Figure 2.B.3  Switching sequence used to coordinate
Q1, Q2, and Q3. As illustrated above,
Q1 soft switches Q2 (or Q3). The
maximum duty cycle required for Q2 or
Q3is 0.5.
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Table 2.B.1

Input Rectifier Dissipation at Rated Input Current

Device Rating Dissipation (T.) __Cost
1N2158 25A/400V . 9.3 (100<C)° 4.50
utT7207 . Z5A/300V 8.9W (RR<N) 8.00*
MR5040 HUA/400V 9.4W (106¢C) 3.80
1N3291 100A/400V 8.3W (86<C) 14.10

* Estimate

MR5040 diodes were selected based on their Jlow cost since  the
dissipation of all diodes evaluated was nearly identical. Figure 2.B.4 shows
the terminal V-I characteristics of this diode as a function of junction
temperature for 'average currents of 11.25A and 9.0A. These currents
correspond to BC/SCI line charging currents of 25A and 20A respectively.

Boost. Tnductor/Input Filter

The boost inductor can be designed to have an inductance value ranging
from approximately 0.2mH to a maximum value of 2.6mH. These limits are
determined by the allowable power factor (0.94 min) and the additional
stresses imposed by the high ftréqiuency ripple currént upon the switching
semiconductors, The wupper limit on L1 can bé expressed in terms of the
minimun power faclur (PF), the input current slew rate, and the maximum duty

cycle of QlI, d in the following relationship.

max

: -1
L1 < Vg sin (cos™'PF)dpax

377 lac

16
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This follows from V = L dI/dt and L < V dt/dI where V =V, . V2 d ., sin
(cos™'PF) and I = Ioc V2 sin wt. V. is the rms of the line voltage and I,¢
is the rms of the line current.

Equation 5 results from the need for a sufficient line voltage to
obtain the desired current slew rate in the boost inductor. The power factor
angle, the line voltage, and the maximum duty cycle determine the voltage at
the time of the maximum required current slew rate. The lower design bound
can be determined by selecting the maximum ripple current desired. Limiting
this to 10% (dI = 0.1 Iac\/z and dt =1/4f) 1mplies:

LT > Vac  dpin

B 5 (6)
GAfs Ty

where fg is the Q2 or Q3 switching frequency and dgj, is the minimum
conduction of Ql.

The RMS input current at the switching frequency was calculated
assuming the maximum value of inductance, 2.6mH, and found to exceed the
100mApys line distortion goal by a factor of 2, thus an input filter was
necessary for any chosen value of boost inductance. Figure 2.B.5 is a plot of
the high frequency RMS ripple current vs. the boost inductance. A boost
inductance of 0.8mH was selected which places it at the knee of the curve of
Figure 2.B.5. Figure 2.B.6 shows the sensitivity of the ripple current to
variations in line voltage and battery terminal voltage. It is noteworthy
that the ripple current magnitude is only a function of d, Vac' and Vp,¢ for a
given value of boost inductance.

The boost inductor was fabricated with a 2 mil selectron C core (AL-
100-Arnold) and square No.7 AWG wire, 82 turns, distributed on both legs to
reduce the mean-turn-length. A gap of 0.15" limits the peak flux to 1.1 Tesla
(T) at the peak current of 40A. Dissipation at rated power was projected to
be 20W.

18
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Although ferrite material could be employed in the construction of the
boost inductor, its low flux density, 0.25 Tesla, and limited core geometries
requires a large number of turns and hence almost équa] copper loss to the
total dissipation of the selectron-based design.

The input filter was selected to shunt the 40kHz ripple current to keep
it from appearing on the ac line. The magnitude which would appear on the
line side of the two-pole filter can be expressed as

Lac(40kHz) = Irms(40kHZ) -
1+ w Cf (wSLf + Rz)

where, Iac(4OkHz) is the high frequency current injected into the ac line,
IRMS(40kHz) is the boost inductor ripple current,
R, is the line impedance
Cs is the filter capacitance

L¢ is the filter inductance
wg 1S the angular switching frequency

Solving (7) for the minimum value of L¢ to meet the 100mA distortion-

requirement yields a filter inductance of 18uH with Re = ¢ and C¢ = SuF. A
filter inductor of 35uH was designed with a 4-mil C-core, Arnold AH-407, using

8 turns of No.9 AWG with a gap of 10.5mil to limit the peak flux to 1.5T.

Semiconductor Switch Requirements

The switches selected for the battery charger are the single most
important item in determining its efficiency. The devices must have a Vegq
rating sufficient to withstand the transformed battery voltage, low conduction
loss, and fast switching speed for minimum switching loss. The peak switch
currents at full power operation approach 40A and the transformed battery
voltage across the center-tapped primary could range from approximately 366V
to 600V depending on the primary-secondary turns ratio and the battery
voltage. The combination of the vo]tége and current requirements indicated

21



that there were only two possible choices for the transistors in series with
the transformer windings, Q2 and Q3 in Figure 2.B.2. Characteristic of both
of the available devices, Motorola MJ10024 and Power Tech PT3526, were
inductive load switching times of 1uS or longer and the requirement of
parallel devices/switch to achieve the current requirement.

Figure 2.B.7 shows the impact of the battery voltage and the turns

ratio N,/N; of the isolation transformer on the V.o, rating of Q2 and Q3. An
examination of Figure 2.B.7 suggests that a minimum turns ratio which
satisfies the equation

\73
Np/Ns > V
p ac o | (8)

Vhat

be employed to minimize the V.., requirements. For the range of expected line
voltage and battery voltage, this suggests Np/Ns > 1.7. However the efficiency
of the power: circuit ic also directly impacted by the leakage inductance of
the isolation transformer which can be minimized by employing an integer turns
.ratio.  Since the MJ10024 V.., rating was 750V, a Np/Ns ratio of 2 was
selected thus determining the voltage stresses. Four parallel transistors per

switch were specified to reduce conduction Tloss and maintain acceptable
collector-base current gains.

The feasibility of wusing a different transformer isolated boost

converter, shown in figure 2.B.8 and operationally described in (1), was
originally examined with the switching performance of the MJ10024 devices.
Assuming a 1uS fall time, an average current of EEE_){Zf , a voltage of 480,
the estimated turn-off losses for both switches excegded 100W. This circuit
topology was therefore rejected based on efficiency arguements. The inclusion
of Q1 in Figure ?.R.2, a FET, reduced the switching loss projection to 11 4
assuming a 0.1yS fall time, an average current of Elgg_lﬁil and a voltage of
240V. The FET needs only to have a Vgs rating of 1/2 the Vceo rating of the
transistors since it is only subjected to the voltage across the primary
center tap. The inclusion of this third switch however, necessitated the
inclusion of a diode in series with the transformer center tap because of the
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Figure 2.B.7 The influence of the changing battery voltage and the

isolation transformer turns ratio on the V, requircments

of Q2 and Q3. 1.7::1 is the minimum ratio which satisfies the
cor: . ints of the hnast circuit topology. Top curve represents
a fully charged battery; bottom curve represents beginning of

charge.
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Figure 2.B.8 Two Switch Power Circuit Topology
During the inductor charging mode, both Q1 and Q2 are
conducting, alternately openning Q1 or Q2 to discharge
the boost inductor. Each transistor has a duty aycle
ranging from 0.5 to 1.0.
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finite recovery time of the secondary diodes D3 and D4. The reverse recovery
current in these diodes, coupled with the antiparallel diodes on each
darlington transistor, complete a path for a circulating current to flow in
the transformer primary windings, the antiparallel diodes, and the FET (Q1),
substantially increasing the conduction losses ih Ql. This situation is
illustrated in Figure 2.B.9 and is initiated by the closing of Q1.

’ Assume an initial current is flowing through L1 into the center-tap of
Tl and returning through Q2 to ground. D4 is forward biased and power is
being supplied to the battery. At the moment Q1 closes, the inductor current
will be transferred to Q1 at a rate dependent on the leakage inductance
between the Tla and T1A transformer windings and the battery voltage impressed
on C1. Current will decay to zero and reverse through the shorted D4. This
current will be reflected to the primary side switch until D4 recovers. At
the moment of recovery, current is flowing in T1A and Tla. Since the current

in Tla is driven to zero when D4 recovers and the voltage at the center tap is
constrained to be on-state voltage of Q1, the amp-turn imbalance in T1 forward
biases the antiparallel diode across Q3 and a matching current flows through
TIB. This current will decay at a rate proportional to the on-voltage of Ql
and the leakage inductance between T1A and T1B. Since the on-voltage of Q1 is
small, the current continues to circulate for the entire conduction interval
of Q1. The inclusion of D5 (Figure 2.B.2) blocks this circulating current.

Several less obvious advantages are obtained by the introduction of QI
in the boost power stage topology. As illustrated in Figure 2.8.3, it is
possible to adopt a gating strateqy for Q2 and Q3 where each of their duty
cycles ranged from 0 to a maximum of 50%. This allows the use of a standard
proportional-feedback base drive to reduce base ~ drive power supply
requirements. Secondly, since the current in the transformer Tl is never
required to transfer instantaneously to both primary windings, the leakage
inductance between the Tl primary windings is not a critical winding design
parameter. o '
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Fiqure 2.B.9A Initial current path. The primary side éqr_reht flows
: -through T1 and Q2. Secondary current tlows through
- D4 into the battery.
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-+ Figure 2.B.9B ..Current path showing:the effect of reverse recovery

-current of D4. ' The reverse recovery current flows

into the winding T1a and is-transformed into winding
T1A. This current adds to the current ig flowing in Q1.
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Figuw 2.8.9C Remrculatlon current established. The current
flowing through Q1 is now the sum ofin + 2 averse:
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The switch losses, switching (Ps) and conduction (P.) preditfed at full
power operation were calculated with the aid of equations (9) - (13).

Pa2,q3 = P¢ . )
PQl =Pc*+Ps | (10)
where  P. = Veo(sat) (Tave) h ' : (11)

for each Darlington Transistor and

Pe = I%ms ds S ’:i? ‘.. o 02

for the FET. Pg, the switchingnlos;_fdf the Daflingtoh Transistor, is zero
with the adopted gating strategy. P for the FET is approximated by

. PR
B .

Ps = 1/2 Vgs * Tave * fs . ts ;;; ’53.: R S ;wé - (13)

where fsiis 40kH,. Table 2.8.2 contains the Eoﬁégéstimatesﬁ+dr each ‘switch
type. ~As showr in’ the table, the -switching Toss is only.22% of the switch
dissipation, the dissipation being® dominatedf"by condiction Toss in each
darlington (13W) and in the 2 parallel MTMI5N4D FET's (18W). |

Table 2.B.2

Switch Loss Projection at Rated Charger Power of 3kW

e e

Device - PL(W) PoW) e+ Pe(i)

MJ10024 26.5 - 26.5
MIMISNGD 18.0 122 302

TOTALS 44.5 12.2 57.0

Note: t. .= 0.,1x1070
Vbat = 129.6
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Transistor Base Drive Description

The requirements for the Darlington transistors in this application
dictate that they operate over a wide range of collector currents and
conduction times. These criteria and the demand for high efficiency led to
the decision that a proportional base drive scheme be employed which features
low saturation voltage and reduced base drive power supply requirements. To
avoid ambiguity in the initial state of the proportional drive transforuer
core, it was desired to reéset the cure tou the same state regardless of the
length of the conduction period. An additional constraint imposed by the
Darlington transistor is the requirement to supply negative base drive for at
least 5 microseconds to insure forward blocking capab11ity before the
subsequent half cycle.’ These requirements were obtained with a proportional

hase drive which included an auxiliary switch in series with the feedback
winding. ' o

The base drive electrical schematir is shown in Figure 2.8.10. In the
figure C; supplies an initial current pulse Lo Q1 limited only by circuit
parasitic resistance when switch S1 closes. The base drive for Q1 is supplied
by both the feedback winding and the logic supply thraugh Ry. '

When S1 opens and S2 closes, both Q1 and Q2 are reversed biased,
disconnecting the feedhack winding from the emitter of Ql. Core reset is

obtained via R3.

[solation Transformer Design

The isolation transformer requirements . included Lranstorming the
battery voltage so that it exceeds the peak voltage appearing at the terminals
of the input rectifier bridge, Tow primary-secondary leakage inductance, and
high efficiency. These requirements were obtained with thc use of a ferrite
core and foil windings. The details of the transformer construction and
electrical parameters are contained in Table 2.B.3. The measured primary-
secondary leakage inductance of 0.45uH, coupled with a 1.2mH magnetizing
inductance, yields an inductance ratio of 2666/1. A 2:1 turns-ratio was
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Figure 2.8.10

Proportional drive scheme. The conventional

- proportional drive has been modified with the
“addition of Q2 in series with the feedback winding

T2B. Independent control of the base voltage (Q1)
and the core reset voltage is obtained.
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selected (Np/NS) to allow the winding design to consist of 4 unity-turns-ratio
coil sets, eight turns/coil, distributed on the U core and connected in
series/paraliel to form the desired turns ratio.

Table 2.8.3

Isolation Transformer Electrical Parameters

Core Ferroxcube TF4-3C8 U-I
1B4-3C8

Window Area 16cm2

‘Core Area 6.15cm2

Conductors Foil .015" x .500"
Insulation .005" NOMEX

Electrical Parameters Ly - 1.21H
L, - 0.45.H
Cq = 200pf

The core selection was based on the power rating of the transformer and
the transformer efficiency. An estimate of the core area - window drea
product was obtained using Equation (14).

Primary Voltage (Time) Wire Area
AWe = X (14)
Peak Flux Window Utilization
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for Np/Ns = 2.0, Vpat = 120, fg = 20x103 Hz, a current density of 1000 cir
mils/amp, and a 0.4 window utilization factor,

AcWe = 164 cmd .

Only one ferrite core was available which met this power handling criteria, a

U-1 core manufactured by Ferroxcube which has a AcWc Product of 148cm*

The primary magnetizing inductance was selected to be 1mH to limit the
magnetizing current to approximately 1A. The number of primary turns was
selected to be 16 to- limit the peak flux to 0.25 Tesla. Each secondary
consists of 8 turns. Figure 2.B.11 contains a schematic of the transformer
construction. A gap of 0.006 inches was included in the design to tolerate a

dc current of 200mA. The projected dissipation of the transformer at full
Toad operation is 30W.

Secondary Components

The secondary circuit components, the rectifier, filter cépacitor,
battery cables, and the battery can be represénted by the ~equivalent
electrical circuit shown in Figure 2.B.12. To determine design tradeoffs, the
following assumption were made: -

1. Charger efficiency = 1.00

2. A1l switching frequency harmonics are shunted by the output
filter capacitor.
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Figuré 2B.11 {solation Transformer Construction

Each coil consists of B turns, heing in series on the
primary side and in paraliel for the secondary.
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Figure 2B.12 ‘Secondav;y' circuit
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The total RMS current f]ow1ng out of the charger was calculated with a
computer program, taking both the varying line voltage and duty cycle into
account. This yields a charger output current which contains both 120 Hz and
switchingl frequency components. The instantaneous power delivered to the
bgttery.is'Pbat = Pijne Therefore '

Pin . 2vac lac sinlut . .
lpat = = - = Ip sinfut (15)
Vbat Ybat

The 1nput power P is proporational to sinut since both the voitage and
current are varying in phase s1nuso1da11y. Z

The 120Hz component of the output current can be determined by the use of the
identity, ' ' =

Sin2y = 1/2 (1-cos 2y) . (16)
theretore
o _ v
s -120Hz = ——— SR -

The 4okHz RMS féquipemonps of the capacitor is
IEMS;4bk2 = 1EMS-charger'- Igve-bot - r2‘r‘ms-120|lz - (18)
solving, fgméjdok322; 17t5A'f'

Therefore the filter capacitor must have én RMS current rating at 40kHz
which 1is at least 20A, a voltage b]ocking capability of 150V, and a
capacitance of at least 20uf to minimize the vo]tage r1pp1e (Avcl) appearing
on.the primary side switches. '
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[t can be shown toat

CAVoq:= Inpmse Ll
| cl RMS 4OKHz _ S | : (19)ﬁ-

Cfi]tek "2 g2 |
Figure 2.B.13 plots this relationship a]ong w1th the max1mum sw1tch voltage'
stresses. A suitable commutat1on style capac1tor, GE type 97F,- 20F was
selected for the filter capac1tor

» The Tlosses in the battery are proport1ona1 to the chdrging RMS
current As shown previously, there is a 120Hz RMS component 1n the output
current which has a magnitude of Idc , The additional loss in the battery, as

V2

compared to dc, can be expressed as

Igc2 + > = I§c (1.5) 4 | (20)

which is a loss penality of 50% compared to pure dc charging. Since a tvpical
golf cart cell has an equivalent series impedance of 2mQ when di;chafged, the
108V battery will dissipate an additional 40W or approximately 1.1% of tﬁe
charger input power at 3kW. This is probably a reasonable tradeoff vs.
increasing the charger's size and weight by forcing the.output LC filter
resonant frequency to be less than 120Hz. '

Motorola MR866 fast recovery rectifiers were selected t0‘rectity the
output of the isolation transformer and No.3 AWG cabling was specified to

connect the charger to the battery.

wevcshape and Amp1itude Cootroller

The control approach and b]ock d1agram is descr1bed 1n this section.
In order to achieve near unity power factor operat1on, the "a¢ line current
must be a replica of the line voltage. Th1s is ach1eved in the BC/SCI by

ix" :
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Figure 2.B.13 ~ Increased voltage on Q2 with decre‘asir‘{g values of C1.

" AVC1 is the overshoot voltage on capacitor C1.
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using the line voltage to “obtain Tine current waveshape information and
control]1ng the amplitude v1a a mu]t1p11er. 'Figure 2.B.14 contains the
contro] system bldck diagram. .

The ac_line information -is- obtained via a step down transformer,
rectified, and delayed with the L.P. filter to set the power factor angle.
This waveform is mu]tip]iedfby‘K, where 0<K<l, to vary the amplitude of the
resulting power circuit. input current. K is varied in such a manner as to
regulate the magn1tude of the input line current or the magn1tude of the
battery voltage during chargxng.

A detailed. control block diagram is presented in Figure 2.B.15. Of
particular interest is the power circuit transfer function containing a pole
at the origin and gain proportional to Vg/Ll,.the reflected battery voltage
and the boost inductance.( The high frequency input filter is represented by
the double pole at 81,649 radians. - The compensation consists of a pole -
zero comb1nat1on at 487 radians and 37037 radians respect1ve1y The Tloop
transmlss1on> of the complete circuit is presented in Figure 2.B.16. The
function of the pole-zero pair is now evident. The first pole is located at

the origin, the boost inductor "integrator," the second pole is placed at
approximately 500 radians to maintain high gain to assure waveshape
accuracy. The zero is introduced to improve phase margin at unity gain.
Crossover is assured approx1mate1y one- decade lower than the switching

frequency of the converter.

Control Power System

The power'supply which is used to provide the required power circuit
voltage. and currents is schematically illustrated in Figure 2,8.17.  This
" power supply is directly connected to the ac line and provides isolated #12V
outputs which are referenced t7 the power circuit negative bus. This power

supply is used for base drive power and provides contro] 1og1c power to the
system contro]]er discussed in the previous section. '
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Figure 2.B.15 Power circuit controller block diagram

I*

commanded avg. line current

avg
ILine ac line current {instantaneous)

Vac = ac line voltage (instantaneous)

Kq = error signal

Ko =  scaling factor

I‘l'_1 =  commanded boost induction current

VL = battery voltage as reflected through transformer
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.Figure 2.R.16  Power circuit inner loop transmission characteristics
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2.C Battery:Algorithms

This section of the.report addresses the models used to calculate the
battery state of charge (SOC) .and the recharge algorithm implemented in the
BC/SCI. Two SOC models were investigated during the contract effort, a
phenomenological model and a physical model, with the former implemented in
the BC/SCI. The phenomenological model is discussed first. The accuracy of
the SOC algorithm was tested by exercising battery modules with discharge;;-
profiles emulating driving cycles. A possible model paramcter adaptor schomg:y
is presented. v S S ‘ o3 ol

2.¢.1 .Phenomenological State .of Charge Model . ERS

The phenomenological model may be thought of as an adaptation of both
the Martin (Reference 2) model and the Shepherd (Reference 3) equation for -
battery voltage under dc discharge conditions. A brief review of the Martin
and Shepherd models below is followed by a description of the modifications
made to them in order to arrive at the new model. Finally, some of the issues .
involved in implementation of the phenomenological model on a microcomputer
are addressed.

The Martin model summarizes the condition of a battery at any time with
two state variables; Q(t), the charge removed from the battery, and C(t), the
battery capacity. These variables change according to the equations

j%’ I (21)
904 ¢ = () . - o | (22)

dt

where [ is the battery discharge current, f(I) is a function which spec1f1e§
the batﬁery,capacity under conditioﬁs of dc discharge at'the current, I, and <
is a qhéra;teristic time—constah; of the battery.  The battery is considered
to be exhausted when Q reaches C (i.e., when C - Q<0).
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The physical interpretation of Equation 21 is obvious, the rate of
change of battery charge withdrawn is the current, I. According to Equation
22, for ény given instantaneous current, I, the battery ‘capacity; ,C’
approaches the dc battery capacity at .that current, f(1), with a
characteristic time -constant, t.. . :

Computatioﬁ of the battery capacity for a constant-current discharge
cuprent is relatively straightforward. Given initial values for the state
variables, Cd; and Q,, as well as a standard discharge current, I,» the time
to cutoff may be calculated either by numerical simulation of Equations 21 and
22, or by analytical means. State-of-Charge prediction in terms of a constant
power discharge is more difficult, as the model makes no explicit prediction
of battery voltage during the discharge. |

Shepherd Model

The Shepherd equation is intended to predict a battery voltage profile,
during a dc discharge. ' ‘ : ’

According to this relation,

Vv' = - k—V] ( - (t) » ————— I(t) (23)
t v + Q(t R1-1I(t . t 23

T2 3 4

where v(t) is the predicted battery voltage, Q(t) is the charge'withdrawn from
the battery, I is the discharge current, and Vo Vi, R1, RZ2, and Q2 are
parameters of the battary. The first term in Cquation 23 is a cunslant. The
second term represents the decline of equilibrium voltage due to falling
electrolyte concentration as e]ectfo]yte is consumed in the battery. The
third term is simply an impedance voltage drop. The fourth temm is equivalent

to an impedance that rises as Q(t) approaches Q2. Shepherd proposed thi's
_impedance term to account for the shrinking active-material surface area  in
the battery during a discharge.” According to his explanation, as the active
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material was-used up in the electrochemical discharge reaction, the current
density necessary’ to maintain a constant current rose, necessitating a higher
reaction overpotential. - '

2.C.1.a Model ‘Modifications

It has been found experimentally that one set of coefficients3(vo, V1,
Ql, R1, RZ, Q2)-is-not sufficient to accurately predict battery voltage for dc
discharges over a wide ‘range of currents and temperatures. However, if RTy
R2, and Q2 ‘are allowed to vary with both temperature, T, and current; I, then
the resulting predicted voltage profiles can be fitted to actual data quite
closely. In addition, a filtered battery current, obeying the differentidl
equation,

dIg -
T+ Ip = I(t) . o (24)
dt

is ‘used in Equation 23 in place of the actual current, I, then the predicted
vditage fs a reasonable aproximation to the measured voltage, v, even under
conditions of varying current. Inthuatioh 24, 1(t) is the actual battery
current, Qh11¢.'IF(§)_is the filtered cdrrent.., Thus, the phenomenological
model predicts the battery voltage with the equation,

| Vi, _ C R2(LE, D) Q2 (1g,T)
v(t) 2V (—)Q(t)-R1(1g,T) [g(t) - © Ig(t)  (25)
Y PE 0 (1g.T) - (L) A

Actually, due to the filtering function performed by Equation 25 the vo]tage'
predicted by Equation 25 is closer to a filtered version of the measured
voltage,

dvF

T-E—*' VE =V (t) - (26)

where ve(t) is the filtered battery voltage.
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In order to implement this model to predict state of charge, an array
of values for R1, R2, and Q2 at various. discrete values. of currgnt and
temperature are required. A microcomputer keeps track of the withdrawn
charge, Q, and filtered current, Ig, during a discharge. At any time that the
remaining capacity was desired, the processor would begin an imaginary
discharge, varying the current so as to keep the product v(t) * I(t) equal to
the standard discharge power. Linéar interpolation between the discrete
values of temperature and current for which the battery data.are stored would
be used to compute estimates of Rl, R2, and Q2, so that battery voltage
predictions could be made. The remaining‘enérgy would then be the product of
the standard power rate and the time (in the imaginary discharge) until the
voltage fell below some cutoff level.

Any such model as the phenomenological one is founded on two basic
assumptions; 1) that the battery can be described totally by its dc discharge
response, and 2) that any effects of discharge at levels different from the
standard rate are transient (i.e., will not significantly affect the battery
capacity unless cutoff occurs within several time constants of the different-
rate discharge). It is apparent from the battery tests performed during the
contract that neither of the above assumptions is entirely true. However, it.
is believed that they are close enough, in most situations that an electric
vehicle Abattery will encounter, to allow an accurate state-of-charge
prediction. ’ ‘

Table 2.C.1 contains the array of Shepherd coefficients as functions of
discharge current and electrolyte-temperatures.
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Table 2.C.1

" Cell Parameters

< ‘ Electrolyte Temperature
Current (Amps) 9<C : 20<C 40<C

20 R1 = 2.7293 R = 2.9568 R1 = 2.2395
RZ = 0.5078 R2 = 0.3792 R2 = 0.2180
Q2 = 125.8769 Q2 = 164.4615 Q2 = 188.8593
80 - o R = 1.8282 RI = 1.7384 SR = 13714
R2 = 0.2137 R2 = 0.1732 R2 = 0.1794
02 = 83,0000 Q2 = 109.4000 Q2 = 141.3512,
130 Rl = 1.6844 Rl = 1.5260 Rl = 1.3090
R2 = 0.1198 R2 = 0.1216 R2 = 0,133
02 = 69.3520 Q2 = 91.8800 Q2 = 121.0732
200 R = 1.6320 RT = 1.2800 R - 1.20854
R2 = 0.0940 R2 = 0.1600 R2 = 0.1195
W= /u.7200 Q2 = 84.8000 Q2 = 98.2439

where Rl and R2 are in milliohms per cell and Q2 is in Ah.

These parameters were derived from constant current discharge
experiments employing Gould PB-220 golt cart batteries. The vollaye and the
charge withdrawn was recorded during each discharge and the resulting voltage
curve predicted by the Shepherd equation was fit to the actual voltage curve
to determine the Shepherd coefficients. The battery recharge profile employed
cdu¥ng this‘testing was an equilibrium recharge profile with an overcharge of
20%. This was necessary to achieve repeatable test results for the battery
under test. ' '
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2.C.1.b Algorithm performance

The accuracy of the SOC algorithm was tested by exercising a 6-cell
battery module with a discharge profile which emulated a SAE 227a, schedule D
driving cycle. "Again, the battery data consisting of voltage, current,
temperature, and time was recorded during the test. Using a large
mjnicomputer, the SOC algorithm used the recorded battery data to calculate
the SOC. A1l actual battery tests were terminated with a constant power
di§charge at the 185W/cell rate (10kW for a 54 cell battery). During this
interval, the calculated SOC was compared to the measured SOC and an RMS error
was calculated for the predictions. A total of 32 driving cycle type tests
were conducted on the batteries at ambient temperatures varying from 9°C to
45°C. Figures 2.C.1-2.C.6 illustrates the battery voltage, current, and watt-
hr vs. time for two driving tests. Figures 2.C.7 and 2.C.8 show a plot of the
calculated SOC and the measured SOC for these two respective tests.

‘ Figure 2.C.9 shows the capacity variations of the batteries during the
testing interval. The battery capacity (W-hr) varied from a low point of 920
Wh to a high of 1430 Wh for the six-cell module, with the lowest capacity
observed at ambient temperatures of 5°C and the highest at 40°C. The RMS
error in the SOC prediction was as low as 1.3 Wh/cell and as high as 37.3
Wh/cell during the testing as seen in Table 2.C.2.
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Figure 2.C.1  Cell voltage vs. time for test F49TST033.D05
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Table 2.C.2
SOC Evaluatijon Test and Results

RMS ERROR IN

TEST STATE OF CHARGE
F43TST031.D16 2.05
F437ST031.017 14.43
F43T7ST031.D18 15.40
F45TST031.D19 17.48
F45TST031.D20 19.03
F477ST031.021 18.67.
F47TSTQ31.D22 6.63
F477T57031:023 7.19
F47TST031.D24 3.26
F49TST031.D25 2,12
F49TST033.D05 8.50
F49TST033:D06 228
F49TST033.D07 7.33
F51TST031.026. 34.77
FS1TST0315027 34.99
F51TST031.028 37.27
FS1TST031.D29 24,56
F53TST033.D08 20.67
F537ST033.009 23.67
F537ST033.D10 24,23
F537ST033.D11 2,58
F55TST040.023 2,94
F55TST040.023 > 6.34
F55TST034.D01 12.45
F55TST034.002 7.07
F55TST034.003 7.76
F55TST034.004 8.30
F55TST034.005 5.21
-F57TST034.:D06 - 769
F57T7ST033.013 3.49
F577ST033.D14 4.96
F577ST033.D15 12.99

The RMS error in the state of charge is calculated by observing the
error between the measured and predicted capacity at a number of discrete
points. The RMS error is calculated from these points using Equation 27.

1 n)-
RMSerror = W 2 Pcac n - Pac§ ))2 (27)
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2.C.1.c Parameter Adapter

g

The accuracy of the phenomenological battery mode] is dependent on the
accuracy of the Shepherd coeff1c1ents which characterize the battery
performance over the range of temperature and current. Unfortunately, these
parameters change as the battery ages.» The parameter -adaptation algorithm
developed dur1ng the contract - attempts to mod1fy the Shepherd coefficients
based on the recorded 'voltaye error h1atory of - prev1ous discharges.
Conceptually,- the parameter modification, would oceur following the completion
of the discharge cycle. A]though no parameter adapt1on algorithm was included
in the developed BC/SCI hardware, this section discusses its development.

The concept of parameter adaption requires the processing of some form
of record of a complete discharge rather than making decisions based upon
short sub-divisions of a discharge cycle. The major disadvantage of such an
approach is the amount - of data comﬁreseion required to fit a complete
discharge record in the available microcomputer dynamic memory, on the order
of 100. bytes. |

The discharge summery 15 in the form'of several separate recards, Each
record will describe the scheme's performance‘over a particular section of the
discharge, during which the discharge operating point in (I,T) space, current
and temperature, remained nominaftylethin.one zohe. A record will be kept
only if the amount of time e]apsed‘ (and/or charge removed) Aduring the
corresponding section is above some minimum value.

The accumulation of a record.will be terminated (i.e., that record will
be wrilten into memory) ‘and another started whengver,

A) The discharge operating point leaves its "base zone" for longer than
some specified time. '

B) The length of time (or amount of charge removed) during the interval
becomes greater than - some max1mum va]ue,
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If a record is to be written, and insufficienttspace'existé in memory
to write the record, some means of evaluation of the record's "importance"
will be used to determine whether or not to delete an already-written record.

Each record will consist of 6 entries, described below"

1) Ip < The average value of the filtered battery current dur1ng the
.section. o , .
2) Ty - The average value ‘of the f11tered battery temperature dur1ng

the section.

3) aRy - The "average va\ue of the ‘error in battery "impedance"
prediction, -~ ‘ o : : e

_Vm - Vp- A o :
:AR,::__fT'Tff o _ o o (28)

where AR is- the instantaneous error in batteryv impedance
prediction, Vm is the. measured battery voltage, Vp is the
predicted battery voltage, and [ is the (unfiltered) battery
current.. ' : :

ARy = _lej BRAQ .+ e (29)
Q .

where AQ is the total amount of charge removed from the battery

during the section, and Qq is the charge removed from full-
charged state. - « .
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4) ARy - An "average" value ‘of the derivative of error in battery
impedance prediction with respect.tb'tharge-removed.~‘

-

, | wl/2s cajeeg

8Rp z‘za- - [ ARdQ -+ [UARAQC| . - (30)
Q : Qj+1/2aQ ' SR
§) Q4 - The value of charge removed from the battery(relative to its °

fully-charged state) when the section began.

6) Q¢ - The value of charge removed from the battery when the section
ended where

Qe = Qi + 80 - - - (31)
Given the values of aR, and aRp, along with Q; and Qg @ linear
approximation to the error (aR) can be constructed as a function of Q in that

section.

Suppose AR = A-Q + é

Q; + aQ
Then Ry A f ARdQ
. A 7RI Qi
and &Ry = A(Q; + 1/2 aQ) + B and from equation (30),

aRp = 1/2A 8Q

Then, if the above equations are solved for A and B in terms of AR, and

ARp»
AR : |
D
A=2 (32)
%) . ‘
B = 4Ry - aRp - AQ (33)
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In order to adjust the  battery parameters according to the data
obtained in the records, the following procedure is used.

" First, reconstruct the.actual voltage profile during each section by
assuming that each section can. be modelled as a constant-current, constant-
temperature discharge, at the current, Ip, and temperature, Tp.

Thus, the predicted battery voltage would be

. Y

Vo = Vg - (—)Q - Ry Ip = |
P Ty Q" - Q

ROQO
22, | (34)

where R1°, Rzo, and on are the values of R1, R2, and Qy at the point (Ip»
Tp), before any adjustment. |

Vp° is the voltage predicted by the un-adjusted parameters.

From this information, and the 1linear approximation to the battery
impedance as a function of charge removed, reconstruct the measured voltage
" during a section, since, by the definition of aR,

<
[[]

Vp° + IA AR

vp° + I5(A°Q + B) ; ‘ (35)
where A and B are defined on the previous page.

Thus

| o » !
Vm = (Vo - Ry Ip + B*Ia) + (A°Ip -.6_ ) + Q
' 1

'_ R2® Q2° 1p (36)
Q2°-Q
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The predicted voltage, Vp, obtained by the use of adjusted parameters,

Ry, Rp, Q2s 18

v
1 R2Q21p
Vp = Vo - (—) Q- RyIp - ——
Q Q2 - Q
The error, AR, with the adjusted voltage is, thus,
AR = (Vg - Vp)/I1A o
P o Ro Q2 Rp Qz0
. B*BRI’ m_q-fAQ s 270

Q-Q QZU’Q

The integral of the square of AR can be performed over all sections
which (I,, T,) is within a common zone. In this way, an increment to
parameters ARy, ARy, 4Q2> which results in the lowest mean-squared error
be chosen (even though this increment results in different values of Rl,
Mote that A and B
intermediate constants in the linearization process of curve fitting and

Qo for each different (IA, TA) in weach section).

not minimized per se.

(38)

for
the
can
Ro,
are

are

The change is distributed among the four operating corners which define

the (I, T) zone in the fulluwing manner.

The change in the interpolated value ot Ky (obtained by use of Lhe

average uperating potnt; (Ia, TA) is a fractian of the recommended change, &R,

thus,

BRYLL v F e aRyMY e Ry aRqULe R+ WRYU CFyy= FRACT - ARy
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The solution to the set of equations is

aR7LL = FRACT * FL * aRy/M | (40)

ARyLU = FRACT * Fy * aRy/M - | (41)

aR7UL = FRACT * Fy_ ° sRy /M (42)

AR\ UU = FRACT * Fyy aRy/M (83).
where

Mz1-2 a8+ (1-87) - 2 ° a7 * (1-a7) (44)

t 4 A coar (1-a7) * (17Af)

‘and where

ARyLL is the change to be made in Ry at the low-
current, low-temperature corner of the zone

AR]LU "is the change for the Tow-current, high-
temperature corner

AR]UL s the change for the high-current, low-
temperature corner

AR]UU is the change for the high-current, high-
temperature corner

AR, is the optional suggested change in Ry for
the zone
b, is the ratio of zone changes in current based

on the geometric mean of the grid.
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Ay is the ratio of zone changes in temperature based
on the geometric mean of the grid.

FRACT is a constant such that 0.5 < FRACT < 1.0.

and where Fyj is defined as,

FLL = (1-81) (1-a7)
FLy = (Y-A1) 4t
FuL = ag(1-a7)

Fyy = aret

The concept of the parameters adapter was tested by examining a dc
discharge at a c¢onstant current of 100A dand 22.5°C. Two parameter grids wcre
employed for the Shepard coefficients, a 5x3 matrix and a 4x3 matrix to
determine the impact of having the operating point coincide exactly with a
grid entry. Figure 2.C.10 shows the variations of Rl and (2 using the 5x3
matrix. As shown in this Figure, Q2 seems to be stable with repeated
operations on one data file; however, Rl seems headéd up indefinitely.

However, when the 4x3 matrix was employed, the parameter converged on a
final set in only 10 iterations. Figures 2.C.11 and 2.C.12 show the predicted
and measured voltage curves.for the initial iteration. and the L0th iteration.

The sensilivily Lo the nearness of the (I,T) grid point i5 an arca uf
concern in the parameter adapter strategy.

2.C.2 Physical Model

The physical model is a mathematical representation of the discharge
process in a flooded, porous, lead-acid battery cell. It is a lumped-
parameter approximation to the classic macrohomogeneous model (Reference 4).
The battery characteristics most strongly empha51zed are (1) limitations of
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battery charge, (2) effects of finite electrolyte diffusion rate, and (3)
effects.of pqre-p]ugging}gnVbap;ery,impedqnce.and‘e1ec;nolyte diffusion,

2.C.2.a Macrohomogeneous Model for Porous Electrodes

A porous electrode. is simply..a rigid material:with many pathways ‘(or?>
pores) through which a fluid may pass. - The major advantage. in using a-porod@$>
electrode in place of--a -solid one for .surface reactions.is the much, largery
effective surface area afforded by the porosity. In. order:to obtain the sames
surface area to volume ratio with solid plates, one would have to use a platgg
thickness on the order of the pore dimensions, ~1 im for a typical lead-acid
cell. Such plate.. thicknesses are impractical, . from both economic and
structural standpoints.

Unfortunately, .it- is:this 'same porous -nature of the lead-acid cell.
electrode that makes--an. exact. analysis: of . the reactions -and flows .involved in-
a battery discharge very difficult, if not impossible. .- The .approach of some-
researchers has been to model the pores as' straight, cylindrical inclusions,
perpendicular to the elggprpde.syrface_(Refepenqezs).

A more popular gbppoagh is. the. macrohomogeneous model, 1in which the.
porous nature of the eJec;rodg“,is,uacqognted. for .by treating the grid .
(electrode _material) . and fluid (electrolyte). as .two :seperate, continuous
phases that co-exist :in: the volume.  occupied by the electrode (Reference 4).
The grid is modelled.as-a solid material-whose effective conductivity .and heat
capacity are dependent. upor- the .porosity ‘(void factor), e, as well as its
material composition. The:.electrolyte is modell'ed.-as.-a continuous flutd media :
with acid cpncentration,.;femperatur95: and - fluid.-.velocity a .function .of -
position within the electrode. The fluid viscosity, conductivity,..and
diffusion coefficient are dependent upon the porosity. Since the current-
producing electrochemical reaction in a lead-acid battery consumes either lead
or lead-dioxide and produces lead sulfate (lower in density than either of the
solid reactants), the electrode porosity can change during the course of a
discharge, being itself, a function of both position and time.
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For most analyses, the battery discharge is modelled as a one-
dimensional 'process, even though this. ignores"some effects of the two-
dimensional nature of the’ electrode- structure (see Figure 2.C.13). Figure
2.C.14 shows a typIcal cell model The cell. consists of two porous electrodes
(hash-marked areas in F1gure 2.C. l4) bound1ng a separator region. Contacts
placed on either end of the cell . supply and receive -battery currents. The
electrolyte f1lls‘all three reglons._' For a cell at rest, the electrolyte
concentration in  the aqerus soTution is un1form. ~In addition, it is
generally assumed that for a fully- charged cell at’ rest the distribution of
active mater1al (lead ~at  the: negat1ve electrode, lead.d1ox1de, at the

positive electrode) 1s un1form as well.

When the,cell is loaded (i.e., when current is drawn), the rate of
electrochemical reaction within the cell is not uniform. Of course, no
reaction occurs in the separator region, so the electrolyte concentration

there goes down only due to d1ffus1on into either electrode. At very. low
d1scharge rates, the reaction 1n1t1ally occurs evenly throughout both
electrodes, so that the rate of usage of lead (or lead dioxide) and sulfuric
acid, ‘as well as the product1on of lead sulfate, is not. a function of position
for the. early part of - the d1scharge. At h1gher d1scharge rates, the reaction
tends to be skewed towards the front face of each .electrode (near the
separator) due mainly to.the lower voltage drop suffered by currents traveling‘
most of the way - across the electrode via the (highly conducting) grid
material. Thls causes non- un1form usage of both active materials and
electrolyte result1ng in concentrat1on grad1ents of these substances within
the electrode, Although the unused active material cannot move through the
electrode, the ‘electrolyte is able to diffuse from regions of higher
concentrat1on to those where it 1s low.. Thus, even if the battery is. not
being d1scharged .the- concentrat1on prof1le of electrolyte in the electrode
may not be statlc. : ‘ '
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Figure 2.C.13

(2927)

Lines of current flow in lead-acid
battery ccll. Location of tahs

at top of cell results in two-
dimcnsional dependende of
current-density in electrodes.
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The electric potential and current density can be separate functions of
time and position for each of the co-existing phases. The difference between
grid and electroltye potentials at any particular point in the electrode is
simply the voltage drop across the Debye charge-layer at the solid-liquid
interface at that point. The two current densities are constrained such that
the divergence of their sum is zero (i.e., whatever current leaves one phase
enters the other, except at the electrode boundaries). In all, the one-
dimensional macrohomogeneous model contains at least nine space/time dependent
quantities, summarized in Table 2.C.3. The list can grow even longer if all
of the various possible ionic species are to be accounted for separately.

Even if the differential equations goVerning the changes in these
quantities, with time, were known exactly, the complexity of this set would
prevent its integration on any but the fastest presently available
computers. In addition, not enough is yet known about the electrochemistry of
lead-acid batteries to confidently specify all of the interrelationships
between those nine variables. For example, the rate at which current is
transferred from the solid phase to the electrolyte phase, -viz, is a function
of the solid-electrolyte potential difference, ¢, - ¢7» the local electrolyte
concentration, C, and the amount of available active material, either St or
S-. Normally, the dependence of this current derivative on C and S* is Tumped -
into an emperical constant in an equation as shown below,

$2-97 $2=4
S T A
o U V2
vi, = j (C,5%) ¢ e -e (45)

where Vi and V, are some characteristic potentials of the chemical system.
Very little is written in the literature about the dependence of Jo on either

C or S, and more often than not, j, is made a constant for the purposes of
analysis. :
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Table 2.C.3

List of space/time dependent variables involved
in macrohomogeneous model for battery cell.

SPACE/TIME - DEPENDENT PARAMETERS

Electrolyte (S0,=) Concentration _
Positive Active Material (Pb0,) Concentration
Negative Active Material (Pb) Concentration
Temperature ‘

Electric Potential in Solid Phase (Electrode)
Electric Potential in Liquid Phase (Electrolyte)
Electrode Porosity '
Current Density in Solid Phase

Current Density in Liquid Phasé
Exchange Current Density

75



Clearly, some approximations are necessary in order to perform a
simulation of the discharge process in a lead-acid battery cell; first, in the
face of wunavailable information, and second, to allow processing of the
equations with a reasonable amount of computer time and memory storage.

Such a set of reasonable approximations and assumptions was proposed by
Simonsson in 1973 (Reference 6). Among his more important assumptions were
(1) an isothermal system, (2) complete disassociation of the electrolyte into
only one positive and one negatlve iunfc spacies (H and 11SO, respectively),
and (3) the "Tafel" assumption, 1in which the current derivative is .
approximated by an exponential in the Debye-layer overpotential,

312 --?-f-n

=yt S e T (46)

ax A

where i is the current density in the electrolyte, Jo is the exchange current
density (assumed constant), and n is the Debye layer overpotential (Reference

7), defined by,

n = (¢2 - 41) - 9o (47)

where ¢, is the equilibrium potential drop across the Debye layer (in the
absence of any currents).

With these simplicications, Simonsson integrated the set of
differential equations governing the discharge process to obtain some insight
fnto how 4 pourous leade-acid hattery c¢ell becomes exhausted before all of the
reactants are used up. One of the more significant conclusions that he
reached was thét, for high discharge currents, the skewing of the discharge
reaction density towards the front face of the electrode caused the active
material there to be used up first forming a "dead-zone" 1in the electrode
which propagated towards the back face. Any electrolyte which diffused from

the separator region to the point in the electrode where the reaction was
occuring would have to diffuse across this dead-zone.
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In ‘addition, Simonsson suggested that the end of discharge probably
occured when a very low electrolyte concentration, somewhere in the electrode,
caused the impedance to become very large.

It is these two conclusions upon which the physical model, a lumped-
parameter approximation to Simonsson's continuous model, is built. In the
following section, the concepts of a dead-zone, across which battery current
must flow and electrolyte must diffuse, propagating across the electrode and a
battery impedance which depends strongly upon the'concentration of electrolyte
in :the electrode are developed into a ‘simplified model which could be
implemented on a microprocessor with limited storage capablities.

2.C.2.b Presentation of Physical Model

The physical model represents the state of a porous-electrode lead-acid
battery cell with three variables. They are: '

1) C(t) The concentration of electrolyte within the electrode.

2) Cr(t) The concentration of electrolyte outside the electrode (in
either the separator region or the reservoir).

3) &(t) The width of a "“dead-zone" of used (or passivated) active
material in the electrode.

Figure 2.C.15 gives a graphic illustration of the meaning of these
variables. The differential state equations which govern changes in the
variables are

£ (CLA} = -KA(C-Cp)/6 - 1/F | (48)
—g-{ACrVr} = kA(C-C.)/s A (49)

dt -

B Loroqn | (50)
dt Qo

77



‘DEAD ZONE’

Resslnvom
‘ 6{t) /
POROUS * ~
ELECTRODE 4) Al\

c.lt

<[ =1 ]

1)

ro
ELECTROCHEMICAL REACTION
OCCURS IN THIS ZONE

Figure 2.C.15 Schematic illustration of physical model for lead-

acid battery cell, showing definitions of state-
variables, C, C, 6.

78

2930)



where
L is the effective thickness of the electrode.

Q is the total (charge equivalent of) active material content of the

electrode.
A is the electrode apparent cross-sectional area.
k is the effective electrolyte diffusion coefficient through the

porous electrode (k can be a function of temperature).

[ is the battery current.
F is Faraday's constant.
V. is the effective volume of the reservoir and separator regions

outside the electrode.

f is an empirically-fitted function of the battery current, [, whose
value approaches 1 as I > 0. (For I >0, f(I) > or = 1).

Briefly, the electrolyte content of the electrode is seen to change due
to either diffusion from the reservoir or the current-producing
e]ectrocheﬁical reaction. - The reservoir electrolyte content changes only by
diffusion to or from the electrode. The dead zone grows at a rate that is at
least proportional to the rate of usage of active material and faster than
that for large currents. As the dead zone width grows, the impedance to
diffusion between the electrode and reservoir increases. The battery terminal
relation is

V= V,.(C) - R(8, C, Cp) * I (51)
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where V,.(C) is the open-circuit battery voltage, and R(s, C, C.) 1is the
battery impedance. It should be noted here that the open-circuit battery
voltage is a function of the electrolyte concentration in the electrode only
and not of & or C.. This is due to the fact that the potential of an unloaded
battery depends only upon the voltage drop across the Debye layer at the
solid-1iquid interface which is determined primarily by the acid concentration
there.

The battery impedance can, in general, depend on all three state
variables. One possible functional dependence for R(s, C, Cr) is

§ Cy

R =R, + Rp. — — (52)
a b L C

where R, Ry, C, are constants. This expression ignores the effects of
e]ectro]yte concentration in the reservoir on the battery impedance and
predicts that the impedance rises linearly with the dead zone width and in
inverse proportion to the acid concentratinn in the electrode. [t is likely

that R, and R, would have to be temperature-dependent to correctly model the
battery's terminal behavior over a wide range of conditions,

With 1initial conditions for C, Cr' and &, the state equations,
Equations 48, 49, and 50, a fully-specified terminal relation, Equation 51,
and the driving functions, I(t) and T(t), this model can be used Lo predict
the hattery terminal voltage as a function of time. Given vdalues of the state
variables at any time, a simulated constant-power discharye could be used to
predict the time to cutoff, and thus, the remaining available energy of the
battery. '
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2.C.2.c Discussion of Model Characteristics

As was stated in the introduction to this chapter, the physical model
stresses battery capacity limitations of total battery charge, finite
electrolyte diffusion rate, and electrode pore-plugging. The discussion to
follow is intended to point out those characteristics of the model which
demonstrate such effects.

Electrolyte can leave the entire system consisting of the electrode
plus reservoir only through effects of the last term in Equation 48 due to the

battery current drawn. In fact, a linear combination of Equations 48 and 49
yields a statement of conservation of charge

'E% .g s_a% (CLA + CpVp} = - é. | (53)
where the first equality above may be taken as a definition of Q, the relative
battery charge. If Q is given a value of zero when both C and C. are Zzero,
then Q may be thought of as the absolute total battery content of (charge-
equivalent) electrolyte. Since the electrode and reservoir start with a
finite quantity of electrolyte, certainly no more than Q;, the initial value
of Q can be removed from the battery before either C or C. becomes negative.
Thus the model places a limit on the battery capacity based on the total
charge-equivalent of electrolyte initially available,

If the battery is initially at rest (so that C = Cr) and a dc discharge
begun, C will fall below C.. Assuming that Vy.(C) is a monotonically-rising
function of C, the open-circuit voltage predicted by the model will be lower
than the voltage predicted for a battery at ‘rest with the same amount of
charge removed., In fact, if the discharge were stopped suddenly, C would rise
(due to the diffusion term in Equation 48) towards an asymtotic value equal to
the volume-average concentration in the entire cell. This could be observed
from the battery terminals as a voltage transient occuring.when the discharge
was halted. Both of these model characteristics, depressed electrolyte
concentration in the electrode under load and voltage transients
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accompanying changing loads, are intended to account for effects of the finite
rate of diffusion of electrolyte in a battery cell.

As a discharge proceeds, the:width of the dead zone in the electrode,
§, increases. This has two effects on the model equations. First, the rate
of diffusion from reservoir to electrode falls, as it 1is inversely
proportional to &. Second, the battery impedance rises. Both of these
phenomena occur in order to account for the fact that the porosity is reduced
in those regions where the current-praducing electrochemical reaction has
occurred.  This reductinn in -parnsity is simply due to the fact that the
reaction product, lead-sulphate, is lower in density than either lead or lead-
dioxide and thus takes up more space than these reactants. In most
macrohomogeneous models, the electrolyte conductivity and diffusion
coefficients are assumed to be proportional to the electrode void fraction.
For the physical model, the only impedance to electrolyte diffusion is the
(pore-plugged) dead zone. In the terminal relation proposed by Equations 51
and 52, the battery resistance has one term proportional to the dead zone
width, and another that is independent of §. This later term could account
for fixed (terminal, grid) battery impedances. If désired, a third term,

varying in inverse proportion to C.  could be added to account for voltage
drops across the separator region,

According to Simonsson's (Reference 6) conclusions, the discharge
reaction may be thought ot as alway$s taking place at the fronl edye ufl Lhe
dead zone in a thin ‘reaction layer' which propagates across the electrode.
[f it were ascumed that the reaction completely used up all of the active
material in one plane before moving on to the next, then the rate of growth of
the dead zone would always be proportional to the battery current, [. The
mitiplier, f(I), in Equation 50 causes the growth rate, dé/dt, to be
proportional to I only for small currents. As the battery current grows,
d§/dt rises more quickly than [. This is intended to account for a phenomenon
known as electrode passivation in which high discharge current densities can
presumably cause lead- sulphate deposits to cover unused active material in
the electrode so that it cannot be accessed for later discharge. Such

passivated active material can be recovered only by recharging the cell.
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The physical model actually goes beyond most macrohomogeneous models in
that it attempts to predict the battery terminal behavior on the basis of a
. half-cell representation. Even though the electrochemical reactions occuring
in the positive and negative battery electrodes are very different, it is the
opinion of the author that they can be modelled by a single-electrode
process. It is thus assumed, for the purposes of the model, that a perfect
ohmic contact capable of lossless transfer of ionic to electronic current
exists 'at the far end of the separator region. “Such an assumption leaves out
the possibility of separate time constants or impedances for the two
electrodes. The approximation 1is justified by the generally accepted
observation in the literature that the battery capacity is most often limited
by one of the two electrodes (specifically, the positive one, Pboz).

Analysis of Model Equations

, For the purposes of mathematical analysis, it is convehient to deal
with a transformed set of state variab]es. The dead zone width, &, is still

used, but C and C. are replaced by Q and D, defined as

f o]
]

CLA + C.Vp A (54)
D=C.-¢ (55)

Note that Q is the same quantity that was referred to earlier as the total
battery charge-equivalent content of electrolyte henceforth referred to as
simply the battery charge. D is equal to the difference between electrolyte
concentration in the reservoir and electrode. [t may be thought of as a
measure of the battery "disturbance", since D=0 for a battery in its
equilibrium state. Transformation of Equations 48 and 49 yields

Q _ 1.

F:oF » (56)
d k A ,
__D.=-_ ]+L_ﬂ B_“F__I_ : (57)
@ L r] s FaL
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Equation 56 1is, as before, merély a statement of conservation of charge
(actually, it is conservation of mass for the electrolyte ions). According to
Equation 57, the disturbance, D, of the battery cell would always tend towards
zero were it not for the driving term, [/(FAL), on the right hand side of the
equation. It is not a constant-coefficient differential equation as & can be
a function of time. '

s

B!

At any time that values for C and C. are destred (1.e., to compule, Lhe

terminal voltage), Equations 54 and 55 may be inverted, yielding ;

c=2-0DV, (58)
LA + Vr
+ DLA

¢, = 3+ OLA (59)
LA + Vp

Before any further analysis, it is useful to introduce some normalizations.

Q=C, LAFQ (60)
D = C, D (61)
§=1§ (62)
C=Cyt (63)
Cp = Co G (64)
t=tt (65)
I =151 (@)
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where

Io = (Co * L * A *F/x) (67)
T = L2/k (68)

The constant, ¢, is a battery time constant, the characteristic
electrolyte diffusion time, determined by the electrode thickness and
_ electrolyte diffusion coefficient. The current, Iy, is the ratio of the
electrolyte charge-equivalent contained in a fully charged electrode to this
time ;onstant. The concentration, C, is taken as the initial electrolyte
concentration in akfu11y-charged battery cell. Note that the current, Io,lmay
be thought of as the current necessary to fully use up all of the electrolyte
contained in the electrode initially in a single battery time constant, r.
With this normalization, Equations 50, 56, and 57 become

dQ _ 1 (69)
dt
Byl | . (70)
dt. s
ﬁ:ilf'(i) : (71)
dt K
where
Q
Ky 2 — (72)
CoLAF
Ky = LA/V, | (73)

The function f'(I) is simply f(I) modified to accept t as its argument. KI1 is
the ratio of charge-equivalent of active material to charge-equivalent of
electrolyte contained in a fully charged electrode. K2 is the ratio of
effective electrode volume to that of the reservoir.
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The above equations will be solved, subject to the initial conditions,

= § (74)
- £=0
9 = Q (75)
£=0

and with the driving function

_I.(.f;) = Idc (77)

That is, the model equations will be solved, below, for the case of a dc
discharge.

Actually, the solution of Equations 69 and 71 is simple and requires no
explanation -

Q(t) = Q) - I4c * t | (78)
S() = 6+ Ly F(Igg) v b (79)
Ky

wilh the solution for §(t), Equation 70 becomes

dD D
Lep_2 =1 (80)
it T+at C

where
B = (14K,) /6, (81)
a= Igc * ' (Igc)/ (81 * ) (82)
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Since a general technique exists to solve equations of this type, the solution
is simply presented.

-B/a Iy - ;¢B+11
D(t) = Dytl+atl +— 1 -(1+a) © * ( + at) (83)
B+a
In terms of Q and D,
K
2

C= Q- D (84)

1+K2 ]+K2

The normalization can be extended to the terminal relation. Using

V=Vl (85)
Voc(C) = Vg V(L) (86)
R = Ry' , (87)
Ry = Ro ra (88)
Ry = Ry 1p (89)

where Vo and R, are characteristic values for battery voltage and impedanée,
respectively,

1=xc<9-x-<ra+rb%>-1 (90)

where

>
[I1]

Ro1o/Vo ‘ (91)

A is the ratio of *he ‘duct of characteristic ballery current and impedance
to the characteristic cell voltage.

Given initial values for &, D, Q, and a dc discharge current, I;. (as
well as all necessary battery paramters), Equations 78, 79, and 83 may be used

to solve for §(t), O(t), and Q(t). Then, Equations 84 and 90 yield the
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normalized battery voltage as a function of time. Once values for all of the
constants are determined and a suitable cutoff voltage defined, the physical
model solution above'may be used to analytically predict the battery capacity
as a function of current for dc discharges. Table 2.C.4 contains a brief

summary of the battery parameter values required for such a discharge
simulation.

Table 2.C.4 :
List of Battery Paramelers and Tunctions Necessary far
Analytic Simulation of DC Discharge with Physical Model

T4e Normalized dc discharge current.

K1 Ratio of electrode active material charge-equivalent to
electrolyte charge-equivalent contained in a fully-charged
electrode.

K2 Ratio of effective electrode volume to reservoir volume.

8 Initial value for §,'dead zone width,

- Initial value for Q, hattery charge.
0, Tnitial value for D, battery disturbance.
A Ratio of product of characteristic battery Iimpedance and current

Luv battery voltage.

Yeut Normalized cutoff cell voltage.
vc(g) Function specifying battery open-circuit voltage variation with

C, electrolyte concentration in electrode.

r(C, C., 8) Function specifying cell impedance variation with C, Cr and 6
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2.D Hardware Description/Operation

The operating features of the BC/SCI system are described herein. The
power electronics is described with the aid of oscillographs of key operating
points. The microcomputer system operation modes are discussed as well as the
fault diagnostic features. Finally a mechanical summary including a weight
distribution is presented.

2.D.1 Battery Charger Power Electronics

As discussed in Section 2.B, the battery charger stores energy in the
boost inductor and then transforms it across the isolation transformer to the
battery. Detailed electrical schematics of the power section are included in
Appendix 1. Figure 2.D.1 1is a photograph of the BC/SCI with the cover
removed. The four control logic cards are on the right most side. The
charger power circuit encompasses everything to the left of the card cage.
Referring to Figure 2.D.2, an electrical schematic of the power circuit, the
voltage across Q1 is illustrated in Figure  2.0.3. As seen in the
oscillograph, the FET operates at a switching frequency of 40kHz. The voltage
overshoot is a function of the energy stored in the leakage inductance and the
snubber capacitor C2 in Figure 2.D.2. This overshoot is approximately 35V at
a boost inductor currents of 15A. Figures 2.D.3 (a) and (b) are expansions of
the voltage at turn off and turn on respectively. Switching speed of the
device is < 100 ns.

Figure 2.D.4 is an oscillograph which shows the voltage across Ql (Vds)
and Q2, Q3 (Vce)' The overshoot across the Darlington devices is minimal.
The voltage appears as each Darlington at a 20kHz rate. Figure 2.D.5 is an
oscillograph of the base voltage and the collector voltage of a Darlington
transistor. As seen in the photo, base voltage is applied to the transistor

when the collector voltage is held low by Q. Similiarly, the reverse voltage
for turn off is applied after Q1 is re-gated. This strategy soft switches the
Darlington transistors.
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(a) VOLTAGE ACROSS FET

50V/div
10us/div

(b) VOLTAGE TUIRN-OFF

50V /div
200us/div

(c) VOLTAGE TURN-ON

50V/div
50s/div

(2963)

Figure 2.D.3 Voltage Across the FET, Vg, when Charging a 108V Battery
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(2964)

Figure 2.D.4 Voltages Q1, Q2, and Q3
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Figure 2.D.6 shows the simultaneous voltages appearing on a Darlington
transistor and the voltage clamp composSed of the MR818 and RC network shown in
Figure 2.D.2. The measurement point is the cathode of the MR818.

The oscillographs in Figure 2.0.3 - 2.D.6 were recorded with the
converter operating at a fixed duty cycle. The remaining oscillographs
illustrate the operation of the converter from the ac line with active
waveshapping to emulate a resistive load.

The current waveform drawn by the charger when operating at full power
(1kW) 1is shown in Figure 2.D.7 (a). The oscillograph also records the input
1ine voltage. The power factor is near unity. The peak current is 13A and is
the larger amplitude trace in the figure. Figure 2.D.7 (b) contains the
output current of the charger referenced *o the ac line.

Figure 2.D.8 shows the voltage across Q1, Q2, with reference to the ac
line current. As shown in the figure, both the duty cycle and the peak switch
voltage is modulated with the charging current and line voltage.

It is interesting to note the effect of the switching power supply used
to generate the control power for the power circuit on the ac line current
waveform. The effect is shown in Figure 2.D.Y, which 1is an oscilluyraph of
the total input (ac line) current and its components, the switching power
supply input current, and the input «current to the charger power
electronics. The 1nput rectifier on Lhe swilching charger pawer supply
contributes the current peaks to the BC/SCI ac line current. Ihe top trace in
Figure 2.D0.9 should be compared to the ac line voltage shown in Figure 2.D.7
(b) to compare the waveshapping performance of the power electronics section.

2.D.2 Charger Control Electronics
The control electronics for the power section is self-contained and

communicates with the microcomputer system via an optically-isolated digital
bus. The power section and its power supply is referenced to the ac line

94



2965)

Figure 2.D.5 Ve @and Vg of Darlington Transistor



while the microcomputer system is referenced to the vehicle battery's minus
terminal.

The control electronics electrical schematic is shown in Figure
2.0.10. The main circuit functional blocks are identified in the following
table with the aid of the Figure.

Circuit Block Function
Feedback Current Amplifier

Soft Stari Circuit

Main System Error Amplifier

PWM Circuitry

Current Reference Circuitry

Line Soft Start Circuitry

Power Reset and Overcurrent Protection

- O G 45 W MYy =

Fault protection in the controller is achieved by observing the
feedback current and comparing it to a reference. In the event the threshold
is exceeded, all switches are commanded open and a fault indication is set to
the processor via U31 in Figure 2.D.10. Overcurrents in the boost inductor
can be caused by the case when the peak line voltage exceeds the reflected
battery voltage. For an ac input of 120 volts rms, this condition would occur
should the actual battery voltage drop below 85 volts dc. There is no
inherent protection for this condition since the battery voltage cannot be
directly sensed (it is on the secondary side ot the isulation tranufuruer).

2.0.3 Microcomputer System Electronics

The BC/SCI low-power electronics has been designed to reside on three
printed circuit boards. The first board (Al) is a low power switching power
supply which generates the required microcomputer system voltages from the
propulsion battery. The design employs a flyback regulator configuration
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utilizing a FET, torroidal transformer and standard PWM regulator I.C. Three
outputs provide #5v and + 13.5V.

The supply can be enabled by one of three inputs. During battery
discharging, an isolated set of switch contacts in the EV controller slave the
SCI operation to the operation of the EV controller. During charging the
supply is enabled when the power circuit switching power supply becomes
energized. The last way in which the system is enabled is when the battery
powered CMUS clock Limes out.

The second honard (A2) provides the high frequency control of the BC
power stage as discussed earlier.

The third board (A3) contains the signal conditioning circuitry. The
critical battery parameters which are the feedback variables for the SOC
algorithm include the battery voltage, current, temperature, and absolute
ampere-hours. The design of the data acquisition circuitry controls both the
absolute and relative error sources to achieve the confidence in the measured
data. Table 2.D.1 summarizes these specifications. The absolute accuracy
lists the maximum error associated with scaling, digitization and temperature
variations from one SCI system to another. The relative accuracy is for
measurements within the same system.

Additional inputs on the A3 board include the venicle speed transducer
interface, switch inputs, LED drivers and a digital control port to the power
stage. One potentiometer is required and 1s used Lo trim the A/D'y vultage
reference when the board is initially constructed.

The final board in the system (A4) contains all the microcomputer
circuitry. A MC6809 microprocessor with 16K of 8-bit EPROM and 2K of 8-bit
CMOS RAM (TC5517AP) provide the basic nucleus of the design. A real time CMOS
clock, a power-up reset circuit and a watch-dog timer complete the design.
The CMOS RAM and clock are made non-volatile by a nickel-cadmium battery
mounted on board Al. This battery is kept charged by a simple zener regulator
off the propulsion battery. It will measure the CMOS RAM non-volalility under
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(a)

CURRENT
VOLTAGE

| = 5A/cm

V.= 100V/em

(b)

V = 100V/cm

I = 5A/ecm

(2967)

Figure 2.D.7 Charger Terminal Waveform
(a) input voltage, input current
(b) input voltage, output current



worst case conditions for a minimum of 58 days, more than enough for normal
system servicing. A lithium primary battery may be connected into the system

using jumper J7 on A4. This allows the microprocessor board to be removed
from the card cage without loss of memory but is not normally used.

The watch-dog timer 1is constructed using a stable multivibrator
configuration. The microcomputer normally retriggers the timer every .133
sec. If not, the timer will time out resetting the microcomputer and related
hardware. This feature insures continued system operation in spite of
occasional noise induced into the logic.

The microcomputer communicates to all peripheral subsystems via the
MC6821 interface adapter. This device, software programmable, provides the

necessary interface latches and buffers between the high speed microprocessor
bus and the low speed CMOS logic circuits.

The remote display is connected to the system using a simple serial
data communications path. The data is clocked sequentially into serial-to-
parallel display drivers. After transmitting 48 bits of information, a strobe
signal latches the pattern which drives individual segments on the display.
The display update rate is every 0.133 sec.

Al11 control signals are filtered and buffered using schmitt triggers.
This configuration along with eight error detection bits insures valid data
for the display. A 2.8V regulator supplies power to the display's filament
from the 5V supply. This regulator is externally controlled to blank the
display when it is not needed (charge cycle). A photoresistor controls a
simple PWM circuit to vary the displays' intensity according to ambient 1ight
conditions.

Table 2.D.1
Battery Parameters

Absolute
Parameter Full Scale Accuracy Relative
Voltage 200 volts +19 FaSs +0.5%
Current 400 amps 3% F.S, +0.75%
Ampere-Hours 200 a-hr £5%F.S: +1.0%
Temperature -25¢<C to 50«<C +2<C #0,5<C
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(a)

FET VOLTAGE
50V/cm

'ac 10A/cm

(b)

TRANSISTOR VOLTAGE
200V/cm

'ac 10A/cm

(2968)

Figure 2.D.8 Switch Voltage Stress during AC Line Operation
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2.D.3.a BC/SCI Software

The software for the BC/SCI employs both 6809 assembly and Fortran
programming languages. The software has been carefully structured to benefit
from advantages provided by each language without sacrifice in overall system
performance.

The rcal time executive provides the basic data acquisition and
hardware interface functions. These tasks are characterized by being time
critical in nature and are repeated at a fairly high rate (i.e., every .133

sec). Such requirements benefit greatly from the speed and bit manipulating
capability provided by assembly programming.

The state-of-charge algorithm on the other hdand is highly mathematical
in nature. Sophisticated arithmetic operations having wide dynamic ranges are

among the technical requirements. Flexibility for algorithm modifications and
future enhancements also favor a high-level programming solution. Fortunately
these functions are not as time critical as the data aguisition for adequate
performance (i.e. every 15 sec). Fortran satisfies these requirements but does

suffer the disadvantage of excessive memory requirements typical of high level
languages.

The system has been structured so that the real time executive is the
primary controlling module. The executive has the ability to call any one of
five Fortran subroutines as is shown by the hierachy chart in Figure 2.D.11.
The chart clearly shows 41l BC/5CI lortran modules and how each i5 called by
the five main subroutines. A glossary is included in Appendix 2 which briefly
describes Lhe specific function of each module.

The flowcharts in Figures 2.D.12 - 2.D.18 illustrate the software
structure. Two interrupt driven programs provide the basic data acquisition
and hardware interface requirements. The first interrupt is synchronized to a

one Hz clock and maintains all the software time functions. The second
interrupt is generated at the end of conversion from the system's analog to

digital converter. After reading and storing the converted data the A/D
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Figure 2.D.9

10A/cm

POWER CIRCUIT CURRENT

AC LINE CURRENT

CONTROL POWER
— SUPPLY LINE
CURRENT

2969)

Current Waveforms of

(a) the power circuit,

(b) the AC line, and

(c) the control power supply
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Figure 2.D.10 Power Circuit Controller (See appendix 1 for larger version of schematic)



(2994) " *INDICATES ASSEMBLY LANGUAGE

Figure 2.D.11 Hierachy of BC/SCI subprograms
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C (CHGFOR) >

¥

SELF DISCHARGE UPDATE )
IQBAT = IQBAT + IDCTIM * RK1
QDIsS = IQLAST - IQBAT

EQUALIZE
REQUESTED

?

RVREG = 2.70v/CELL 12% of 100A-HR : RVREG = 2.45V/CELL
1QEQU = TEMPN(ITBAT,18,12) @ 27.5°C IQEQU =0

CHARGE LIMITS:
1QOVC = ODIS * TEMPFN(ITBAT..12, .08)
1QLIM = IQLAST + 1QOVC + IQEQU

VOLTAGE LIMIT:

IVLIM = RVREG + ITBAT *» RK3
DISPLAY UPDATE

1QSOC = IQBAT

DETERMINE CORRECTION TEMPFN (ITBAT, X1, X2)
FOR CHARGE ACCEPTANCE .
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Figure 2.D.13

BC/SCI Software charge monitor -CHGFOR

(2915) written in Fortran(cont.)



CHARGER OFF: VLIM =0

RESET FLAG (IFCHG =0

IF CHARGE CYCLE COMPLETE

RE-INITIALIZE VARIABLES
IQBAT = @ ; IQABS = O
IEQTIM = @ ; IQLAST = @
IFEQU = O ; IDSOC = 10

|

CYCLE JUST
COMPLETED

CORRECT VARIABLES
IQABS

IQLAST

IQBAT = 1QSOC

J

I 2

RETURN CONTROL TO
EXECUTIVE: FMODE = -1

IEQUTIM = 2MIN/BIT
IDISTIM = 2MIN/BIT
IQBAT =.2421 A-HR/BIT
ITBAT = 1°C/BAT

IVLIM = .050V/BIT

i Marm snin i et et 1S

TIME SINCE LAST EQUALIZE CYCLE
TIME SINCE LAST DISCHARGE CYCLE
AMP-HOUR METER “NEG OUT OF BAT”
BATTERY TEMPERATURE

VOLTAGE LIMIT DURING CHARGE

IFEQU = ONORMAL; -1 EQUALIZE; -256 DEFER

IFMODE = @ NORMAL; 1 = CHARGE REQUESTED; -1 = CHARGE GRANT
IQABS = . A-HR REMOVED SINCE LAST EQUALIZE CYCLE
RK1 = ,05A/(30BIT/HR) » .2421 A-HR/BIT

RK3

Figure 2.D.13  (Cont.) BC/SCI Software charge monitor - CHGFOR written in Fortran
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BATTERY OPEN

USE SWITCH SETTING FOR LIMIT LINE CURRENT
ILINE LiMIT
(FPWR =1 & ILIM= X) ILIM = 2 AMPS

YES

. . NO
QIM > 30MIN?

FLAG FAULT
(ERRTF1:0-4)
TIME FAULT No. 1

<
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Figure 2.D.14  BC/SCI Software
Charge control module - CHGMPL written in MPL ~ (cont. )
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IN VOLTAGE NO

®

FLAG FAULT
(ERRTF2:0-5) -

LIMIT AFTER 10 HRS ?

(FEQU < 1)
YES

EQUALIZE
CYCLE REQUESTED ?

‘DEFER’ SWITCH DEPRESSED
?

1 TIME FAULT No. 2

TOGGLE EQUALIZE
FLAG

(FEQU + 1)

YES

J

(CCOUT Z 0 AND —
— FCHMGL == 0) INITIALIZE FLAGS
P.S. DISABLED AND YES (CHGTIM = 0)

DELAY NOT YET STARTED ? (FCHGL = ~1)
. i (DCOUNT = 0)

(DCOUNT> 75) ENABLE P.S.

(FPWR2 = 1)
(CCOUT = $80)
(FCHGL = 1)
{(FCHG = 1)
{(DCQUNT = 0)

DELAYED 10 SEC YET ?

0.8 SEC SINCE
LAST CORRECTION 7

ABOVE SET POINTS ?

& ILINE

RESET DELAY FACTOR W

(VBAT <2(L1M-vnvs
|
cCouT <$FF )

(VBAT>> VLIM OR ILINE>> ILIM .AND

CCOUT > $80)
(DCOUNT > 4 AND ccouT < o)/\ DECREASE
CONTROL

e ~.

YE SCTPOINT

{CCOUT = CCOUT+1

Iﬂ

LIM—IHYS &

INCREASE
CONTROL

. - ‘s
SET POINT
SET PO
Q_ow o my_’ (CCOUT=CCOUT + 1
-~ -~

{DCOUNT = 0) e

DELAY CORRECTION 0.133 S

(DCOUNT = DCOUNT +1
DISABLE P.S.

(FCHG = 0)
(FCHGL = 0)
(CCOUT = 0)

(CHGOFF)
—

RETURN TO
EXEC

Figure 2.D.14 (cont.) BC/SCI Software
Charge control module - - CHGMPL written in MPL
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< (BATMOD) )

¥

INITIALIZE VARIABLES

.

RUN ZONE SEARCH

f (AMPS, TEMPO)

TO FiND R1E, R2E, Q2E
AMPZ = AMPS

aam
A

CALCULATE;
VPRED = VEQ - VDOROP
BATMOD = TIME

IF

VPRED < vCuTt
OR
TIME > 12 HRS

ABAT = PWR/ VPRED

TWO STEP SIMULATION PRINCIPLE —

FAST RATE: When discharge rate low < 7sw/cell
or not close to knee of profile (i.e. 80% of
Q2E) else slow rate used

IF
PWR > —75 W/CELL
OR

Q> Q2E+08

FAST RATE SLOW RATE
~
(4MIN — SIMULATION) (18SEC — SIMULATION)
AMPS = AMPS « 0.600 + ABAT +0.400 AMPS = AMPS « 0.952 + ABAT » 0.048
Q=Q + ABAT « 0.0667 Q=Q+ ABAT + 0.005
TIME = TIME + 0.0667 TIME = TIME + 0.005

L _ |
IF
Yes %Mps —ampz i< 1A

SKIP ZONE SEARCH IF
the current hasn’t changed significantly
{use old values for R1E, R2E, Q2E)

(2923)

Figure 2.0.15  BC/SCI Software Battery model — BATMOD written in Fortran as a function
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C (RST‘FOR) | )

CONVERT AND SCALE “INTEGER" DATA
TO “REAL"” TYPE

VBAT = IVBAT + BCFV
TBAT = ITBAT (°C)
QBAT = IQBAT + BCFQ (AMP-HR)

(V/CELL)

|

EQUILIBRIUM VOLTAGE CALC.

VEQ = (VEQ1 + VEQ2 + TBAT)
+{(VEQ3 + VEQ4 + TBAT) + QBAT

¥

VERR = VBAT - VEQ

IS
WEeRRI < SmV/CELL

~

NO

YES

CORRECT AMP-HR METER

QBAT = QBAT

+0.50 + VERR/(VEQ3 + VEQ4 + TBAT)

IQBAT = QBQT / BCFQ

lﬁ

RETURN CONTROL TO
EXFECUTIVE
FMODE = -1

Figure 2.D.16  BC/SC! Software
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CELLS = 54

IVBAT = 0.050V/BIT 16 BIT 2'S COMP

ITBAT = 19C/BIT 16 BIT 2'S COMP

IQBAT = 0.2421 AMP-HR/BIT 16 BIT 2'S COMP
(NEGATIVE OUT OF BATTERY)

BCFV = 0.926 €3 V/CELL/BIT

BCFQ = 0.2421 A-HR/BIT

CONSTANTS:

VEQ1 = 2.161 V/CELL

VEQ2 = -5.16 x 10 (V/CELLI/OC

VEQ3 = 1.217 x 103 (V/CELL)/A-HR

VEQ4 = -7.42x 10 ((V/CELL)/A-HR]/C

Equilibrium voltage read - rst for writtenin Fortran
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( (DISFOR) )

Y

SELF-DISCHARGE CORRECTION:
IQBAT = IQBAT + IDCTIM * RK3
IDCTIM =0

¥

INITIALIZE VARIABLES

WHILE
(IFMODE =0)

MODE CHANGE
NOT REQUESTED

IQBAT = 0.2421 A-HR/BIT (NEG OUT OF BATTERY)
IQABS TOTAL DISCHARGE SINCE LAST EQUALIZE
1EQTIM = 2MIN/BIT TIME SINCE LAST EQUALIZATION
IDCTIM = SELF - DISCHARGE TIME

IFCHG = "0’ NO; —1 YES; 1 SPECIAL

IFMODE = 0" NORMAL; “1” CHANGE REQUEST;
*~1" GRANT CHANGE

RK1 = —0.006884 = —0.05A/(30 BIT/HR * 0.2421 A-HR/BIT)

CALL AVERAGING ROUTINE (AVGFOR)

4

SET EQUALIZE IF NEEDED:
(FEQU = -1)

1QABS + IQBAT = —500 A-HR
OR IEQTIM > 7 DAYS

¥

SET WAKE-UP MODE FOR 2 HRS:
IF> 4.8 A-HR REMOVED (IWAKEF = 2)

v

BATTERY STATE - DETERMINATION
CALCULATE : VEQ, VDROP, VP, RDEL

l_—_—_L'—_—_]

ERROR - RECORD UPDATE *
CALCULATE, SORT, STUFF,
AVERAGE, ENTRY, SQUEEZE

PREDICTED VOLTAGE ERROR —
COMPENSATION

IF AMPS <0.0 AND VBAT — VPRED < -0.02v

CALC: QMEAS

(ZONE)
(VEQ)
(VDROP)

|

SET CHANGE REQUEST (IFCHG = -1)
IF > 10 A-HR REMOVED
SINCE LAST CHARGE CYCLE

RETURN CONTROL TO
EXECUTIVE

IFMODE = —1

*ONLY REQUIRED
IF THINK MODE .
USED: NOT IMPLEMENTED
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Figure 2.D.17
BC/SC! Software . .

Discharge monitor flowchart - DISFOR
written in Fortran (cont.)



PWR = —-185.2 W/CELL
VCUT = 1.443 V/CELL

'

CALL BAT. MODEL SUBROUTINE
(BATMOD)

TIME = {{PWR, VCUT, Qi, TEMP, AMPS)

¥

DCTERMING: SOC (3TD)

iDSOC = TIME » 10 BANG -
185W/CELL/200W-HR/CELL + 0.5

SKIP ARB. RATE IF
PWRF > —30 W/CELL

YES

- —— =

PWR = PWRF W/CELL
VCUT = f(Pp) V/CELL

|

CALL BAT. MODEL SLIRRNUTINE
(BATMOD)

TIMEM = {{(PWR, VCUT, QI, TEMP, AMPS

$

|

l

|

|

|

|

|

| DETERMINE: SOC (ARB)
|

|
-

IDMILE = TIMEM «
SPDF/ISPCAL + 0.5

Figure 2.D.17 (Cont.) BC/SCI Software

Discharge monitor flowchart - DISFOR written in Fortran
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STANDARD
RATE
SOC

{BARGRAPH)

ARBITRARY

RATE

§0C

{(MILES REMAINING)
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C ( THK FOR) ’

P - =~ ~ -
- WHILE ~ '
r'"' MODE CHANGE - ap ew w“n oo
~ NOT REQUESTED _ -~ i
. -
N ~ - P
~ |
li'\(w MODE = 0) I
_- - NS - l
-~ " ADAPTER PROCESS — ~ YES
< COMPLETED ? P
~ ’o
~ -
~ - - - l

' |
N S

l [ SET APPROPRIATE PARAMETERS |
| INTERATIVE | FOR EXIT |
PARAMETER |
| ADAPTER | - o s = - mn — —— - -
SCHEME | RETURN CONTROL TO

i- —] EXECUTIVE FMODE = -1

----p--
|
i

S —

(T T T T T T
i

" 12925)

Figure 2.D.18  BC/SC! Software

Parameter adapter flowchart THK FOR
Possible structure not presently implemented
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is set up for the next analog signal. Other hardware functions such as
scanning inputs and controlling outputs completes the required tasks. The
typical execution time for this program is approximately 10 millseconds. It

is repeated for each conversion cycle (.133 sec) and thus consumes 7.5% of the
processor time. :

The normal program execution starts with the executive performing the
system initialization. [t determines which mode has been selected and checks
for valid data. Since the dala acquigition fis asynchronoﬁs to the main
program execution, the executive must wait until the A/D conversion cycle i$
completed after which the data valid flag 1s sel (DVAL=1). The executive
then passes control to the appropriate Fortran subroutine Figure (2.D.12).

To gnarantee controlled interaction a simple handshaking scheme was
developed. If FMODE=0, the Fortran program can operate normally. When this
flag is set (FMODE=1) by the interrupt program (i.e., operator requesting a
mode change) the Fortran. program must orderly complete whatever its doing,
acknowledge the request (FMODE=-1) and return control back to the executive.
The executive may then select a new mode, or the interrupt program can shut
the system down depending ipan requirements. This rigorous sequence
guarantees predictable system operation whether the Fortran program is written
with a 1oobing (CHGFOR, DISFOR) or sequential (RSTFOR, INIFOR) program
structure. '

A common area in RAM has been defined to provide a means of passing
arguments (data) between the assembly language executive and the Fortran
subroutines and functions. This ared is defined and represented in Figure
2.0.19 wusing a common statement tor each Forlran routine uand CSCT in the
assembly language program. Since the entries in a common area share storage
locations, their order (or memory address) is significant but not the variable
name. It should be noted that inleyers occupy 2 bytes of storage while real
numbers occupy 4 bytes of storage. A unique aspect of the BC/SCI common area
is that variables which are defined by the first three statements (32 bytes)
are initialized to zero during each power-up sequence; whereas the remaining
eight statements (218 bytes) are non-volatile in nature. This structure,
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FIRST MEMORY LOCATION

32 BYTES

P 218 BYTES

l 0 1 2 3 a4 5 6 7
IFMODE IWAKE F IVLIM IFINI
i 1 1 L
lIBAT IVBAT ITBAT ISPEED
{ $ + {
| AMPSF | 1 TEMPF 1
t + # y t
! PWRF | ! SPDF |
1 L4 T Y
IQBAT IQBATX IQLAST 1QABS
IFRST IFCHG IFTHK IFE:QU
IRESET ISPCAL IDSOC IDMILE
+ + +— 1
IDCTIM IEQTIM ICGTIM
'
> 144 BYTES  R1, R2, Q2 TABLE
1 ] T
| RK1 I
Y T 2] { } +—
( RK2 I I RK3 |
L L P 1 A .
T T — T T T
| RK4 ! 1 VEQ1 |
: } — + + +
| VEQZ | | VEQ3 |
+ ! —t ¢ } }
i VEQ4 | [ BCFQ I
+ — — + T }
| BCFV i I BCFTIM I
g Il M 1 ] 1
Figure 2.D.19 Common Area -- Memory Map
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while being memory efficient also simplifies the task of calling a Fortran
subroutine from an assembly language program since arguments -are passed in
this common area rather than at time of call.

Several significant advantages should be obvious from the described
structure. First the data acquisition and hardware functions are transparent
to the Fortran programs. Secondly, each module may be written and modified
independently of the others (except for common statements). And finally,
simple handshaking and variable passing insures highly reliable and
predictable system performance. -

2.0.3.b System Operation and Calibration

Discharge

The system has been designed to minimize operator interface and
calibration raquirements. The operation of the SCI is slaved to the electric
vehicle c¢tontruller via a simple two wire interface. The controller must
supply an isolated switch closure to the green and black wire of the interface
cable. (Note: Black wire common to propulsiun battery negative.) This set of
contacts should bLe normally open and close nnly when the electric vehicle is
enabled. As a safety feature the BC/SCI provides an isolated inter]ock.signa1
(white and red wires) for use by the controller. This signal will be normally
open but is closed when the ac line cord is attached to the BC/SCI. This

qignal should he utilized to prevent controller operation when the line cord
is connected.

The discharge mode will then be selected whenever the front panel
selector is in a normal position (15, 20, or 30 amps) and the electric vehicle
is operated. In this mode the remote display will normally illuminate the SOC
bargraph. The miles rcmaining display may be requested by pressing the
pushbutton switch marked "miles remaining" on the display module., The display
will now show, to the nearest mile, instantaneous miles remaining (averaged
over the most recent 30 sec of driving). This function is only calculated for
power levels exceedng 30 watts/cell., This mode will be maintained as long as
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the pushbutton is depressed and for five seconds after it is released. It
should be noted that after the unit is switched off the system must terminate

present activity before the display disappears. .This results in a variable
turn-off-delay possibly as long as 17 seconds.

Charge

‘ The charge cycle 1is initiated by selecting the appropriate current
setting, plugging the ac line cord into the front panel receptacle and
switching the front breaker from the "off" to the "on" position. This in-turn
supplies power to the fan and base drive power supply and sends a one-second
enab1e pulse to the system logic power supply. :

This enable pulse provides sufficient time for the microcomputer to
start operating and latch the power supply on. The power up sequence is noted
by all front panel 1lights being illuminated for a short time. If a charge

cycle has been requested (by the charge mode) the "“charge" light will begin

‘flashing at a 0.5Hz rate. This indicates that the power stage will be enabled
after a 10 second delay (5 flashes). Once enabled the "charge" light is

illuminated continuously. During the charge cycle the remote display is
normally blankeu bul state of charge may be requested by depressing the "miles
remairing" pushbutton. This display will be maintained as long as the
pushbutton is depressed and will extinguish 5 seconds after it is released.
It should be noted :'.at tihe state ot charge displayed during a charge cycle is
not the same as that which is displayed during discharge. The charge cycle
disp]ayed is a simple percentage of ampere-hours normalized for a new battery
at room temperature. The front panel current selector is marked for the
orininal ac line requirements (15, 20, or 30 amps) for a 3kW charger. These
settings have been apprc,riately scaled for the present 1kW rating (3, 6, or 9
amps) .

I[f the system has requested an equalize cycle (500 A-hr removed or 7
~ days has elapsed since the .last equalize cycle) the "EQUALIZE" light will
illuminate when the charger is turncd on. This indicates that the battery -
will be equalized during this charge cycle unless the operator dgfers it by
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depressing the front panel switch marked "DEFER EQUALIZE". This will defer
the equalize cycle until the next time a charge cycle is initiated.

When the charge cycle is completed the microcomputer will extinguish
all indicators and shut itself off. It should be noted that although the
charge cycle 1is completed the main power breaker will remain on and the
internal fan will continue to operate. A discharge cycle may now be run by
turning the power breaker to the "off" position and disconnecting the ac line
cord; If nu discharge cycle is required the hreaker maybe left in the "on"
position. This will allow the microcomputer to run an equalize charge cycle
every /7 days, dan accepted standard for keeping the hattery in good condition.

Wake-up

This special mode is normally transparent to the operator. The node
will be self-initiated when the battery has rested two hours after a
discharge-cycle of at least 4.8 ampere-hours. The system will power itself
up, read battery data and appropriately modify the system ampere-hour meter if
required before turning itself off, Once this mode is completed, another
discharge must take place before the mode is again requested.

Calibration

The system was designed t0 minimice initialization and calibratinn
requirements. Once the SCI has been configured for a particular
battery/vehicle combination, no additional operator interaction i§ normally
required. To properly confiyure the SCI, the battery parameters must be
initialized and the s$peed transducer c¢alibrated. A new equalized battery
should be attached to the system and the inductive speed pickup with magnets
properly mounted to the vehicle. To perform this simple procedure, turn the
front panel selector switch to the un-marked position immediately to the left
of "AUX". Next, turn the unit on for a normal discharge cycle. The unit will
power up and the "warning" indicator will flash with all zeros on the numeric
display. The warning indicator signifies that you are in the "“calibration

mode." The battery parameters have already been initialized, and the system
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is awaiting the transducer calibration sequence. The system has a default
calibration factor which is selected for a vehicle having 13" diameter wheels,
radial tires and sensing a rotating element with a 1:1 speed ratio with
respect to the wheels. If this configuration is adequate the sequence can be
terminated by 'returning the front panel selection to one of the normal
positions (15, 20 or 30 amps). If not, the vehicle should be driven over a
measured mile with the "miles remaining" pushbutton depressed once at the
begining and again at the end. The numeric display will flash and slowly
increment during this calibration interval. Speed is not a factor during this
. proceedure since pulses/mile are being determined. Once this is completed the
sequence is terminated by returning the front panel selector to its original
position. Calibration is now complete and the system will "remember" these

factors as long as the system memory remains non-volatile <(see 1logic
description). '

Diagnostics

The BC/SCI has a high degree of self-diagnostics to assist both the
operator or repair personnel in isolating problems fn the system. Tables
2.D.2 and 2.D.3 list all possible fault codes presently incorporated into the
system. A fault is normally indicated three ways. First, the "“FAULT"
indicator on the front panel will be enabled for all faults. Second, the
remote display will show an error code using the three numeric digits.

Finally, if the fault corresponds to a particular board the edge mounted LED
on that board will be illuminated.

A complete diagnostic sequence is executed everytime the unit is
powered-up, and a sub-set thereof is performed while the system is
operating. As diagnostics are performed on each board the LED on the
particular board will be illuminated and then extinguished after the test is
successfully completed. If a fault is detected, the test sequence will be
stopped, and the display will show a particular error code. This code can
then be used to determine the particular test which failed and isolate
possible causes. The fault descriptions provided in the tables primarily
identify the test'and make no attempt to outline all possible causes for a
given problem.
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Table 2.D.2
Charger Run Time Fault Description
Fault Error Codeé Appear on Disp1ay as: 0=X or 2-X

01 ERRBLO - Battery Below Min Value

02 ERRBHI - Battery Above Max Value

03 ERRBOP -.Battery Uisconnected During Operalion (Opened):

01 ERRTF1 - Time Fault. =1 - Prolonqed Low Battery Voltage
Operation o | '

05 ERRTF2 - Time Fault =2 - Prolonged Operation Without Reaching
Voltage Regulation ' - . |

06 CRRSW3 - Invalid Switch Setting for Charger Operation

21 ERRCHG - Power Stage Fault St
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Table 2.0.3

System Error Codes

4 MSB Primary - Assembly or Category
4 LS8 Secondary - Error Within Assembly or Category

Note:

ERRPWR
ERRCHG
ERRADC

ERROF
ERRNEG

ERRSM1 -

ERRRQOM
ERRRAM
ERRCIO

ERRCLK
ERRPIA

ERRPIB

ERRPOA
ERRPOB

ERRTBS
ERRTES
ERRTFS
ERRTAS
ERRTBO
ERRTEQ

ERRTFO
ERRTAD

ERRTBA
ERRTEN
ERRTFE
ERRTAM

ERRBAT
ERRFPI
ERRSOF
ERRSHI

Q0X
11
021

Q31
Q32
Q33
Q34

Q41
Q42
Q43

44
ad5

246
Q47
Q48

Q70
Q71
072
Q73
Q75
Q76
Q77
078

Q81
Q82
083
Q84

Q91
Q92

Q93
294

Indicates Run Time Faults Check MPL Listing
AUX. - Power Defective - RAM, Time Info. Lost
Power Stage Fault Used INLMPL

A/D Conversion Invalid

A/D Overflow Indication
Analag Input Incorrect Polarity

‘Select Mode - Invalid Mode

ROM Checksum Error
Bits In RAM Will Not Toggle
1/Sec Interrupt

Real Time Clock Doesn't Advance
PIA A Input Fault

PIA B Input Fault
PIA A Output Fault
PIA B Output Fault (Internal Check Only)

Battery Thermistor Shorted

Enclosure Thermistor Shorted

Fet Thermistor Shorted

Ambient Thermistor Shorted

Battery Thermistor Open or Fuse Blown
Enclosure Thermistor Open

FET Thermistor Open or Fuse Blown
Ambient Thermistor Open or Fuse Blown

Battery QOvertemp.
Enclosure Overtemp.

FET Overtemp.
Ambient Overtemp.

BAT. Below Min. Value

Invalid Switch Setting

Speed Transducer Calibration Error
Speed Counter Overflow
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Since a given problem may provide multiple fault codes, all codes
should be viewed before a determination is made as to the cause. This is done
by depressing the "MILES REMAINING" .pushbutton to direct the system to proceed
with the remaining diagnostics. This sequence should be repeated until all
codes are noted. Care should be exercised since the system will attempt
operation after all faults are identified.

The format of the codes are two digits separated by a hyphen (i.e., x-
x). The first number corresponds tu a category while the second nhumber
identifies a particular problem within that category. For example all codes
with a seven as the first digit correspond tu « thermistor rclated prohlem, A
7-5 signifies battery thermistor open or fuse blown. This could be caused by
a fuse blown on A3, a bad thermistor (opened) or possibly the battery probe
not properly connected. - B

A fault that is detected during normal system operqtion stops all
activities. The fault will be dispiayed as long as it exists'or~f6r a minimum
of five seconds. If the problem disappcars the -é}qfem will attempt to
continue where it was interrupted pr1or to ‘the fau]t cond1t1on (e.g. 8-2
enclosure overtemperature) Additional information regard1ng the cause of a

particular operating fault may be obtained from a comp]ete ‘power- up d1agnost1c
proceedure. ‘

Test

A special mode has been inciuded 1in tbe system to provide useful
information during system troublesShooting. This modé allows you to observe
selected variables duringAactual system operation. The mude is entercd after
the system is operating.by switching the DIP switch No.4 on A3 to the "ON"
position. During discharge this _Same mode can be entered by turnlng the front
panel selector switch to the un- marked 12 o clock Settlng

The display will -illuminate. the warning, bargraph and numeric
elements. The value displayed corresponds to the present software version

number. The mode can display up to ten bytes (8 bits) in decimal form of any
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memory location. The resulting display is non-standard but can be extremely
useful for troubleshooting without any sophisticated test equipment.

The test sequence in the present version (i.e., 1.00) is as follows:

10% - Battery Voltage (8MSB)

20% - Battery Voltage (8LSB) .050 v/BIT
30% - Charging Voltage Limit (8MSB)

40% - Charging Valtage |imit (8LSB) .050 v/BIT
50% - Ampere-hour (8MSB)

60% - Ampere-hour (8LSB) .2421 A-HR/BIT

70% - Battery Current (8MSB)

80% - Battery Current (8LSB) .1A/BIT

90% - Mode Flag 0=Normal; 1=Request change; 256=Grant Change

The percentage factor corresponds to the bargraph display when the
information is shown. A particular item may be selected by depressing the
"MILES REMAINING" button the appropriate number of times. Scaling factors
have been included to allow conversion to more familar units, but care should
be exercised to properly weigh the most significant bits. Fur example a
voltage reading of 008 (8MSB) and 112 (8LSB) could be converted to volts by
the following equation.

[(8MsB)] x 256 + (8LSB)1 .050 = Battery Voltage
or  [(008)]x 256 + (112)1 .050 = 108.0 Volts

[t should be noted that a number for battery current between 128 and
256 as the most significant byte indicates a negative quantity in two's-
complement arithmetic and should be converted before using the scaling factor
provided.
2.D.4 Physical Description

The complete BC/SCI is pictured in Figure 2.0.20. This photo shows the
main enclosure housing the power section and the control electronics and the
remote display. Figure 2.D.21 shows the comparison interface module used to
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insert the system transducers between the battery and vehicle controller and
provide the charger connection to the battery. The weights and dimensions of
those three assemblies is summarized in Table 2.D.4.

Table 2.D.4
BC/SCI Assemblies Weight-Dimensions

Assembly Weight Size

Main Enclosure 29.5 1bs 19.0"'x ‘8. 13/16" % 10:0"
Display 1.05 1b 630" 3.2" x 25"
Interface 3.2 1b 8 15/16" x & 144" x 2 7/16"
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Figure 2.D.22(a)

Mechanical Construction of Transformer Connection to Output Rectifiers
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The weight distribution of the Main Enclosure is summarized in Table 2.D.5.

Table 2.D.5

Item Weight (1b)
Enclosure 7.0
ac Circuit Breaker and Conneclur 0.6
Control Electronics/Power Supplies/Card Nest 4.0
Power Electronics
Transformer 3.40
Output Filter 175
Qutput Diode and Heat Sink 0.92
Input Diode and Heat Sink s dd
Filter Inductor, Capacitor O f
Boost Inductor 5.0
Darlington Xistors and Heat Sink 0.9
FET and Heat Sink 0.8
Fan 1:0
Base Drive 0.8
Bus Bars/Mounting Hardware 2okl
FET Drive u.5
Total 29.7 1b

The goal of high electrical efficiency impacted the mechanical design
of the charger, particularly the construction of the power circuit
secondary. In order to minimize the leakage inductance inserted between the
isolation transformer's secondary terminals and the filter capacitor, a strip
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Figure 2.D.22 (b)

2hoto of Stripline Style Connection between Rectifiers and Output Cepacitor
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line parallel-plate conductor construction was employed. This is illustrated
in Figures 2.D.22 (a) and (b) respectively which show the interconnects
between the transformer and the output rectifiers (a) and between the
rectifiers and the output filter capacitor (b). The parallel plate conductor
construction is mandatory to minimize secondary circuit leakage inductance.

For completeness, the weight of the entire BC/SCI system is tabulated
including all power and interface cables.

Table 2.0.6
Item Wwelght (1b)
Main Enclosure 29.7
Display Module Tad
Interface Module 3.2
Charger-Interface Cables 3.5
ac Line Cord 10.0
GFI Pigtail 5.0

Module Interconnection Cabling %)

Total 53.0 1b
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2.E Test Program

The test program consisted of a series of measurements to quantify the
efficiency of the charger, the 1line distortion, and the accuracy of the
operational SOC algorithm imbedded in the microcomputer system.

2.E.1 Power Electronics

[t should be noted that -downgrading the output power to 1kW did result
in reduced efficiency and increased distortion compared to the original target
goals. The efficiency of the charger was measured at an operating input power
Tevel of TkW. The input power was measured with a Weston Model 432 wattmeter,
and the outbdt power was calculated using the product of the average battery
voltage and the average battery current using 4 1/2 digit FLUKE meters. This
approximation to determine the output power is valid since the battery ripple
voltage is only 2Vp-p. The measured efficiency was 87%. This includes the
loss attributable to the cooling fans, power supplies, and 'microcomputer
system. The power circuit itself approaches the 90% efficiency 1level.
Approximately 3% of the power is consumed by the fans and power supplies.

The line distortion of the input current waveform was measured with a
HP333A Distortion Analyzer and a HP3580 Spectrum Analyzer. The measured
harmonic distortion of the line current is 7.4%. This is compared to the
calculated distortion employing all significant harmonics up through the 17th
of 7.98%. Figure 2.E.1 shows the low order current spectrum. However, the ac

line voltage used to program the current is not a pure sinusoid, as shown by
its voltage spectrum 1in Figure 2.E.2. Its calculated Total Harmonic

Distortion (THD), also through the 17th harmonic, is 2.5% and implies that the
charger, if perfect, would also exhibit a current THD of 2.5%. Therefore the
charger introduces a THD of approximately 5% (7.4-2.5) on the utility grid at
the 1kW operating point. Figure 2.E.3 shows the high order current spectrum,
specifically the 40kHz and 20kHz switching noise. The THD introduced by these
spectral lines is only 0.64%.

133



(1£62)

LOW ORDER CURRENT

ap9—
151

SPECTRUM

" apgz- pig

apP6v— WLl

g209— WSl

arie— y:gl
apes— Wzl
GP6Y— Ml =<
gpPya— WOl
AP8Y— Y16 ~=
aPPS— W8

L @PLY— WL <=
. 8P9S—. Yi9
. 8pos— 4§

) " 8pPge— Wt

apys— PuZ

Harmonic Spectra of the BC/SCI line current
1st harmonic

Figure 2.E.1

120 Hz; etc.

60 Hz; 2nd harmonic =

134



(2972)

LOW ORDER VOLTAGE SPECTRUM

2

Figure 2.E.2 Harmonic Spectra of the applied ac line voltage
1st harmonic = 60 Hz; 3rd harmonic = 180 Hz; etc.
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2.E.2 SOC Algorithm

The complete BC/SCI system was attached to a 54-cell battery composed
of Gould PB-220 6V golf-cart batteries. Two complete discharge-charge cycles
were performed and the results presented graphically in Figures A2.E.4 and
2.E.5°

In Figure 2.E.4, the actual battery state-of-charge, the average cell
voltage, and the displayed SOC is plotted as a function of time during a
constant-power discharge of 10kW (185W/cell). The predicted SOC is optimistic
near this end of the discharge.. This is due in part to the poor performance
of this particular battery pack (only 148Wh/cell compared with 200Wh/cell
nominally) and the unavailability of a parameter adapter in the implemented
BC/SCI.

In Figure 2.E.5, a constant-power discharge was also performed, but two
six-minute rest periods were included in the test to demonstrate the ability
of the SOC to track battery recuperation. Again,-tﬁe SOC is optimistic. The
battery parameter adaptor was not included in\phe‘SOC hardware and software
due to the time limitation of the contract. The adaptpr would allow for more
accurate SOC indications, especially with sub-standard battery packs.
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3. Conclusions and Recommendations

The BC/SCI system designed and constructed during this contract
successfully fulfilled most of the original performance target goals. Some of
the targets were revised during ‘the ‘program due to state-of-the-art
limitations and the short duration of the program. Overall efficiency of the
charger is 87% at an output power level of 1kVA which is consistent with the
original goal of 90 percent or better at 3kVA. The weightb of the entire
BC/SCI system is wunder 531b including the pigtails and interconnecting
cables. The charger introduces a T.H.D. of 5% on the utility grid at the 1kW
operéting point. Although this is more than the original target, it is
extremely low considering the present state-of-the-art. The power factor of
the charger is at the targeted goal of 0.43.
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- . The-battery SOC algorithm implemented in the BC/SCI is capable of +0,
-10% accuracy only when equipped with accurate battery parameters. The
feasibility -of - tracking these battery parameters as the battery ages was
demonstrated under laboratory conditions; however it is not included in the
BC/SCI- software 'set. The contract program was too short to complete the
.development required to implement the adaptor_aigorithm.

The battery recharge algorithm incorporates depth-of-charge information
obtained while calculating the SOC. -This charging information should prolong
the life of the propulsion battery since the amount of overcharge- is carefully
controlled. : - : ‘

The ~impact of transformer isolation on circuit: efficiencies and
protection circuitry is significant. The inclusion of the transformer in the
charger eliminates the only stiff voltage bus in the system (the battery) and
makes measurements of the battery terminal voltage for circuit protection
difficult. As a result, the transformer must be of extremely high quality,
particularly in minimizing its leakage inductance, since no voltage source is
available for snubbing.

The microcomputer system which exercises the algorithms is also
complex. The self-diagnostics imbedded within the system are also mandatory
in a computer of this size.

Some recommendations are suggested for future high performance EV
battery chargers: '

1. Elimination of the transformer in the charger circuit topology could
increase Lhe energy conversion efficicncy by 3% ar mare. In addition,
a more foolproof scheme of circuit protection could be instituted.
There is, however, a safety requirement'to isolate the input power line
from the battery charging cables, Alternate means of accomplishing
this isolation could be investigated.
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The goal of limiting the RMS harmonic currents injected into the
utility.to 100mA or less is, in Gould's opinion, too strict. The 100mA
limit is equivalent to 0.4% T.H.D. Utilities can be satisfied with
significantly higher distortion. If .the injected RMS current was 1A,
the T.H.D. in the line current would only be 4%. This assumes full
current operation of 25ARMS" Gould reccmmends that 54 T.H.D. be the
Timit.

An adaptive- algorithm is required to insure accurate (+0, -10%) SOC
indication over the useful 1life of the battery.: A significant
development effort would be required to implement an algorithm with the
existing hardware package. Gould recommends that this developmental
effort be initiated. '
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Appendix 2

Alphabetical Glossary of BC/SCI FORTRAN Modules
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Alphabetical Glossary of BC/SCI FORTRAN Modules

AVGFOR - This subroutine performs the required averaging of data for time
constants greater. than thirty seconds in duration., Battery current and
temperature are averaged over one battery time constant (6 min), while vehicle
speed and power are averaged over thirty seconds. Proper scaling to common
engineering units is also performed by .this routine.

BATMOD - This function models the'battEny in increments of time using the
input parameters as a 'starting-,poiht and iteratively removes energy at
constant power until the cutoff voltage is reached. The module is called with
arguments for the present current, temperature, and state (amp-hours) of the
battery, in addition to the desired -values for the discharge power level and
final cutoff voltage. The simd]ation iteréte$ until the predictéd voltage is
Tess than the desired cutoff voltage. The function-returns- to the calling
program with a value for the time (in hours) to cutoff.

CHGFOR - The charge monitor subroutine controls the. BC/SCT operation during
the charge cycle. The routine calculates the charge required to recharge a
battery for a given temperature and depth of discharge. It also determines
the appropriate voltage limit based upon electrolyte temperature and whether

equalization is required. Charge acceptance and state of charge functions are
also performed by this program.

DISFOR - The discharge monitor tracks parameters during a discharge. and
determines the battery state-of-charge for both the standard and arbitrary
rates. Amp-hour meter compensation is also provided by comparing the known
voltage with the predicted values. This error signal is appropriately
“weighted" with a confidence factor.
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EVALZD - This function calculates the battery parameter values from a two
dimensional table. Using the indexes and fractions for each of the two
dimensions of the battery parameter table, a linear interpolation is made to
determine the actual value for a given temperature and current. This general
approach allows the function to beused for all three battery parameters (R1,
R2, Q2) using appropriate arguments.

“FDELTA - The function cdlculatés the fractional distance that a given value is
‘ between the two most adjacent-elements in a 1ist. o

INIFOR - The initialization subroutiné initializes all parameters normally
stored in Fortran common area (RAM). These parameters include the I-T table
i”of Rl R2 and Q2 determined for a set of 54-Gould PB220 lead-acid cells.
J“Fortran scaling factors normally  stored in random access memory are also
1?1tia1ized by this routine. ~If requested this program will also initialize
the amp-hour meter using the equilibrium voltage and temperature as a direct
determination for ‘the battery s' state of charge. o

RSTFOR - The rest'mbnitbr'subroutine, uses the battery voltage and temperature
to determine a correction factor for the system amp-hour meter.

TEMPFN - This fixed shaped” function is evaluated for a specific plateau and
valley over a 40<C temperature range. The "V" shaped function is centered at
27.5<C and -spans *20<C. - ' : ' '

VDROP - This function calculates the internal voltage term for the battery
model's impedance. This factor is based upon the battery parameters (R1, R2,
Q2) and present cond1t1ons (Q, 1). The answer is scaled to a volts/cell
“bas1s. ‘

'VEQ - This funétion calculates the eqilibrium voltage based upon battery state
of:chargé and tempefature.' The calculated answer is scaled in volts per cell.
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ZONE - This subroutine controls the table search and interpolation of the
battery parameters as a function of current -and temperature. The boundary
values for the I-T matrix are defined by the subroutine.

ZRQQ1 - This. function calculates the portion of the battery impedance term
which is dependent upon state of charge. An upper limit is imposed for the
maximum value for this term. R

SPECIAL NOTES:
THKFOR - This subroutine is where the parhmeﬁer adaptation scheme would

normally be implemented. A duhmy subruﬁtiﬁéJis included to satisfy all the
symbol requirements of the linking loader.
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1198 LDE HERFINEG
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12846 ADDD AN ACCUMULATE RAkW UALUE OF AMP--HOURS
1288 STD P E 422

1290 TFR XD

1297 ADCE: AME -+

1224 ADCA AMIH

1296 - ST AiME

1298 Gl Gt RESET CYCLE COUNTER

1300 ERA FHLONVS

1302 x

1304 % LINMEARTIE EATTERY THERMISTOR BREADING

1306 X%

L3088 SCONVE CMFPX #FTEAT, EATTERY THERMISTOR CNFUT

1310 EiE AL ONLA M)

1312 L.DX FTELTHE  SET TakllE POTNTER

1314 1 TEHTEL GET SVERGGED Fided Wad LIk

1HL6 L=tk Lo L. LML H|"- LAk BURRCT LN

1308 SUED 4440 CORRECT FOR TAEBLE OFFSET

1320 S5TD TEATL SN IJ...(.:!.JI... s

Ll X

1384 ACONVS LDX MU TR

1324 LBk 20X ADVANCE
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1330 LD 0, X
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i
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”
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Ilmﬂ X
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1346 LA
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1376 FAGE
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176

—

3 COMHON BLOCK FOR BEXTERMOL &CCE

3

DUIRLCCETE TTEMS T

COFY E&ETTERY  CLRRENT

CORFY BaTTERY VOLTAGE

3 OVOLEDS o SHUTDOWN
FLaG



FAGE 013 BCSCX ST |

1402 N SMODEZ  YES

1404 BITA 44604 CALTERATE MODE?
1406 EANE GHODEL  YES

1408 1.DA FF L

141.0 ANDA kB0

1412 CMEG BH00 TEST MOUE?

1414 IR SMODEZ  YES

1416 CMEE B0 CALTERATE MODE?
1416 ENE: WL COMTIRUE

1420 SMODEL STE SET SALTERATE FLAG
1422 Eil:
1424 SMODEZ &
1426 SMODES
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14730

1435

1434

1434
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1440

1442

144444

14496
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. {:.l

—

: MODE FL.ai;
COLEVALTD MODE FLAG
ST Flealy AT TVE

SET REGT MODE
THINK FLAG ACTIVE
1)

SET THINK MODE

AL ENE O

M)

CHARGE CYOLE REQUESTED
pE)
G
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CONTROLLER 0N
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(G MODE

ik FLAG

COGE FOR FOSETELE SHUTDOWN
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i P XS
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14 ¢4
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2
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/ I A0 NEY WL SO

EHUTIR
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SeVE
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*
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DELAY  SHUTDOWN FOR (20 8EC /0 135
1490 e COMPLETED
LA GMODEL,
1494
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B LSBT
COH TN

| )
SHODES Ml
R MININIES

SMCHDOE Y CHAOMNGE AaLREADY FREOUESTED

LEST FLAG
VET G0N EDGED

- SMORES MRS
EIN ‘ .
(0 SR ADEG
DUELE !
FMOTE
LE3LE SGMODER 10X kb 0

SEFLAG
RESET DATE UALID FLAG
HET MEW MODE FOTNTER
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1518
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tia

1534
1536
13538
1540
LS4
1544
10448

1 6“
LE3&4
1566
1348
1570
1572

l' »Cl()
1587
LEE4
1586
L8
J [ ( ;) I]

l A u (l
16072
1&04
104
14608
14610
1612
14614
LOLS
1618
1620
14682
1624
L&EH
1628
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16372

0t4 BCSCI

SMODEY

G oW

{ H(‘II\GE'

RIS CHG

DISCHL

PISCHZ
DILSOHS
*®
W

E

*
THIMK

HK
K
KK
WK
X
KK
WK
K
INVSH

TNV

S5TX
L.DY
i
FAGE

CHARGE:

RTS

DISCHA

Tar
ENE
LD
EBRA
LD
EX
ADDD
STh
RTS

SA L
FMODE

FMODE
Lo,y
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1
1

RGE MODE -

DUALF
DLGCHL
-1,
DISCHZ
FINTF
DISCH3
%01
FINTF

RESET MODE CONTROL FLAG
RETAIN FRIOR MODE
RUN AFFROFRIATE MODE SUBROUTINE AND RETURN

SUBROUTINE WRETTEN IN MPL o CHGMFL.

SUEROQUTINE CALLS FORTRAM AVGFOR TO FILTER
BATTERY AND VEHICLE DATA DURING DISCHARGE,

DETA UALTD
YES
SET INITIALTZATION FLaG FOR FORTRAM

WALT FOR TNITIALLZATION T0 ACHKNOWLEDGE
TNCREMENT DELAY COUNT

REST MODE ~ SUBROUTING
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THINK

RTS
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2.
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EEQ
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Flaaizg CALTERATION REDUE:

1 FLAGE  Cal R AT'I'I"]N I FROGRESS
ATTON FACTOR = SPDOAL.

STARTS AND ENDS .,M...I.u
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X

FCal.
TNV
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TNV L

. AXTINAL
IrHU4R
FCAL.+1
40
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IMU4n
b04
INFUT

HLIEROLET N

TXON FROCEEDUIRE

CALTERATE DFEED TRANSDUCER?
NC)
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TES
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MNE)

SET START FLAG

COUNTER SELECT CODE
READ COUNTER
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O DECREMENMTING THE COMTROL. SET FOINT CCOUT AS REGUIRED.

COOUT o BETP=ENABLE 5 BIT0-S=MABNTTLRE

THE BEGULATING ALGORTTHM FOLLOWS & CONSTANT FOMER PROFTLE
FEGULATING TO XLIM CILUINE MAXD DEFENDENT UPON FRONT FARNEL SWITCRH
CHAREENG LI 100 THED VLM SET BY THE CHSRGE MONITOR ALGORTTHM.

THE CONTROL ALGORYTHM WILL THEN REGULATE AT THIS UOLTAGE
SETEFOLINT UNTIL THE CH&RGE MONITOR AlGORYTHM DETERMINES

THAT THE CHARGE CYCLE 15 FINISHED, (BY SETTING WVLTM=00

FORER STAGE STATUS MATEE VEROFIED BY CHECKING FOHG (1=0N : 0=0FF

BTATLES YNDLCATORS O "CHARGE" & "EGUALLZE® ) oRE CONTROLLED as -
AFPROPRIDATE GURTMG THE  OHARGE CYOLE, '
CCHARGE!Y - WILL FLASH DURING FOWER
 OETEARY WEEN POWER S0 EiNAk
TEQUALTZE" - FREGUESTED ORLY EBY AL HMOEUT MAYEE DEFERED
CORTINGGLED Y By DS :

THIS ROUTEME @lLSO FROVEDES FOWMER STAGE FROTECTION FOR THE FOLLOWTNG
AENORMAL CORND >
LW BT CUOLTAGE - LIEMIT MAX CURRENT
HEGH BATTERY VOLTAGE - TNHIELT CHARGER QFERATTON '
TIOME LIMOT -~ FOR OPFERATION o7 BELOW NORMAL VOLTAGE LEVELS
DOLIMIT - TO VOLTEGE REGULATION FOINT

VERSTCH 1. 0 SR JUHE- 8 JUHING B METZE R
FILE D CHGMEL4 L1/%782

N CHCMEL.

FROCEDURE
COTO MG POGETF @ROUND CONSTONT  TakLE

R ST O W P S U B I P
BATTERY  VOLTAGE -« %S0 MY & BT
AC LEME  CLRREMT - 01 &HE S BT
FaLLT T LRER - MEN A RLT

CONSTAINTS

LINLIESS OTHERWIGSE SPEC
AND AL CURRENTS R

TIED ol VOLTAGES REFER TO BATTERY UOLTAGES
DT A0 LINE CLRRENTS

UHY S SO GTE 3 FOR REGULATION SETROLNT
WHYSE - PR LN 2 3 FOR FAULT TliFEk

LHYs - CURRENT HYSTERSIS FOR REGULATION SETFOINT
TLOW - REDLUCED  LINE U { LHT FORLOW F
UMIN -~ MINTHMUM VOLLTAGE FORER STAGE WYLL CHeRGE
VMAX - MK MU VOLTTAGE BEFORE FAULY DISARLE
VELDOW - AENCERMALLY  LOW QOLTAGE WHERE CHARC
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FAGIE

0590
0400
N&1L0
04620
0630
o440
1650
&40
1670
04830
0 &GS

00:2

7

0450, -

6700
0710
0720
0730
0740
0750
07460
0779
0780
7N
03060
o081
0E320
1830
8410
N0
0&40
N&7n0
00
JaYn
G200
0%1.0
NN
0930
(5 4)
0950
240
neYsn
0980
IRAYE)
1010
1010
1020
1030
1040
L1050
1060
1970
108D
1290
1100
1130
1180
1130
1140
1150

T

CHGMELL

FTIML
FYIMZ

DL,
DL
(]
DCL
DCL.
Temy.
DI
L.

FGOT
FSCT
F&GOT
FSCT
FSOT

FSCT
T

FHET

DCL

COMPXLE.

33 F\l\ \'

E N;\r

FoLLT E

.
RIM
DCL.
LCL
DL
1ZCL..

ElhT
ENEN RS RIS

DCLL.

UG AR ES
YLIME
coour

'IUUNT

DL,
L
DCL.

DHGT
BSCT
50T

Gacl

UHYS

UHY G2
THYS

TLOW

UMIN ST
ehanshieng
FSOT ViMd
VLW
ET

F T2

TIME

B

FAULT TIME
FAULT TIME

SYGNMED BRINCZ
GLGNED BINC2)
STGENED BINCE?
STGNED BINC
NED BINCZ)
from morvmsasl

SLGNED EINCED
STGHNED BINC2)

Tl
BN CED

CUHST&NT%:

TYME
Fo TIME FAULT
Hu - POMER

FOROCIE CODES
CONSTLH01)
CONST CBNE
CONST ($03)
CONST RO
CONST($H03)
COMGT R0

| '?

CONSTLH1)

HG

THELE A OO H"

X1 ENE
OO

GLGNE
DCOUNT ‘

FOR 1LOW
BEFORE VOLTAGE

BNy

}ﬁU|T 41
-
IMVALLD SHWITOH |

STAGE Fal

VOL TAGE

TMXT (50

THYTC

100>

TNT (5D

INTT

S0

INXT(18043)

INET Y
THITC

300
31009
L3002

TMETOLE) T
THITC SN0

PmITFxT EELOW MIN
SATT \‘( AEOVE

SCOMNECTED BURING OF I-I-.(‘:T'I'L)N
O U”IIMfF fW

‘e

IUINIII

0y un

-- IHl

I

AFFEGR OGN DISFLAY

A TE RN
EX TERMAL

|
]
|
|
|
|
|
|
1
|

AL
L3¢

(ERATION
FREGULATION FOLNT

3

@0

ez
L2

Y A

CL0U AMPE
/o D1LAZEYT
VOLLTS
VOLTS 7

#oAMPS
20
413
155 VOL.
w0

30 MIN

YALLIE
MK Uall e

DX (W e

v/

VOLTS 7

HOIRS

MOFMOL.
© MG
P ‘

TN

L OBOVAETT
OSOV/RIT
Ao OLAZERTT

L AEOVSBELT
COBOVAETT s
SOV ARTT
B0V /ETT

ZHINAELT
SOEMTINARLT

1.) /7

7

COFENED )
RATON
LaTION
CUIFERGTION

* W

COMNTROL, P

LHFDEMET TR

FORTRANM & FEXECUITIVE



FaGE 003 CHGMFL. . 8aA: L

1140 DCL - PBCT TLIM SYGMED EINCE

1170 . DCL BSCT FRIN BINCLY EXTERMNAL | EXEC, OMLY URFER BYTE
1180 DCL B80T SYIN ELNGLY EXTERMAL | EXECUTIVE

1190 DOL BSCT FTR BN

; "’(l 0

1240 FILAGS : MODE FLAG.
1250 FOMGEL - CHARGE LIGHT
1240 0 1s'nN"

FEWR - 3

CYCLE
i
5
?I

h FEwWia? R %!
L300 FOHGS - fHﬁllL\
TR0 FELT - FOAULT e :

LEZ0 */ ' .
133 T
1340 D
1350 DL
1340 UL
135 0L
DL,

GIGMED I LN- 13 EXTERMAL

FXNCL 2 VERECUTTVE
CETGHED

BN FXTERTIAL.
] 30

L4100

14

14820 7%

1430 ([h"iMUN SE
1440 Erl N '.‘., )
1450 FimODE - A Figde, - ESECUTIVE FEGEST G s
1460 ) IH|~ |[un' i,li.. TE CLEsNGE
1370 Winla b F w R LI FLAG S ) CIAY S
1440 LT e UOLTAGE REGULATION LITMIT

PRl AL EXFECUTTVE MODULES

HEOILIES D

WK & ECTES MOT USED BY CHGMPL

VEGT e BOTTERY GOLTEGE

KOXK - G4 BETTES MOT USED BY CHEAPL

FEOU - EQUALTZE FLAG D=
B CHERGE MURLTOR SLGE

FRLAYL - LD i B A TR B B R
DO FRONT PalEL DE

e YES SET T TELLY
LT

v
fke )LJ TTOH O

SET N DEFPENDTNG

HAHK R EYYTES NOTOLSED BY O CHGRPL

CHGTIM -~ CHARGE CroLE TTHER

1470 (W]
16610 L.
14620 L.
1700 % '
1710 %

1720 [
1750 % -

Frome STGENED
WatE
VILTM SULENED RINCED POFDRTREH & FXECUTING

OFORTREM & EXECLTIMVE

,:}
VAT SUTGNED BEXNCEDD . bOFORTREN & EREDLTIVE
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FAGE

1740
1750
1760
1770
17630
1790
1800
1810
1820
18330
1340
18510
1840
1870
1880
18390
1900
1910
1920
L3a
1940
19%0
1960
1970
1980
1990
2000
2010
2020
2030
2040
SN0
2060
2040
2080
2090
2100
2130
21EN

2190
2200
22140
2270
2E30
22410
2250
2260
2E70
22810
2EP0
2300
2310

004 CHGMFL . 5A:)

% Ml 34

DCL CsOT FEQU  STGNED BXNC2) I EXECUTIVE
% LeCT ‘
% M 12

DCL. CBCT DHGTIM ETCE D

/XK TaELE  LOOK--UF Max LINE  CURRENT G4 K0 aMPS RMS w/

DCL. PSOT TELAMF (1, 4) SIGHED BINC2) INIT300, 600,900, 00
DCL. DATA SLGNED BENCG2)  BAaSED

CHGM.
/K TEST FOR PROFER STATUS EBEFORE ENAELING QFERATION
DISAELE XF MODE CHANGIMG OR SETFOINT NOT (ET walll  x/

LF 0 OFMODE # 0y 0RO CULIM <0 21&00 THEN TCHANGTING QR TNWEL IS
D0 . bOVES

WialEF = $D700 SET 7 DAY WAKE-UF TIME

FFWR = 0 ~ U INITEALTZE FLAGH

| f

!

CHGT L= 0 INITIALXZE 7/ RESET TIMER
GO TO CHGOFF DISAELE FOWER STAHGE AND RETLIRN
END

S TEST FOR FOWER STAGE FAlLY HOTE:  FaUuLT BIT (8YIN &8LTé)
L=FalllY - XF POWER STaGE MEVER ERESELED
0=FAULT - ONCE FOWER STAHGE EHSELED W/

% LI DY TN

o ANDA  B640 Mask OFF Al BUT FalLT BXT
4 LDE FIWRC2

# 0 CHFD 90

B BEQ CHGMZ O FOR DESAELED STATE

- OMFD He4000

£ BGET CHGME O FOR ENAELED S1TSTE

FFLT =2 RRCHG UOBET "CHAR
0O 10 CHGOFF UODTSRRLE CHARGE

IR COE
COAND REETLIRN

CHGMZ:
/K TEST FOR ABNORMAL. CONDITIORS aND FLAG Fall s xS

TF VAT - UMIN THEN VTS BATTERY BELOW MIN Val.UE?
03 . .
FIFLT = ERRELO VOYES, SET CEATTERY LOW® ERROKR CODE
GO T CHGOFE
END
IF VAT = UMéax THEN PTG BATTERY AROVE MAX VALUE

N
FFLY = ERREHT POYES, SET "BATTERY HIGH® ERROR CODE
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2320 GO TO CHGOFF
2330 0 . o END S

2340

2350

2360 :

aC YA Ve TEST FOR LOW VOLTAGE CHARGER OFERATION & LIALT [FE R QR MANCE L0
27380

23910 TR VEAT = VLOW THEN o LOW VOLTAGE MORIE?

2400 (1] ’ UOYES

2410 : TF CFFFE= L) AND (CVBEATEULOW-UHY G2 THEN PWRES T XN NMORMAL MODE'?
24920 0 bOYES :
2430 FIFLL T =R RRECE IGET CTATTERY OFEM® ERROR CODE. ..
2440 0 TO CHEOFF qéhﬁ
2450 FND . _ g
2460 . . o o _ 1r“&
RE YA . ELSE IR e
A Eell (B10) , IQ'E
243910 ‘ LLTM=TL.0OW OCONTROL T LOW CLRKENT LIMIT

TF CHGETIM = FTIML THEN ' LOW VOLTAGE OFERATION 700 Il:.('Ji‘lE-}'":’
DO bOYES E!:
FFLY=ERRTF FOSET O CTIME FAULT e ERROR COGE
GO TO CHGOFE i!g;. ‘

END .

ELSE GO TO CHEM3
LI
EARIW

Y NI ) UORET O NORMAL O ERST IO
2630 . .

24640

2650

PEHN) /K TEELE LOOK-UR FOR NORMAL CUREENT LUMIT R
2HID

2 AE TOUFOFEIN R B07=00RFFN & 074 THEN

THIN Lo i) . - .
2700 FFLT=ERRESWR POTMVALTD  SWTTE
PN B0y T UHESUEE I W AT W R TR R T
2720 . D

pranii] - Frptas ARIDFCTRLAME Y + ( CFFTINE S0 -
B7AN TLIM=FTR-=DATH PEET CLIRRENT
2750 END

T LG

SO L TNDEXR TO FROPER ENTRY
LLMXT

2760 CHEMS:

2790

TRO0 /% TEGT FOR CHARGE TXME FAULT w/

21D :
2820 TF (UBATSVLIM-VHYS2) AND (CHETXMHFTIMEY THEN
2630 | ) , : .
26340 FELT=ERRTFR bOSET FALLT TIME 82 ERROR CODE
20 GO TO CHEDFF L DISAELE FOWER STAGE aND RETURN
2EO0 END :

2E70

RN

2890
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2900 /XK DEFER EQUALTZE CYCLE BY OFEROTOR REGUEST w/

2910

290 IF FEQ <f= -1 THEN ! 1-\! GORITHM REQUESTS EQUALTZE CYCLE
2930 {0 [ TR FOR OFERATOR DEFERSL.

27400% LD FFRIN A 16 S DEFPRESSE

L9504 BRI CHGETL MO

29460 % RITE 4580 » JUET  DIEFRESSE
2970 % REQ CHGOTL i)

2980 % COM FEGU-+L TOGGLE EQUALTZE STaTUS

AN END

1!!1(1[\ ELSE FERL==0 ) PONSURE VALTD EQUALTZE FLAG

3000 :

2020

3030

B4 K DELAY  TINITIAL  CHAERGER  TURM-(N .
30GBD IFPOWER STAGE GFF AnMD DELAY SEQUENCE SOT  aliBEaDT STaERTED =
a040

3070 CHEOTL.:

2080 TF CCCOUT==0) AN
3000 1)

RENN CHGT XiM=0

3310 FOHGL =1

2120 CDCOUNT =0

B1ID M0

2140

3150 IF DCOUNT = 735 THEN
31é0 (20}

3170 CEOUT=400

3180 FCHE !
3170 B

NOETART DELAY?

CRCOUNT =0
D

AR CORMTROL SETHFOINT UFDATE ONCE EMERY 4TH CYVOLE s

T CDEOUNT 4 ANk CCCOUT-0x  THERN 1 ATH G
a0} ‘ OYES

O Ilil‘ TR T 4
DECREMET CONTROL, 5

TFCCUBEATULIMY R
THEN CEOLT 0

P-WHE Y AND CTLTTMESTOLTIM - THY S)  AND

FooTHERN COOLIT=COnuTs L b TRCREMERNT  SETRONT

T CUERAT
COCEMIT

Bl

¢ DEOUNT=0 VREESET Y CLE COMT
i Ml) n LMD
2410 S : :
R4 L QUNT =DEOUNT 41, o EADUANCE DELSY  COLNTER
3430 GO YO CHGERD L CORETLIRM

3440 o ‘ ’ =

3450

A4H0 CHEOFE FEHG S FOSET CHERGER STATUS

B4 FOHGL =0 bOTURN L CHARGE  THMDXCATOR
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3430 COOUT=q PODISAELE FOWER STAGE

3440

CHGEND: RETURN
Eoi
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TNTFQR Mot.orol a-&809

Written nw - Mail D Herbert,
Comeeoter & Soffware Suastamns
Gould Electrontes Laborators
Gowla,  Xre Folling Meacions,

BLES S04

Mol cst i oms:

T

Feci

S R RO X AKX K XK S RO A O XSRS A€ R 4 RGO KR AR

Tratisnlize Variak

1) ea . Wiz (.10

LA ROAUTN R XX A O XK X S0 RO RO R X830 X0 X K A0

Descristiorn:
L mecasszrdy, bhe bhatltors woll
are gsec Lo delormime bt abatle

Lreonts Erest by ool Laase

Chotyit e () 48 3L
Subwerogramne oalled: VI
SUEROUTIINE  THOTOR
TNTFOR
(R AN (T CrCies )
Standdara Fovmets:

e ) arat d ore:

VT TVERST, T

[ZOMMCi
COMMEON
CZOMMON
COMMON
MM
COMMON
MM
COMMON

Fooetiom Defimitions:
Maiim Bl

“vesiostre Lt
TEF Gl p
RLCYL, LY==,
L O3 el
L¢3, Ly = &8
Rl e, L=l 63Z0E
FKLCL, &rmil g

valuea Lo COMMON waridshles

XFMODE LWaEF M

s

i

& bemear mtaay e,

Lech Amy-noue meter walow,

Civi T

LN
1K

Lenorer atare

CIUVEY SR,

-
4

19 Gep- R
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RLCE, 2)y=1. 73843
el CG, Zh=0, D40 -3
Rl(%,ﬁ)m“.‘%um}

WL CL, 3 F
RL(Z, 3)
12,30

L " ’._.I‘-J' ’

236

S A i
"K('%vollu.A
LO0A e

HRVIAN Y

:l. .|..' ARk
LA e ke O

PR

] LA

¢ oIy b gemesiFien, sleis b

SOLE. 0 SOTO P00
G Corpserd Seiele "Inteser" ddats Lo "Resl!"
AT ’

i ldes GOt

r

C auvic Lioecion Vol dass
CREAT. TEAT

& Voltaste Eeror

¥
cue

uvfﬂetl Lher sy correctionrm
0. 90%» GOTD 200

-
L

~

> Corvreect A tywe meter

—
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FAGE 0032 INLFOR | Sacl

QEAT=QEAT+L. ORVERR/ (VEGRVEQGRTIRAT)
TOEAT=QBA4T /BCFQ
',
{00 CONTINUE
CoRebure Comtbrol To Execotive
FCESTLHRN
T
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FeGE 001 RETFOR . Sl

fe!
N e

.~

BH

FRESTFOR Mwﬂorola"éQOQ prdty s 27 Qe -3

Wbt s - Mail D Herbert R Tl TIT B s
Comsater & Soflhwave Soasbems
Gould Electronics Laborators
Geoyaled,  Tres o Rolling Mesdows. XLL
A1Z /6804472 e ' :

Sbress
Awicied more COFMMON a6 reeded For DISFQR
ERUCR T N T B 10 Y A TCN aR [0 Bkt Y S

Mo

001

Macie caloolaticon of VEDR an extermal formetion.
Mgt T (18- Sarpe- 32 e (00

Pl Lizcad  some
Coreachions
et sums o

Neail D

aviablea with raal in IIIZI‘.']MI"iI','!N.

AT 8 .
b Lo L UDIMMON.
Jer et B Tt 27 PR g rgba )

Eodted for Motorola-aoo,
Nesd b D Her b, '/' S B7 rcite- 0210

SAC TR 0K K R K € S S, K XK XS 30 S 200 G 8 K X AR K 0K 9 A 6K A A I 36 K A KM R
Reagt Momitor Ver 2.0
SIS K RO 4 XCHK K3 XK XS XOR A HHCKCK 4K G K KK A8 K XK KA KK S K KK AR 3RS A X R A X

Descrdetion: .
Afber & Zonoue rest, the patterws wvolt
Are used Lo o e L state of o

1A% ke difference e thern adaed Lo the Sme-boor meter

ate g tengrer atore

Hi

Trearta: Bt tera voltese & temsoratore,
Mevk ol G ~n ractecd Ame-hour meter valoe.
Db odramns oalled: VG

GUERDUTTHE RS TR
ROGTHFOR

G ssiEsy Lo I RTRIRT ]
Starwiara Formalas:
Declaretions:

e L0 Desnn
MMM TFMORE, TWAKEF, TULL L
COMMON DR T IVBAT, XTIRAT,
CZOMMON y AMEGF . TEME PR !: B
COMMON J-ﬂl AT TABATX, TOLAST, XaAES
COMMON XL
CQMMON TFEQL, TRESET . TSFCAL

COMMOM TSSO, TOMATLE, TDCTIM, TEQTIM, LO5T M
COMMON Ri¢4, 3), R2 ( 4,3),Q2(4, 3)

ZOMMON KL, RKZ, RIKE, 1KY
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COMMON SRR, VEQS, VEQY
ZOMMON EOFQ, BEFV - BCFTIM
’ . : skt 01L 0 e

]
.

- i P 020

—

S Function Defimitions:

Maire Eody:

=
oo

Seasle "Inteser" dats Lo "Resl®
VESTRENCFY i e L0, 050
TEET =L TEAT . o < g e G/

TASAT =TS TRECFQ oo

v—
DD

i o0, 00

¢ Caleulete B lioeion Yoltase & Voltage Error .
VIERF=VEAT-VERCQEST, TRAT ) a0 02

COIF Votltase Frror <= Smescell Ghen skis correction
TFOARSCOERRY . LE. 0. 00%))  GOTO 200

C Corvect @ e meter
QEAT=0RAT 0, SROERF Y VEQRE VR Q4R TERAT Y
TOEOT=QRAT/BCEFR i 10

SN CONTIHULE
LCoRetoern Corbral To Exeoubivs
TFRST=0 : G REST owels comeleted . : im0 10
MO ),
FETURN
i)
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FAGE 002 CHGFOR . Sacd

il CHGFOR

o

SoAarsgumerts Criorme )
o

C Stardard Formalse:

—

2 Declaretiorns:

- pcire-01 0 bestin
ZOMMON TEMODE, TWaHER, YVLIM, TFXHNIL
COMMON TLEAT . TVEAT, TTEAT . TOFEED
COMMON ) AMEGE S TEMEFE, FWRE, SEDEF
COMMON TAEEAT, TABRAT, TOLAST, XQ&AES
COMMON TFRST, XFOHG, TFTHIK 020
COMMON TEFERAY., TRESET, TEFCHL..
COMMOIN TRSOC, TRFMILE, TDCTIM, TEQTIM, TIZHTIM
COMMON LA 30, R244, 3, Q84,3
COMMIIN R, B2, RED, RIK49
COMFMON VEGL, VEQZ, VEQ3, VEGQS
COMMON EOFQ, BOFY, BCFTIM

smecire-00L 0 e

o~
L)

y
L2

i i 0E0

-
3

—_

S Funetion Defimitions:

(N
C Mailrm Booke:
0

TREAT=TARATHIDCTIMERML - Adduat For self-discharse s mcdh-020
) TRLAST-TABAT i Total discnarsEs P00
IHCTXM=0 i Regset Self-Discohesvrge timer 5 ocde Q0%

< .
2 Fesin Chargimss Loors peobeobe e "} [ S VY Y00 V0T N VT VI e WRY DI YV PRI S0 SN T Y0 TR L% Z31 SRC 2K CRY ST TEY SINUSPY DRV SRV SRY YR SRV SR RY Y
2010 CUONTINLIE .

TFCIFEQLL E@ 1) GOTO 20 iEauslize Recoestad?
B
Paad 0 2 A%vseel LEDdce ] Les 0850 it P i 0000
. GOTO 300
SE0 CONTUMNUE H Y.
(; TEFFFNCETEST, 74 3, 49 &) 5 1E ho 18% et 008
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SUEROUTINE AYGFOR
*
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C UDROF Motorola—6809 ‘ Cndh: 27 -Ger-82.
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