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Summary

A test system has been designed and constructed to allow the simul-
taneous and continuous cycling of 16 electrochemical cells, and the system
can be readily expanded to accommodate 48 cells. It is configured with eight
independent current-control units, each dedicated to two series-connected
cells, and the cells can be driven by single charge and single discharge power
supplies. The current controllers have a resolution and stability within
0.025% of full scale, and a response time constant of 1 ms. The charge and
discharge profiles, including pulse charging and EPA power profile discharg-
ing, are implemented through the use of various computer algorithms.

1. Introduction

Rechargeable batteries exhibit gradual capacity loss and/or catastrophic
failure upon repeated charge—discharge cycling, and it is generally found
that the capacity loss rates and failure mechanisms display a marked
dependence upon the particular cycling regime employed. Laboratory
investigations of these phenomena often rely upon lengthy cycle-life testing
of many electrochemical cells. It has been found to be best to evaluate cell
performance and life by repeatedly charging and discharging the cell while
employing electrical waveforms similar to those expected in the intended
application. A cost barrier to the independent testing of a large number of
cells is the requirement for each cell to have a dedicated programmable
power supply.

*This work was supported by the Assistant Secretary for Conservation and Renew-
able Energy, Office of Energy Systems Research, Energy Storage Division of the U.S. De-
partment of Energy under contract No. DE-AC03-76SF00098.
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The multiple electrochemical cell test system described here has been
built to allow the simultaneous and continuous cycling of 16 or more cells.
The system is presently configured with 8 independent current control units,
and each unit is dedicated to 2 cells connected in series. Two common,
unregulated power supplies are used: one supplies all of the charge current,
and the other supplies all of the discharge current. The system has a fast
response time and the necessary flexibility to employ a wide range of
electrical waveforms in both the charge and discharge modes.

A variety of cycling experiments can be performed on electrochemical
cells. The most common and simple ones include charging and discharging at
constant current or constant cell voltage. More realistic discharges are
performed by maintaining a constant power level or by using a power
profile, such as a standard electric vehicle driving profile (translated from the
EPA Urban Driving Profile [1]) shown in Fig. 1, which requires a new power
level adjustment every second. One can also use complicated charging modes,
such as pulsating or alternating current.

The heart of the testing system is an analog circuit, which provides fast,
accurate, and independent control of the current to each of the cell strings.
The analog circuit is controlled by a microcomputer system that sets the
current level and polarity and monitors the cell voltages. The computer
thereby is able to generate all of the testing modes mentioned above. As an
option, the analog control circuitry can be driven by an external function
generator. The microcomputer system monitors all relevant variables that
characterize the behavior of the experimental cells and provides on-line data
analysis and graphic display. Protection of the cells under test has been
achieved through a variety of software limit settings on the measured
variables and an appropriate design of the logic circuitry included in the
analog circuit,
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Fig. 1. EPA urban driving profile. Federal Register 11/10/70. Power requirements are
scaled toa 1.4 A h Zn/NiOOH cell.
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Twenty-four hours a day operation, complete independent operation of
the 8 current-control circuits, flexibility in the selection of testing regimes,
and relatively straightforward addition of new testing modes are some of the
features of the software system.

2. System description

At present, powerful and reliable microcomputer systems may be
obtained at relatively modest prices. The availability of sophisticated real-
time data acquisition hardware and software makes it practical to use a
microcomputer system for the control of a multiple-cell test facility. We
have chosen to use an LSI-11/23 computer [2] with the RT-11 operating
system software [2]. The software we have developed is used for control,
data acquisition, record keeping, and data display. A block diagram of the
multiple electrochemical cell test system is shown in Fig. 2. The system
presently employs 8 current controllers (n = 8) and can accommodate up to
16 cells under test at any one time. The number of controllers may be easily
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Fig. 2. Multiple electrochemical cell test system block diagram., The interconnection
block diagram is illustrated for n independent current controllers. Cabling is detailed for
each of n controllers with two cells connected in series under test,
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expanded, as illustrated in Fig. 2. The current controller is a set-point type
which maintains cell current at a value proportional to the analog control
voltage input by means of an analog feedback control loop.

Current controller

The current controller provides means for both computer and local
(manual) control of both charge and discharge currents. ‘‘Control’” means
that the current is maintained at the set point level independent of subse-
quent changes in the cell’s internal impedance, variations'in the external
power supply, or current changes in any of the other cells. Local control is
used for setup, test, or manual operation. According to the type of test,
control of current may require the current to follow a constant power or a
particular power or current demand. The controller must have sufficient
bandwidth to deliver or sink a current such as that demanded by the EPA
power profile (Fig. 1). Pulsed-current waveforms place even more stringent
demands on the current-controller response time. The current-controller
time constant of 1 ms provides a transient response adequate to supply the
rapidly fluctuating currents required for many electrochemical experiments.

The task of monitoring both cell current and cell voltages is performed
by the computer system. A decision to terminate a test or to change the
direction of current flow is made by software logic. There are no voltage
comparators or hardware logic to control current based on cell voltages. The
current controller is designed to perform the task of analog current control
on a continuous basis. The setpoint control voltage is usually supplied by the
microcomputer system, or it may be supplied by an external function
generator, for example, when rapidly pulsed currents are desired.

Functional control of the current controller is by front panel switches
or 0 V -5 V logic level control lines (TTL) from the computer system. The
computer system must provide three .output control lines for each current
controller. One output line determines the direction of the current flow
(charge or discharge). A second output control line is used to connect or
disconnect the cells under test by means of a relay. This provides the ability
to completely isolate a cell from any current source or load. The third
output control line specifies the set point control source: e.g., an external
function generator or the computer’s digital-to-analog converter. Addition-
ally, an input line from each controller to the computer is required to
monitor the state of the front panel switch that assigns computer or local
(manual) control.

Power down and safety

The current controllers must provide for a safe shut-down under
conditions of power failure or interruption. A sudden power failure must not
cause hazardous conditions, damage to the cells (overcharge or over-
discharge), or interrupt the test in such a manner that precludes easy
resumption of operation. The controller digital logic is designed so that when
power is lost the relay is open, disconnecting the cells under test from the



153

controller. In the event of a power failure the disconnected cells are not
reconnected except by manual command (after power has been restored).
An additional provision of the controller digital logic is that a disconnect
command will reduce the cell current to zero before the relay may open.
This feature permits use of relatively low-current, inexpensive relays and
promotes long life and reliability of the relays. If the computer control
program should fail, the controller digital logic timer circuit will disconnect
any cells under test within 2 minutes, The controller disconnect timer must
therefore be reset at least once every 2 minutes by a computer command on
any logic level control line to any current controller.

Logic supply and interface

The controller logic power supply and computer interface contain
power supplies with power sufficient to energize the digital and analog logic
in all of the current controllers. Each current controller requires 3 output
control lines from, and 1 input line to, the computer. The computer also
must provide an analog set-point control voltage. The timeout logic protec-
tion is naturally located in the interface, and it is the only digital logic in
this device. The interface is a flexible and easily-expandable means of distri-
buting to each controller the input and output (I/O) control lines from
standard computer 1/O devices (described more fully in Section 4 below). In
effect, the interface is a junction board for many mass-terminated 40-
conductor cables. Each controller, through the interface, is provided with
logic power, control lines, the analog set point control voltage, and the
timer-controlled connect/disconnect enable line by means of wired busses
and jumper wires on a printed circuit board. The power supplies have spare
capacity and the wiring may be easily expanded to provide for more than 8
current controllers.

Analog resolution

Presently, many commercial 12-bit (1 part in 4096, 0.025% of full
scale) digital to analog (D/A) voltage sources are available as LSI-11/23
peripheral devices. Choice of this accuracy for the set-point control voltage
source implies that all of the other system controls and measurements should
aim for this level of precision. Therefore, the current controllers must be
stable and reproducible to within 0.025% of full scale, and any crosstalk due
to changes of current in other cells must also be less than 0.025% of full
scale.

Cell voltages and metering shunt voltages are converted by differential
type analog to digital (A/D) converters. The Differential Current and Buffer
Amplifier Box (Fig. 2) is used to connect the cells and metering shunts to
the A/D converters. The A/D converters have 12-bit precision with a nominal
minus 5 volt to plus 5 volt input range. A differential amplifier with a gain
of 100 is used to convert the (50 mV full scale) metering shunt voltage to
5 V full scale. At this voltage level, noise induced by digital signals and clocks
in the CPU and disk drive does not introduce significant errors. Additionally,
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the interface box contains unity gain buffers with less than 10 pico-ampere
input bias current. These low-current buffer amplifiers are needed for poten-
tial difference measurements between each of a cell’s working electrodes and
its reference electrode. It is necessary to reduce the load on these low-area
(high impedance) reference electrodes when the measurements are made
with external equipment, which may not possess acceptably high input
impedance.

3. Current controller description

The current-controller circuitry is constructed on a single printed
circuit card and mounted along with the high-power-dissipation control
elements-in a size 4 NIM module [3]. A block diagram of the current con-
troller is shown in Fig. 3. Inside views of the current-controller NIM bin are
shown in Figs. 4 and 5. The front panel controls, the rear panel connectors,
and the relay to disconnect the cell under test are displayed in Fig. 6.

Control and metering shunts
The full-scale current of the current controller is determined by the
rating of the control shunt. The control shunt is schematically shown in
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Fig. 3. Current-controller block diagram. Current-controller digital and analog circuitry is
shown with the relay positioned for the cells under test disconnected. When connected,
relay contact 1A and 1B will be closed. Charge current will then flow from the charge
supply through Q1, D1, the current metering shunt, the cells under test, and the charge
control (Q2), and it will return to the supply common via the control shunt. Discharge
current will flow from the discharge supply through Q3, D2, the cells under test, the
current metering shunt, and the discharge control (Q4), and it will return to the supply
common via the control shunt,



155

Fig. 4. Inside view of the current controller, logic card and control current shunt. This
side-view photograph of the current controller shows the printed-circuit logic card. The
control shunt may be seen mounted directly on the bottom of the printed-circuit logic
card.

Fig. 3 and may be seen mounted below the bottom of the controller printed
circuit card in Fig. 4. Standard 1, 2, 3, 5 and 10-ampere control shunts [4]
were utilised, and the current controllers have been tested with each of these
shunts. Errors in current set-point values and long-term drift were measured
as less than 0.025% of full scale for both charge and discharge currents. It
was appropriate to provide another metering shunt, external to the con-
troller, in series with the current lines to the cells under test. This current
metering shunt provides a voltage which reverses sign when the current direc-
tion is changed from charge to discharge. This voltage is employed by the
computer system to detect current direction and to confirm that there is, in
fact, an output current from the controller. These relatively inexpensive
shunts have been calibrated against National Bureau of Standards certified
standards to 0.025% absolute accuracy. Errors due to self heating are less than
0.025% of full scale, except for the 10 A shunt at currents in excess of 8 A.
Self heating errors are readily reduced by a small flow of air across the shunt.

VMOS control
The current-controller analog circuit is a simple feedback control series
regulator type. The linear dissipative element is a VMOS transistor* capable

*High-current field effect transistor [5].
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Fig. 5. Inside view of the current controller and heat dissipating elements. This photo-
graphic view highlights the heat dissipating elements located inside the current controller.
Note that the charge VMOS switch and discharge control VMOS are mounted on one heat
sink, while the discharge VMOS switch and the charge control VMOS are mounted on the
other heat sink.

of dissipating 120 watts into an infinite heat sink. Figure 5 shows the
arrangement of heat-dissipating elements in the NIM module. Cooling air
flow up through the NIM controllers is provided by an intake fan underneath
(cool air intake from the front of the rack) and an exhaust fan above
(exhaust air out to the rear of the rack). The flow of cooling air is also
directed across the control shunt, and the digital and analog control logic
circuitry is shielded from the heat dissipating elements by a metal plate (Figs.
4 and 5).

The VMOS transistor is a good linear control element and an efficient
switch. By using two VMOS transistors, one as the linear control element
and the other as a switch (Fig. 3), the polarity of the cells under test can be
readily switched. A single power supply for both charge and discharge
currents can be employed, but power dissipation considerations for the
linear control element illustrate the advantages of using separate charge and
discharge power supplies. The supply voltage required to charge a cell (see
Fig. 3) is:

V(supply) = V(cell) + V(control VMOS) + V(drop) (1)

V(cell) is the open-circuit cell voltage, V(control VMOS) is the voltage drop
across the control VMOS transistor biased in the linear region, and V(drop)
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Fig. 6. Current controller, front and rear panels. Local (manual) front panel control of all
functions is possible by means of the switches and push buttons shown. Indicators are
provided to clearly display the present status of the current controller, even while under
computer control. The fuses and relay are mounted on the rear panel for easy access. A
40-conductor flat ribbon cable passageway is provided at the lower left of the rear panel.
By means of this cable the current controller is connected to the logic power supply and
computer interface.

is the sum of all the other voltage drops in the circuit. V(drop) is increased
by the resistive losses in the controller wiring and cabling to the cells under
test. Also included in the term V(drop) is the forward voltage drop in the
steering diode, D1 (Fig. 3). For minimum power dissipation in the control
element it is appropriate to keep the supply voltage to the minimum value
necessary to insure that the control element has sufficient voltage to act as
a linear control element. Equation (1) can be written as:

V(control VMOS) = V(supply) — V{(cell) — V(drop) (2)

If the polarity of the cell under test is now reversed and the magnitude of

the cell current is unchanged, the voltage across the linear control element
becomes:

V(control VMOS) = V(supply) + V(cell) — V(drop) (3)

V(drop) and the supply voltage will be unchanged from their values prior to
polarity reversal. Therefore, the power dissipation in the control element can
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vary by a power level equal to twice the product of the cell voltage and the
discharge current. The increased power dissipation required in the control
VMOS transistor will pose an even larger problem if a single power supply is
employed to test two cells in series. The use of separate charge and discharge
supplies allows for the minimum amount of power dissipation in the control
elements and therefore less heat, resulting in longer life, greater accuracy,
and increased reliability for the current controller.

Common supplies

Both charge and discharge power supplies must have current ratings
sufficient to supply the sum of the full scale currents for all of the current
controllers. Both supplies may be inexpensive since load or line regulation is
not required. The supplies must maintain their full-load output voltage at a
value greater than the minimum supply voltage required, as given by eqn.
(1). For example, with a 2 A full scale current controller it is possible to
change the supply voltage from a minimum of 4 V to a maximum of 15 V
and maintain constant current. (For this test the open-circuit cell voltage was
approximately 1.8 V.) At no point in the test was the change in charge
current due to a change in supply voltage greater than 0.025% of full scale.
The excellent rejection of supply voltage change is also reflected in good
current crosstalk performance.

Current—time response and crosstalk

Both the time response and crosstalk performance of the current con-
troller may be seen in the photographs of three oscilloscope traces shown in
Fig. 7. The upper waveform is the external analog setpoint control voltage.
The charge current response of a 10 A (full scale) current controllertoa 7V,
10 ms pulse with a 100 ms period is shown by the middle trace. The 7 A
change in charge currert settles to within 0.01% of the final value within
5 ms. The lower trace shows a typical current fluctuation caused by crosstalk
to one of the other current controllers. At the time of the most rapid change
in current, the common charge power supply voltage is changed. The current
controller response is sufficiently rapid, as may be seen in Fig. 7, to limit the
change in current due to crosstalk to less than 10 mA (for a 7 A current
change in another controller), with less than 0.4 ms duration. The long-term
(greater than 0.4 ms) change in current in any controller, due to a full-scale
change of current in any other controller, was measured to be less than
0.025% of full scale. Note that the lower trace of Fig. 7 shows no dis-
cernible shift in the steady-state value of the controller current.

Protection and expansion

Each of the current controllers has a 15 V protective diode on the
charge supply input line, and 12 V protection on the discharge supply input
line, to prevent an accidental overvoltage condition or unnecessarily large
power dissipation due to an external current supply failure or improper set
up. Each of the supply input lines is fused for the full scale current as are the
controller output lines to the cells under test.
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Fig. 7. Current response and crosstalk waveforms. The upper waveform is a 7 V (external
function generator) set point control voltage. The middle trace is the corresponding 7 A
charge current waveform. The lower trace is typical of the current change induced in any
other current controller output due to the 7 A change shown by the middle trace.

The modular construction and the relative ease of connecting VMOS
transistors in parallel make it possible to extend the range of these con-
trollers to higher currents. One could readily drive many heat sink assemblies
of 10 A capacity (Fig. 5) using appropriate control and metering shunts.

4, Computer hardware and software description

The system is required to charge and discharge cells continuously and
simultaneously provide the means to store, analyze, and display data. The
data analysis must include tabulation, graphical display, and numerical
calculations. The computer makes the logical decisions about current level
and charge/discharge modes. For example, for constant current operation,
the computer establishes a single setpoint for a particular current controller.
For constant voltage, constant power or power profile operation, a software
algorithm calculates a current setpoint, based on the previous cell voltage
and current. This algorithm uses the assumption that changes in cell voltage
are proportional to changes in current, and the calculated proportionality
constant is updated at each iteration. Thus the flexibility of charge/discharge
modes can be provided without modification of the hardware.

Hardware \
The current-control hardware was designed to be modular in order to
permit convenient expansion of the system. A block diagram of the
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LSI-11/23 and its peripherals is shown in Fig. 8. The LSI-11/23 chosen for
this system uses a memory with 16-bit words but has an 18-line addressing
bus to allow the CPU to access 128K words of memory.

To accomplish the stand-alone task of current control and data analysis,
it is most convenient to use hard disks because of the large programs and
data files. The dual RLO1 disk drives [2] provide 5.2 megabytes of memory
capacity. The other hardware installed for data analysis are a CRT terminal
[6] with graphics capability and a dedicated plotter [7]. A second CRT
terminal [6] is used to display messages from the control program, and a line
printer [8] is used to aid in program development and data tabulation. The
CRTs and line printer are interfaced with the computer through a four-port
asynchronous serial card, set at 9600 BAUD rate for the terminals and 1200
BAUD rate for the dedicated plotter.
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Fig. 8. Block diagram for the LSI-11/23 computer system and peripherals. This inter-
connection block diagram details the computer hardware and its interconnections with
the current controller and cells under test.
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The control functions described in the current-controller section are
supplied by two 4-channel D/A converters [9] for the 0 - 10 V set point, and
by two 16-bit parallel interface cards [10] for the logic-control lines. The
input ports of one of the 16-bit parallel interface cards are used to determine
if the controller is in the appropriate mode to receive computer commands.
At the time that this reading is made, the controller disconnect timer is reset
by a 0.5 us pulse from the ‘‘data ready”’ line of the interface card. Thisis a
convenient method to prevent inadvertent damage to the cells should the
software program fail to control the current.

To identify the end of charge or improper cell voltages, the software
must provide for continuous monitoring of the cell voltages. This capability
is provided through a 64-channel A/D converter [11] using two 8-channel
master cards and two 24-channel slave cards. The current level and polarity
are also monitored through the use of the A/D converters, a precision shunt,
and the previously-described amplifiers.

Software

The software system is built around the special features of the extended
memory monitor provided by RT-11. The physical memory of the computer
is occupied by two jobs which share the execution time, a foreground job
and a background job. The foreground job has higher execution priority: it is
always dedicated to the program that controls and monitors the cells. This
real-time program operates continuously and takes specific control actions at
regular time intervals. However, during the real-time program ‘‘resting time”
a background program is allowed to execute until the real-time program
again requests control over the system. Given the complexity of such an
application and the size of the real-time program (50K words), it is necessary
to use the extended memory monitor to take full advantage of the 128K
words of memory available with an LSI-11/23.

For any particular experiment, various actions are required (Fig. 9).
These include updating cell operation parameters, properly connecting the
hardware, switching cell polarity at the end of charge or discharge, executing
a current control algorithm, recording data from the cells, checking limit set-
points, and transferring control to the message handler.

RT-11 provides a communication path between a foreground and a
background job. A “watchdog” program is run in the background, which
interfaces with the operator. This program sends messages to the real time
program, which are decoded by the message handler (Fig.9). Necessary
action is then taken in real-time, and acknowledgement messages are sent to
the background. This allows an operator to change the operational param-
eters of one experiment (such as the current, the rate of data taking, etc.),
to stop, or re-start its execution at any time, all without interacting with
other experiments.

The watchdog program can be interrupted without harm to the real-
time program. The background is then free for program development or data
analysis for the experiments.
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Fig. 9. Multiple electrochemical cell test system: software modules interconnection block
diagram. The main routine of the foreground real-time program (upper part of the Figure)
communicates with various control subroutines and with the message handler. A message
from the background watchdog program (lower part of the Figure) causes the message-
receiver subroutine to execute: the message is transferred to the handler and decoded,
and control is then transferred to the appropriate action subroutine. Messages are
subsequently relayed to the background. Operator control is always directed to the

background job.

5. Applications

The computer-controlled multiple-channel system has been successfully
employed to cycle 1.3-2.6 A h zinc/nickel oxide cells under various
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Fig. 10. Comparison of computer-implemented EPA urban driving profile with specified
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charging and discharging profiles, including: constant-current, constant-
current voltage-limited, and pulsed-current charging; and constant-current,
constant-power, and power-profile discharging. All eight channels have been
employed simultaneously without difficulty.

A stringent test of the system response time and accuracy is the
application of the EPA power profile (Fig. 1) to discharge a zinc/nickel
oxide cell. The results of such a test are displayed in Fig. 10. The measured
power levels show an average deviation of less than 5§ mW and a maximum
deviation of 42 mW from the intended profile (average power level 0.9 W).

Figure 11 shows a typical graphical data display for a 2.3 A h zinc/nickel
oxide cell cycled with pulsed-current charging and EPA power profile [1]
discharging. It is also convenient to plot data such as capacity vs. cycle
number, cell voltage vs. coulombs, etc. This system is presently employed to
study the cycle life of zinc/nickel oxide cells under a variety of experimental
conditions.

6. Conclusion

A multiple electrochemical cell testing system has been designed,
constructed, and tested. It has the following characteristics:

(1) Simultaneous and continuous cycling of eight independent series
strings of electrochemical cells can be accomplished using two common
power supplies.

(2) The system has the necessary flexibility and fast (ms) response time
to accommodate a wide variety of cell charge and discharge waveforms.

(8) The system control hardware provides 0.025% of full scale
resolution in current settings. Current measurements show less than 0.025%
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Fig. 11, Charge/discharge curves for a 2.3 A h Zn/NiOOH cell cycled with 10 Hz pulsed-
current charging (9/1 off/on) and EPA power-profile discharging (Fig. 1). CHARGE:

, measurements at current-on time; - — * —, measurements at current-off time; VCEL,
NiOOH electrode vs. Zn electrode; REF—: Hg/HgO reference electrode vs. Zn electrode;
+REF, NiOOH electrode vs. Hg/HgO reference electrode; — — —, open-circuit values of

REF— and +REF. DISCHARGE: 4, at base load (0.049 W); O, at peak load (7.28 W);
------- , at intermediate load (2.90 W). Other notation as in CHARGE portion of this
Figure.

of full scale errors due to temperature or circuit instabilities in any of the
current controllers. Also, current errors due to crosstalk are less than 0.025%
of full scale within 0.4 ms after an abrupt current change in another
controller.

(4) System software has been written to allow for twenty-four hours a
day completely independent operation of the eight current controllers. The
system software provides for graphic and printed output, as well as
flexibility in the selection of testing regimes.

() Ease of expandibility of hardware and software has been provided.
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