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CHAPTER 1

Micro controller

1.1. In tro duction

The microcontroller board comprisesa 68HC11clocked at 8 MHz, 32K of RAM, 32K of EEPROM, and an
RS232serial port. The microcontroller is the central co-ordinator for all functions on Wallace, other than
battery power monitoring and charging.

The microcontroller board is the CMM11-E9 manufactured by Axiom Manufacturing < http://www.axman.com > .

1.2. Board Diagram

A photograph of the microcontroller board is shown in Figure 1.2.1.

1.3. Connectors

Note that all connectordiagrams shown below are drawn as viewed on the CMM11-E9 when held such that
the serial connector is on the right and the text written on the 68HC11chip is right-side-up (i.e., as shown
in Figure 1.2.1).

1.3.1. Board Power. Connector J1 provides power to the microcontroller board. A connection dia-
gram of this connector is shown in Figure 1.3.1. The view of this connector is from the top of the board,
where the connector mates. The thick line in the diagram represents the connector's retention tab.

The board is poweredby an unregulated voltage sourcethat is between+6V and +15V. The microcontroller
board contains an on-board regulator hence the regulated VCC power from the power board should not
be connectedto the microcontroller board. That is, the microcontroller board's power connector should be
connectedto battery power (i.e., the Vbat terminal of Figure 2.3.1 on page12).

J1 Power
Connector

J2 Serial Port

J3 MCU Connector

J4 Port D Connector

LCD Connector

Bus Connector

Figure 1.2.1. Photograph of the CMM11-E9 CPU board

GND

V+

Figure 1.3.1. Diagram of the power connector J1 on the microcontroller board (top view)
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1.3. CONNECTORS CHAPTER 1. MICR OCONTROLLER
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Figure 1.3.2. The MCU connector J3 on the microcontroller board
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SEL1

PD5

PD4

PD3

PD2

GND

+5VPin 1

Pin 10

Figure 1.3.3. The SS:Keypadconnector J4 on the microcontroller board

1.3.2. Serial Port. Connector J2 is a standard RS232serial port. The microcontroller board functions
as a DCE (data communications equipment) hencereceivesserial data on pin 3 and transmits it on pin 2.
Pin 5 of the serial connector is the common ground. All other pins are unusedby the microcontroller, i.e.,
there is no hardware handshaking. The microcontroller board hardwires together pins 1, 4, and 6 (DCD,
DTR, and DSR) and pins 7 and 8 (RTS and CTS), thus DTE's (data terminal equipment) that expect
hardware handshakingseethe microcontroller board as always ready to sendand receive.

The serial connector is a female DB-9 connector. A straight-through (i.e., not null-modem) serial cable is
required for connecting to a PC. The serial connection is always 9600bps, 1 start bit, 1 stop bit, no parit y.

1.3.3. MCU Connector. Connector J3 on the microcontroller board is known asthe MCU connector.
It providesaccessto the pins of Port A, Port E, aswell asthe referencevoltagesfor the A/D converter (VRH
and VRL). A diagram of this connector is shown in Figure 1.3.2. The view of this connector is from the top
of the board.

This connector is the most common connection to the Port A and Port E pins of the microcontroller.
Speci�cally , the Bus Connector (described below) should not be usedexcept in advancedapplications.

1.3.4. Port D/Keypad Connector. Connector J4 on the microcontroller board is known as the
SS:Keypadconnector since it can be used to implement synchronous serial communications or to interface
with a 16-button keypad. This connectoralsoprovidesaccesto the 4 available pins on Port D (PD2 through
PD5). Port D pins 0 and 1 are reserved for the RS232serial interface. A diagram of this connector is shown
in Figure 1.3.3. The view of this connector is from the top of the board.

The SEL1 through SEL4 lines are actually connected to Port E pins 0 through 3, but through 1k series
resistors and with 100k pulldown resistors at the connector. Port E connections on the MCU connector
(described above) are made directly to the 68HC11,without any intervening resistors(but note that Port E
pins 0 through 3 are still e�ectiv ely pulled down by 101k resistorswhen connecting to the MCU connector).

The Port D connector (J4) is the most common connection to the Port D pins of the microcontroller.
Speci�cally , the Bus Connector (described below) should not be usedexcept in advancedapplications.
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Figure 1.3.4. The LCD connector on the microcontroller board
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Figure 1.3.5. The bus connector on the microcontroller board

1.3.5. LCD Connector. The LCD connector is so named becauseit provides a convenient interface
to Optrex DMC-seriesLCD displays. This connector can also be usedto connect to the 68HC11 data bus,
as well as obtain a low-current, adjustable negative voltage supply (VEE). A diagram of this connector is
shown in Figure 1.3.4. The view of this connector is from the top of the board.

1.3.6. Bus Connector. The bus connector provides an interface to the external bus of the 68HC11
(i.e., ports C and D). This connector can be used to implement memory-mapped peripherals, reset the
processor,or interrupt the processor.A diagram of this connector is shown in Figure 1.3.5. The view of this
connector is from the top of the board.

Signal lines A0 through A15 represent the 16-bit addressduring an external memory accesscycle. Signals
D0 through D7 represent the data bus. The chip selectsignalsCS0 through CS7 are active low signals that
decode 16-byte areasof the addressspace.SeeFigure 1.4.2 for a memory map of the microcontroller board.

By connecting the RESET signal to GND temporarily, the 68HC11is reset. Note that pins 39 and 40 of the
bus connectorrepresent GND and RESET, respectively, thus connectingthe Wallacefront panel pushbutton
to thesetwo pins provides a simple way of resetting the unit.

Pin 32 of the bus connector is the IRQ input to the 68HC11, which generatesan interrupt when asserted
low (as long as the software on the 68HC11 has allowed this interrupt to be recognized). The IRQ pin has
a 10k pullup resistor.

The bus connectorshould only be usedin advancedapplications. Connectionsto the I/O pins of the 68HC11
(i.e., Ports A, D, and E) should be madeusing the MCU Connector (Section 1.3.3)and the Port D Connector
(Section 1.3.4).

1.4. Board Op eration

The CMM11-E9 board normally operatesin expandedmemory mode and hasthe BUFFALO monitor loaded
into EEPROM memory. Other modes of operation are possible,and the EEPROM may be reprogrammed
with custom code.

1.4.1. Op erating Mo des. The operating mode of the microcontroller board is determined by jumpers
JP1 and JP2. The jumper con�guration is shown in Table 1. A pictorial view of the jumpers is shown in
Figure 1.4.1.

For normal operation, there should be no jumper on either JP1, JP2, or JP6 (all jumpers open). When
reprogramming the EEPROM, jumpers on both JP1 and JP2 (as well as JP6) must be installed.
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1.4. BOARD OPERATION CHAPTER 1. MICR OCONTROLLER

JP1 JP2 Op erating Mo de

o� o� Expanded (normal) mode
o� ON Single-chip mode
ON o� Special test mode
ON ON Special bootstrap mode

Table 1. Operating modesof the 68HC11as selectedby jumpers JP1 and JP2

JP2JP1

JP6

Figure 1.4.1. Locations of jumpers JP1, JP2, and JP6 on the CPU board

1.4.2. Pullup and Pulldo wn Resistors. Table 2 lists the pullup and pulldown resistorsattached to
the 68HC11 port pins, if any. It is necessaryto consider theseresistors when deciding upon connectionsto
other circuit boards.

1.4.3. Memory Map. A memory map of the microcontroller board is shown in Figure 1.4.2.

The 68HC11on-chip RAM is usedby BUFFALO and GCC from 0x0000through 0x0FF and should not be
usedby user code. On-chip RAM from 0x0100through 0x01FF is available for use. External RAM begins
at 0x1040(the normal load location for programs compiled by GCC).

EEPROM begins at 0x8000but is interrupted by the peripheral accessareas(CS0 through CS7) and the
512 bytes of 68HC11 internal EEPROM. The external EEPROM resumesat 0xB800. BUFFALO residesat
0xE000 up to the end of memory.

1.4.4. Programming the EEPR OM. Reprogrammingthe EEPROM is possibleby installing jumper
JP6, which enableswrite accessesto the EEPROM device. It is not advisableto have BUFFALO reprogram
itself, however.

By installing jumpers JP1 and JP2, the 68HC11can be rebooted into special bootstrap mode. In this mode,
the 68HC11waits for an initial, small program to be loadedinto internal RAM through the serial port. When
this program runs, it must be able to load and interpret Motorola S-records,thus allowing the EEPROM to
be programmed from a program running in internal memory. The Axiom development system software has
built-in support for this operation.

After programming the EEPROM, jumpers JP1 and JP2 must be removed and the 68HC11reset to return
to normal, expandedmemory mode. JP6 must also be removed to prevent inadvertent overwriting of the
EEPROM data.
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CHAPTER 1. MICR OCONTROLLER 1.5. SCHEMATIC AND BOARD LAYOUT

Port Pin Resistor

PA0 10k pulldown to GND
PA1 10k pulldown to GND
PA2 10k pulldown to GND
PA3 10k pulldown to GND
PA4 none
PA5 none
PA6 none
PA7 10k pullup to +5V
PD0a none
PD1a 10k pullup to +5V
PD2 10k pullup to +5V
PD3 10k pulldown to GND
PD4 10k pulldown to GND
PD5 10k pulldown to GND
PE0 100k pulldown to GND
PE1 100k pulldown to GND
PE2 100k pulldown to GND
PE3 100k pulldown to GND
PE4 none
PE5 none
PE6 none
PE7 none

aPD0 and PD1 are reserved for the serial port
Table 2. Pullup and pulldown resistorson the microcontroller board port pins

1.5. Schematic and Board Layout

The schematic of the microcontroller board is shown in Figures 1.5.1and 1.5.2. A fabrication drawing of the
board is shown in Figure 1.5.3.
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EEPROM
(18432 bytes)

68HC11 Internal
EEPROM (512 bytes)

CS7/LCD
Peripheral

CS6
Peripheral

CS5
Peripheral

CS4
Peripheral

CS3
Peripheral

CS2
Peripheral

CS1
Peripheral

CS0
Peripheral

EEPROM
(13696 bytes)

RAM
(28608 bytes)

68HC11 Internal
Registers

RAM
(3584 bytes)

68HC11 Internal
RAM (512 bytes)

0x0000

0x01FF
0x0200

0x0FFF
0x1000

0x103F
0x1040

0x7FFF
0x8000
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0xB580

0xB58F
0xB590

0xB59F
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0xB5AF
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0xB5BF
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0xB5CF
0xB5D0

0xB5DF
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0xB5EF
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0xFFFF
BUFFALO

0xE000

0xFFFF

Reserved for BUFFALO/GCC 0x0000
0x00FF
0x0100

Figure 1.4.2. Memory map of the microcontroller board
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CHAPTER 1. MICR OCONTROLLER 1.5. SCHEMATIC AND BOARD LAYOUT

Figure 1.5.1. Schematic of the microcontroller board (sheet 1)
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Figure 1.5.2. Schematic of the microcontroller board (sheet 2)
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CHAPTER 1. MICR OCONTROLLER 1.5. SCHEMATIC AND BOARD LAYOUT

Figure 1.5.3. Fabrication drawing of the microcontroller board
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CHAPTER 2

Power Board

2.1. In tro duction

The power for Wallace comesfrom 8 AA NiMH (Nickel-Metal-Hydride) rechargeablebatteries. The battery
charger and power supply board provides two functions related to this battery power:

� Charging the batteries
� Conditioning and monitoring the battery voltage in order to provide power for the robot's circuit

boards

2.2. Board Diagram

A photograph of the charger/supply board is shown in Figure 2.2.1.

2.3. Connectors

2.3.1. Rob ot Power. ConnectorsJ2 through J9 provide power to the remaining robot circuit boards.
All eight connectorsare equivalent. A connection diagram of this connector is shown in Figure 2.3.1. The
view of this connector is from the top of the board, wherethe connectormates. The thick line in the diagram
represents the connector's retention tab.

The top two pins provide regulated VCC (+5V) and ground to power digital circuitry . The bottom-most
pin is directly connectedto the positive terminal of the battery pack. Thus, this voltage will changeas the
load on the batteries changesand as the batteries discharge.

The load on the VCC supply (for all eight connectorsin sum total) must not exceed1A. The total load on
the batteries must not exceed2A.

J2-J9 Power Supply Connectors

JP7 Reset
Connector

J10 Battery Connector

J11 Power Jack Connector

JP2

JP4

R9 Thermistor Connector

J1 Power Switch Connector

Figure 2.2.1. Photograph of the power board
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2.3. CONNECTORS CHAPTER 2. POWER BOARD

VCC

GND

Vbat

Figure 2.3.1. Diagram of the power connector(J2 through J9) on the power supply board
(top view)

V-

V+

Figure 2.3.2. Diagram of the battery connector J10 on the power supply board (top view)

Vbat V+ Vchrg

Figure 2.3.3. Diagram of the power switch connector J1 on the power supply board (top view)

2.3.2. Reset Button. Connector JP7 providesa systemreset function. This connectormay be routed
to a momentary contact normally-open pushbutton on the robot faceplate. Pressingthis button resetsthe
robot by cycling the power to connectorsJ2 through J9. Speci�cally , the GND connection is disconnected
from the battery pack. The connection is re-establishedafter the reset button is released.

The JP7 connector is non-polarized (i.e., it may be installed in any one of the two possibleorientations).

2.3.3. Battery Pack. Connector J10 is connectedto the 8-cell battery pack. A connection diagram
of this connector is shown in Figure 2.3.2. The view of this connector is from the top of the board, where
the connector mates. The thick line in the diagram represents the connector's retention tab.

The top pin is the negative terminal of the battery pack, while the bottom pin is the positive terminal.

2.3.4. Power Switc h. Connector J1 is connected to the three-position rocker switch on the robot
faceplate. This switch selectsbetweennormal robot operation, charging mode, and o� mode. A connection
diagram of this connector is shown in Figure 2.3.3. The view of this connector is from the top of the board,
where the connector mates. The thick line in the diagram represents the connector's retention tab.

The battery positive terminal is connectedto the center connectorpin, labelledV+. This terminal is actually
connectedby a 2A fuse to the positive battery terminal, thus limiting current in both charging mode and
during normal operation. When the rocker switch connectsV+ and Vbat, the robot is in normal operation
mode, i.e., connectorsJ2 through J9 are powered. When the rocker switch connectsV+ and Vchrg, the
robot is in battery charging mode. In its center position, the rocker switch disconnectsboth Vbat and Vchrg
from V+, thus leaving the robot in o� mode.

2.3.5. Power Jack. Connector J11 is connectedto the power jack on the robot faceplate. In charging
mode, this power jack provides the necessarypower for charging the batteries. A connection diagram of
this connector is shown in Figure 2.3.4. The view of this connector is from the top of the board, where the
connector mates. The thick line in the diagram represents the connector's retention tab.

The power provided through this connector must be at least 15VDC at 0.8A or higher. The voltage input
may be up to 24VDC. The power input should come from a regulated supply, such as a wall transformer,
computer power supply, or benchtop supply.
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CHAPTER 2. POWER BOARD 2.4. BOARD OPERATION

Vs 0V

Figure 2.3.4. Diagram of the power jack connector J11 on the power supply board (top view)

Table 1. Con�guration of JP2 and JP4 for charging various battery packs

JP4 JP2 Num ber of NiMH Cells
open open 6
open closed 8
closed open 10
closed closed 12

2.3.6. Battery Thermistor. Connector R9 is connectedto a thermistor (temperature-dependent re-
sistor) that is embedded in the battery pack. The thermistor monitors the battery temperature during
charging to guard against abnormal charging behavior. This connector is non-polarized (i.e., it may be
installed in any one of the two possibleorientations).

The expected thermistor is a nominal 10k negative-temperature-coe�cien t (NTC) device. The BC Com-
ponents part number 2322 640 66103device is speci�ed. This device must be mounted in direct contact
with the batteries during charging in order to detect an over-temperature condition and prevent damageor
rupture of the batteries.

2.3.7. Battery Pack Selection. ConnectorsJP2 and JP4 selectthe number of battery cells for charg-
ing. With the 8-cell battery pack usedfor Wallace, it should always be the casethat JP2 is closed(connected)
while JP4 is open (unconnected). The other possiblecharging con�gurations are shown in Table 1.

2.4. Board Op eration

The power supply and charger board is always in one of four modes:

� O� mode
� Normal operating mode
� Shutdown mode
� Battery charging mode

2.4.1. Op erating Mo des. In o� mode, the battery pack is disconnectedfrom the whole system. When
not in use,the robot should be left in this mode. This mode correspondsto the center position of the rocker
switch on the robot front panel.

In normal operating mode, battery voltage is applied to the system (through a 2A fuse). This mode cor-
responds to the upper position of the rocker switch on the front panel (labelled with a single bar). In this
mode, any power applied to the power jack is not used to charge the batteries or power the system. Even
though an LED will light to indicate that the power jack is receiving power, this power will not be usedto
charge the batteries or power the system.

In battery charging mode power applied to the power jack (at least 15VDC at 0.8A) will be usedto charge
the batteries (again, through a 2A fuse). This mode corresponds to the lower position of the rocker switch
on the front panel (labelled with two bars). In this mode, the batteries are disconnectedfrom the remainder
of the robot system.

It is not possibleto charge the batteries and operate the robot at the sametime. Similarly, it is not possible
to power the robot from the power jack.

Shutdown mode is entered from normal operating mode. Shutdown mode is entered when the voltage of the
battery pack falls below 8.4V, indicating that the 8 batteries are fully depletedand any additional discharge
may damagethem or reducetheir lifetime.
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2.4. BOARD OPERATION CHAPTER 2. POWER BOARD

2.4.2. Normal and Shutdo wn Op erating Mo des. In normal operating mode, the yellow LED (D6)
will light when power is provided to connectorsJ2 through J9. This mode operatesas follows:

� Immediately after entering normal operating mode, the power board checks the battery pack volt-
age. If after one second, the battery voltage is above the minimum acceptable level for 8 cells
(approximately 8.4V), then power is applied to connectorsJ2 through J9 and the yellow LED (D6)
lights.

� If the battery voltage is not above approximately 8.4V, the power board enters shutdown mode. In
this mode, the yellow LED 
ashes brie
y approximately onceevery 5 seconds.In shutdown mode,
connectorsJ2 through J9 are unpowered, thus turning o� the remainder of the robot system.

There is no exit from shutdown mode other than turning o� the power via the front panel
rocker switch or pressingthe front panel reset button (if the reset button is connectedto JP7, the
reset connector for the power board).

� If during normal operation, the battery voltage falls below 8.4V, the power board enters shutdown
mode as described above.

2.4.3. Battery Charging Mo de. In battery charging mode, one of two LED's will light to indicate
the battery charging status. No LED's will light (and nothing will happen) unlesspower is applied to the
power jack on the robot front panel (15-24VDC, minimum 0.8A).

Battery charging occurs in one of two sub-modes: fast charge and tric kle charge. Fast charge mode is
indicated by the red LED (D4). Trickle chargemode is indicated by the orangeLED (D5). As long aspower
is applied to the power jack, one of thesetwo modeswill always be in e�ect.

When the power board �rst enters battery charging mode (by setting the front panel rocker switch to setting
I I), fast chargemode is entered in most cases.Conditions that could prevent an entry into fast chargemode
are:

� No batteries connected
� Batteries damagedor otherwise unable to conduct current
� Batteries are too hot or too cold (below approximately 15

o
C or above approximately 55

o
C).

During fast charge mode, the batteries are charged at approximately 750mA (about C/2.4 where C is the
nominal battery capacity of 1800mAh). In practice, a fully-depleted battery pack will chargein approximately
2.5 hours. SeeAppendix A for a more thorough discussionof battery charging and discharging. Fast charge
mode is terminated automatically when the power board sensesthat the batteries are fully charged.

It is normal for the batteries to becomesomewhatwarm during charging (around 50
o
C), especially near the

end of the charging process.

When the batteries are fully charged, the power board switchesto tric kle chargemode and the orangeLED
lights. In this mode, the batteries are kept fully charged by a 6mA (C/300) tric kle charge. At this point,
the system may be turned o�, or switched to normal operating mode.

2.4.4. Battery Charging Guidelines. A more thorough discussionof the battery charge and dis-
charge processis presented in Appendix A. The main points of importance are listed below.

� Always attempt to discharge the batteries fully before recharging. This practice will maximize
battery life.

� Do not allow the batteries to becomedeeply discharged. Once it is clear that the batteries are
\dead" (i.e., robot behavior is very sluggishor motor enters shutdown mode), it is time to recharge
the batteries. Do not repeatedly cycle the power to the robot to squeezean extra few minutes of
operation from it (as the batteries will allow this) as this will lead to deepdischarge.

� Do not chargefully-chargedbatteries. Similarly, do not cycle betweeno� mode and charging mode
to get \extra charge". Whenever charging mode is entered, it takes approximately 10 minutes in
fast charge mode to recognizethat the batteries are fully charged. During this time, excesscharge
is stored in the batteries, leading to possibledamage,overheating, venting of gases,or rupture.

� Do not mix batteries from di�eren t battery packs. Batteries should always chargeand dischargeas
a unit. A mixed-cell battery pack will lead to deeply-discharged batteries while discharging, and
overchargedbatteries while charging.

� Do not charge any battery typesother than Nickel-Metal-Hydride (NiMH).
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CHAPTER 2. POWER BOARD 2.5. SCHEMATIC AND BOARD LAYOUT

Figure 2.5.1. Board layout of the power board

� Ensure that the number of cells being charged matches the setting of JP2 and JP4 as shown in
Table 1. Failing to do so will either lead to underchargedbatteries (if more cells than expected are
present), battery damage(if fewer cells than expected are present), and may also lead to damage
of the power board.

2.5. Schematic and Board Layout

The schematic for the power board is shown in Figure 2.5.2. The board layout is shown in Figure 2.5.1.
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Figure 2.5.2. Schematic of the Power Board
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CHAPTER 3

Infrared Transmitter

3.1. In tro duction

The infrared transmitter (IRTX) board provides a modulated infrared (950nm wavelength) light sourcethat
can be used to communicate with other robots, or to detect the presenceof nearby objects by sensingthe
re
ected light. The modulation consistsof a 50% duty cycle squarewave at an adjustable frequency near
37 kHz. This light signal is similar to thoseemitted by standard householdremote controls. The power level
of the emitted light is also adjustable.

3.2. Board Diagram

A photograph of the IRTX board is shown in Figure 3.2.1.

3.3. Connectors

3.3.1. Board Power. Connector J1 provides power to the IRTX board. A connectiondiagram of this
connector is shown in Figure 3.3.1. The view of this connector is from the top of the board, where the
connector mates. The thick line in the diagram represents the connector's retention tab.

The leftmost two pins must provide a regulated VCC (+5V) and ground power supply. The rightmost pin is
not usedon this board. The load current of this board rangesfrom a few milliamps to approximately 30mA,
depending upon the setting of the adjustable power level of the infrared emitter.

J1 Power Connector

J2 Data Connector

IR Transmitter

R5 Power AdjustmentR6 Frequency
Adjustment

GND Test Point

Frequency/Power Test Point

Figure 3.2.1. Photograph of the IR transmitter board

VCC GND

Figure 3.3.1. Diagram of the power connector J1 on the IR Transmitter board (top view)
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DataData

Figure 3.3.2. Diagram of the data connector J2 on the IR Transmitter board (top view)

3.3.2. Data. Connector J2 is a logic-level data input to this board. This signal is used to enable or
disablethe IR transmitter. A connectiondiagram of this connector is shown in Figure 3.3.2. The view of this
connector is from the top of the board, where the connectormates. The thick line in the diagram represents
the connector's retention tab.

Notice that the two pins represent the samesignal. The two pins are connectedto each other on the IRTX
board.

When the data signal is low, the IR transmitter is disabled. This input hasa 33k pulldown resistor to ground,
keepingthe transmitter disabled in the absenceof a driving signal.

NOTE : When this signal is driven by an output with a 10k pullup resistor, the combination of 33k pulldown
resistor and 10k pullup resistor will lead to a high logic level in the absenceof a driving signal (i.e., when
the output has beencon�gured as an input). This combination will enablethe transmitter until the output
pin is so con�gured and driven low.

3.4. Board Op eration

The IRTX board requires adjustment of frequency and radiant power prior to operation. Then, applying a
high logic-level signal to the data input connector enablesthe transmitter. Applying a low logic-level signal
disablesthe transmitter.

3.4.1. Frequency Adjustmen t. Potentiometer R6 adjusts the frequencyof oscillation. The nominal
frequency depends upon the actual values of resistor R3 and capacitor C3. Potentiometer R6 allows this
frequencyto be trimmed to the desiredvalue. The IR Receiver boardsusedby Wallaceare tuned to a center
frequency of 36.7 kHz. Tuning R6 for this frequency allows for maximum sensitivity at minimum power,
although this may not always be desirable.

The frequencyof oscillation may be probed with an oscilloscope at the two resistor pins (R2 and R3) directly
below the data connector J2, or at the test point directly below potentiometer R5. The test point directly
to the right of the power connector J1 represents GND, thus the oscilloscope ground lead may be connected
at this point.

Turning R6 clockwise increasesits resistance,thus decreasingthe frequency. The frequency is determined
by:

f =
1

1:4 � (R3 + R6) � C3

At the halfway setting of the potentiometer, its resistancewill be 5k and the nominal frequencywill be:

f =
1

1:4(15000+ 5000)� 1x10� 9 = 35:7kHz

The two extremesof the potentiometer allow for frequenciesbetween and 28.6 kHz to 47.6 kHz, assuming
exact resistanceand capacitancevalues.
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CHAPTER 3. INFRARED TRANSMITTER 3.5. SCHEMATIC AND BOARD LAYOUT

3.4.2. Power Adjustmen t. Potentiometer R5 adjusts the power delivered to the IR transmitter.
Turning R5 clockwise increasesits resistance,thus decreasingthe power. At its minimum resistance,the
current level is limited to approximately 30mA. At its highest resistance,the current level is limited to less
than 1mA.

The current level can be measuredby connecting an oscilloscope to the test point directly below R5. The
ground lead of the oscilloscopecan be connectedto the test point directly to the right of the power connector
J1. The oscilloscope will show the voltage Vr acrossa 100
 resistor, thus determining the resistor current
by:

I r =
Vr

100
The current 
o wing in the resistor is the sameas the current 
o wing in the IR transmitter diode.

3.4.3. Infrared Transmitter. The infrared transmitter LED is a SharpGL480 infrared emitting diode.
It has a nominal peak emissionwavelength of 950nm and a very narrow beam angle (t ypically � 13o). Four
relevant graphs from the GL480 data sheethave beenreproduced in Figure 3.4.1 below.

3.5. Schematic and Board Layout

The schematic of the IRTX board is shown in Figure 3.5.2. Its board layout is shown in Figure 3.5.1.
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(a) Spectral Distribution (b) Radiant Flux vs. Forward Current

(c) Relative Radiant Intensity vs. Distance (d) Radiation Diagram

Figure 3.4.1. Four graphs excerpted from the data sheetof the Sharp GL480 infrared transmitter.
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Figure 3.5.1. Board Layout of the IR Transmitter Board
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Figure 3.5.2. Schematic of the IR Transmitter Board
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CHAPTER 4

Infrared Receiv er

4.1. In tro duction

The infrared receiver (IRRX) board providesa 36.7kHz bandpassinfrared receiver with a logic level output.
When su�cien t infrared light (near 950nm) is detectedat a modulation frequencyof approximately 36.7kHz,
the infrared receiver assertsa logic-level low. Otherwise, a logic high is driven via a pullup resistor.

The infrared receiver board is matched to the Infrared Transmitter board described in Chapter 3. Together,
the two units can be used to communicate betweentwo robots, to sensenearby objects via light re
ection,
or to usea standard householdremote control for communicating with a robot.

4.2. Board Diagram

A photograph of the IRRX board is shown in Figure 4.2.1.

4.3. Connectors

4.3.1. Board Power. Connector J1 provides power to the IRRX board. A connectiondiagram of this
connector is shown in Figure 4.3.1. The view of this connector is from the top of the board, where the
connector mates. The thick line in the diagram represents the connector's retention tab.

The leftmost two pins must provide a regulated VCC (+5V) and ground power supply. The rightmost pin
is not usedon this board. The load current of this board is approximately 3mA.

IR Receiver

J1 Power Connector

J2 Data Connector

Figure 4.2.1. Photograph of the infrared receiver board

VCC GND

Figure 4.3.1. Diagram of the power connector J1 on the IR Receiver board (top view)
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DataData

Figure 4.3.2. Diagram of the data connector J2 on the IR Receiver board (top view)

(a) FrequencySensitivity (b) Spectral Sensitivity (c) Directivit y

Figure 4.4.1. Three graphs excerpted from the data sheet of the Panasonic PNA4611
infrared detector.

4.3.2. Data. Connector J2 is a pulled-up open-drain data output from this board. This signal is used
to indicate the presence(logic low) or absence(logic high) of modulated infrared light. A connectiondiagram
of this connector is shown in Figure 4.3.2. The view of this connector is from the top of the board, where
the connector mates. The thick line in the diagram represents the connector's retention tab.

Notice that the two pins represent the samesignal. The two pins are connectedto each other on the IRRX
board. Furthermore, note that these pins are driven through a 1k series-limiting resistor from the infrared
detector.

4.4. Board Op eration

The IRRX board requiresno adjustment. The board assertsa low level when it detectsa su�cien tly powerful
infrared light sourcenear 950nm and oscillating at approximately 36.7 kHz.

4.4.1. Infrared Receiv er. The infrared receiver device is a PanasonicPNA4611M00XD photodetec-
tor. Three relevant graphs from the PNA4611 data sheethave beenreproduced in Figure 4.4.1.

The PNA4611 is an open-drain device. It actively pulls the signal low when infrared light is detected, and
allows the signal to be pulled-up to a high level through an internal 20k resistor (approximately). Care
must be taken, therefore, when choosing which input pin to connect to on the 68HC11. Input pins with 10k
pull-down resistorsare not appropriate as the logic-high level is given by the resistor-divider relationship:

Vh =
10k

10k+ 20k
� 5V = 1:7V

This is not an appropriate logic level voltage; a signal at this level will most likely not be interpreted as a
logic-high.
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Figure 4.5.1. Board Layout of the IR Receiver Board

4.5. Schematic and Board Layout

The schematic of the IRRX board is shown in Figure 4.5.2. Its board layout is shown in Figure 4.5.1.
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Figure 4.5.2. Schematic of the IR Receiver Board
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CHAPTER 5

Motor Driv er

5.1. In tro duction

The motor driver board is capable of driving two DC motors or one stepper motor. Each coil output is
rated for 600mA, although a combined current output greater than 600mA (i.e., 300mA per coil) will require
heatsinking.

The motor driver accepts two logic-level inputs for each coil: enable and direction. The direction input
controls the direction of current 
o w through the coil outputs. The enable input, when asserted high,
enablescoil current, otherwise the coil signals are high-impedance. The two motor coils are completely
independent in both control inputs and coil outputs.

5.2. Board Diagram

A photograph of the motor driver board is shown in Figure 5.2.1.

5.3. Connectors

5.3.1. Board Power. Connector J1 provides power to the motor driver board. A connection diagram
of this connector is shown in Figure 5.3.1. The view of this connector is from the top of the board, where
the connector mates. The thick line in the diagram represents the connector's retention tab.

The leftmost two pins must provide a regulated VCC (+5V) and ground power supply. The rightmost pin
provides the motor voltage (V+). This voltage must be in the range of 5V through 36V. The VCC load
current of this board is anywhere from 10mA to 80mA (approximate) depending upon operating conditions.

J1 Power Connector

J4 Data Connector

J3 Motor B

J2 Motor A

Figure 5.2.1. Photograph of motor driver board
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VCC GND V+

Figure 5.3.1. Diagram of the power connector J1 on the motor driver board (top view)

EN0 D0 D1 EN1

Figure 5.3.2. Diagram of the data connector J4 on the motor driver board (top view)

A0

B0

Figure 5.3.3. Diagram of connector J2, driving motor coil A

A1

B1

Figure 5.3.4. Diagram of connector J3, driving motor coil B

5.3.2. Input Data and Motor Outputs. Connector J4 is the data input to this board, providing
direction and enable control inputs for both motor coils. A connection diagram of this connector is shown
in Figure 5.3.2. The view of this connector is from the top of the board, where the connector mates. The
thick line in the diagram represents the connector's retention tab.

The EN0 input enables(when high) motor coil A on connector J2, shown in Figure 5.3.3. The D0 input
determines the voltages applied to motor coil A. When D0 is low, then the A0 output is low and the B0
output is high (near motor voltage V+). When D0 is high, then A0 and B0 are the opposite polarit y.

The EN1 and D1 inputs serve the samepurposefor motor coil B on connector J3, shown in Figure 5.3.4.
When D1 is low, then the A1 output is low and the B1 output is high. When D1 is high, then A1 and B1
are the opposite polarit y.

5.4. Board Op eration

The motor driver board translates digital signals to voltagesand currents that are not supported by digital
drivers. In addition, the motor driver outputs have protection diodes that shunt inductiv e back-emf spikes
to the power suppliesand thereby protect the digital circuitry .

5.4.1. Motor Driv er. The motor driver deviceis a TexasInstruments L293D. A block diagram of this
device is shown in Figure 5.4.1.

The ENABLE1 input in the diagram corresponds to the EN0 input on the motor driver board, while the
ENABLE2 input corresponds to the EN1 input.

5.5. Schematic and Board Layout

The schematic of the motor driver board is shown in Figure 5.5.2. Its board layout is shown in Figure 5.5.1.
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Figure 5.4.1. Block diagram of the L293D motor driver (from SGS-Thomsondata sheet)

Figure 5.5.1. Board Layout of the motor driver board

Cop yrigh t c
 2003 Andrew Sterian 29



5.5. SCHEMATIC AND BOARD LAYOUT CHAPTER 5. MOTOR DRIVER

Figure 5.5.2. Schematic of the motor driver board
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CHAPTER 6

Analog/Digital I/O

6.1. In tro duction

The analog/digital I/O board comprisesa variety of sensorsand actuators into a single multi-purp oseunit.
The board has a light sensor, two pushbutton switches, two LED's, a battery voltage level, and a poten-
tiometer.

6.2. Board Diagram

A photograph of the analog/digital I/O board is shown in Figure 6.2.1.

6.3. Connectors

6.3.1. Board Power. Connector J1 provides power to the I/O board. A connection diagram of this
connector is shown in Figure 6.3.1. The view of this connector is from the top of the board, where the
connector mates. The thick line in the diagram represents the connector's retention tab.

J1 Power Connector

J3 Data
Connector

J2 Data
Connector Photo-resistor

Potentiometer

LED's

Pushbutton Switches

Figure 6.2.1. Photograph of the analog/digital I/O board.

VCC GND V+

Figure 6.3.1. Diagram of the power connector J1 on the analog/digital I/O board (top view)
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POT

PHOTO

BATVOLT

Figure 6.3.2. The analog data connector J2 on the I/O board
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Figure 6.3.3. The digital data connector J3 on the I/O board

6.3.2. Analog Output Connector. Connector J2 on the I/O board provides three analogoutputs for
the battery voltage, light sensor,and potentiometer. A diagram of this connector is shown in Figure 6.3.2.
The view of this connector is from the top of the board.

6.3.3. Digital I/O Connector. Connector J3 on the I/O board has two digital inputs for the LED's
and two digital outputs for the pushbutton switches. A diagram of this connector is shown in Figure 6.3.3.
The view of this connector is from the top of the board.

6.4. Board Op eration

6.4.1. Poten tiometer. A 50k potentiometer provides an analog output voltage between0V and 5V.
Turning the potentiometer shaft clockwise increasesthe voltage output. The potentiometer center wiper is
connectedto the POT signal on connector J2 through a 1k seriesresistor.

6.4.2. Ligh t Sensor. A cadmium-sul�de (CdS) photo-resistor provides an analog output voltage be-
tweenapproximately 1V and 5V at the PHOTO signal on connector J2. The voltage goesdown as the light
intensity increases.

The CdS device is a Photonic Detectors PDV-P9203. At a light intensity of 10 Lux, the nominal resistance
of the device is anywhere from 5k to 20k. At 100 Lux, the resistancemay be as low as 1k. In darkness,the
resistancewill be approximately 20M
. The devicehas a spectral characteristic that peaksat 520nm.

6.4.3. Battery Voltage Monitor. A simple resistor divider is usedto divide the V+ terminal on the
power connector J1 by a nominal factor of 4.32, providing this analog voltage at the signal BATV OLT on
connector J2. Thus, the following nominal relationship holds:

BATV OLT =
V+
4.32

The resistorsusedin the voltage divider have a toleranceof 1% thus the actual divider ratio may range from
4.25 through 4.39.

6.4.4. Push button Switc hes. Two momentary contact, normally open pushbutton switchesare con-
nected to signals SW1 and SW2 on connector J3. These switches make a momentary contact to ground
through a 1k seriesresistor. When open, the switchesare pulled up to VCC through a 2.7k resistor, along
with the 1k seriesresistor.

6.4.5. LED's. Two light-emitting diodes(LED's) are driven by the LED1 and LED2 inputs on connec-
tor J3. When driven low or unconnected,the LED's are o�. When driven high, the LED's turn on. LED1
is a yellow LED, while LED2 is a greenLED.
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Figure 6.5.1. Fabrication drawing of the I/O board

6.5. Schematic and Board Layout

The schematic of the analog/digital I/O board is shown in Figure 6.5.2. A fabrication drawing of the board
is shown in Figure 6.5.1.
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Figure 6.5.2. Schematic of the I/O board
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CHAPTER 7

Wheel Rotation Sensor

7.1. In tro duction

The wheel rotation sensorboard is designedto useinfrared re
ections from markers on the robot wheelsto
indicate wheelmovement. A digital logic output from the wheelsensorboard can be usedto determine when
markerson the wheelspassby the infrared sensor.The wheel rotation sensorsystemactually comprisestwo
boards: the main driver and sensorlogic board, and a small external board which holds the actual re
ectiv e
sensor. The main driver board is mounted on the robot chassisas with other boards, while the external
board is mounted so that the sensoris located within a few millimetres of the wheel.

7.2. Board Diagram

A photograph of the wheel rotation sensorboard and its external component is shown in Figure 7.2.1.

7.3. Wheel Rotation Sensor Connectors

7.3.1. Board Power. Connector J1 provides power to the wheel rotation sensorboard. A connection
diagram of this connector is shown in Figure 7.3.1. The view of this connector is from the top of the board,
where the connector mates. The thick line in the diagram represents the connector's retention tab.

J1 Power Connector

J2 Data Connector

J3 External
Sensor Connector

R1 Reference
Voltage Adjustment

R3 Emitter Power
Adjustment

J1 Sensor Board Connector

IR Emitter
IR Detector

Figure 7.2.1. Photograph of the wheel sensorboard and the external sensor

VCC GND

Figure 7.3.1. Diagram of the power connector J1 on the wheel rotation sensorboard (top view)
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DataData

Figure 7.3.2. Diagram of the digital output connector J2 on the wheel rotation sensor
board (top view)

Anode

GND

GND

Collector

Figure 7.3.3. Diagram of the external sensorconnector J3 on the wheel rotation sensor
board (top view)
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Figure 7.4.1. Diagram of the wheelsensorconnectorJ1 on the external wheelsensorboard
(top view)

7.3.2. Digital Output Connector. ConnectorJ2 on the wheelrotation sensorboard providesa digital
signal that represents an active-low indication of infrared re
ection. A diagram of this connector is shown
in Figure 7.3.2. The view of this connector is from the top of the board.

7.3.3. External Sensor Connector. Connector J3 on the wheel rotation sensorboard connects to
the external infrared sensor.A diagram of this connector is shown in Figure 7.3.3. The view of this connector
is from the top of the board.

The Collector signal is intended to be connectedto the collector of the phototransistor detector, while the
Anode signal is intended to be connectedto the anode of the photodiode emitter. The two ground signals
are intended as return paths for the emitter and detector.

7.4. External Wheel Sensor Connectors

7.4.1. Wheel Sensor Connector. Connector J1 on the external sensorboard provides connections
to the IR re
ectiv e sensor.A diagram of this connector is shown in Figure 7.4.1. The view of this connector
is from the top of the board.

7.5. Board Op eration

7.5.1. Re
ectiv e Photosensor. The external wheel sensorboard contains a re
ectiv e photosensor
(the QRB1114from Fairchild Semiconductor)that contains an infrared-emitting diode and infrared-sensitive
phototransistor in a single housing. The devicesare matched and focusedto provide maximum sensitivity
0.2" away from the face of the sensor.Figure 7.5.1 shows an excerpt from the QRB1114 datasheetshowing
relevant information.
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Figure 7.5.1. Excerpt from the Fairchild Semiconductor datasheet for the QRB1114 in-
frared re
ectiv e photosensor

7.5.2. Emitter Power. The power of the infrared diode emitter in the QRB1114 is controlled by
potentiometer R3 on the main wheelsensorboard. Turning this potentiometer clockwise reducesthe emitter
power. The emitter current is allowed to vary from approximately 17 mA down to 1.5 mA.

7.5.3. Comparator. The phototransistor collector voltage is compared to a referencevoltage set by
potentiometer R1. A comparator actively driveslow when the phototransistor voltage is below the reference
voltage, indicating the presenceof a re
ection. The referencevoltage varies anywhere from 0V to 5V and
increasesas the potentiometer is turned clockwise.

7.5.4. Digital Output. The comparator output actively driveslow (through a 1k seriesresistor) when
the re
ectiv e sensordetects infrared light. This output signal is pulled-up to VCC through a 2.2k pull-up
resistor and a 1k seriesresistor, for an e�ectiv e pull-up resistanceof 3.2k. This digital output is available at
connector J2 on the main wheel rotation sensorboard.
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Figure 7.6.1. Fabrication drawing of the wheel rotation sensorboard

Figure 7.6.2. Fabrication drawing of the external wheel sensorboard

7.6. Schematic and Board Layout

The schematic of the wheel rotation sensorboard is shown in Figure 7.6.3. A fabrication drawing of the
board is shown in Figure 7.6.1. The schematic for the external wheel sensorboard is shown in Figure 7.6.4,
and its fabrication drawing in Figure 7.6.2.
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Figure 7.6.3. Schematic of the wheel rotation sensorboard
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Figure 7.6.4. Schematic of the external wheel sensorboard
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APPENDIX A

NiMH Battery Charge and Discharge

This section describes the nature of the charge and discharge cycles of the Nickel-Metal-Hydride (NiMH)
batteries used in Wallace. The original batteries speci�ed for Wallace are Duracell 1800 mAh batteries.
That is, the batteries are, in theory, capable of delivering 1800mA of current for one hour, or 900mA of
current for two hours, etc. In practice, the battery discharge characteristic is more complicated (see the
next section). Similarly, the batteries are rated for a lifetime of 500 charge/discharge cycles. This number,
however, depends upon optimum charging and discharging behavior, as well as storage and operation at
normal room temperature.

The nominal capacity of a battery is frequently called \C" . Thus, 1800mAh batteries have C=1800. The
value of C is often usedto refer to chargeand dischargerates rather than actual current levels. For example,
the power board in Wallace chargesthe batteries at a current level of approximately C/2.4 (which is equal
to 1800/2.4=750mA).

Note that batteries from di�eren t manufacturers will have slightly di�eren t characteristics, although if the
batteries are of the NiMH type, they will all have similar charge/dischargeconsiderations. It is possibleto
useother battery technologiesin Wallace, but it is not possibleto chargeany battery technology other than
NiMH. Attempting to do so may lead to battery damage,will de�nitely lead to underperforming batteries,
and may in the worst caselead to �re or leakageof dangerouschemicals.

A.1. Disc harge

A fully charged NiMH battery cell has a no-load voltage of between 1.25V to 1.35V. As the battery is
discharged, the voltage quickly drops to a voltage of approximately 1.2V. Then, the voltage slowly decays
as the battery discharges. The voltage decay is dependent upon the load current. As the battery nears
discharge, the voltage beginsto drop rapidly. When the cell voltage reachesapproximately 1.0V, the battery
is fully discharged.

Note that the cell voltage is a strong function of load current and temperature. In general,higher tempera-
tures lead to higher voltagesover the discharge cycle and slightly longer discharge time. The temperature,
however, must not be allowed to be outside the range of -20

o
C to 50

o
C on discharge and 0

o
C to 45

o
C on

charge. As Wallace will most likely only be operated under room temperature conditions, only load current
behavior is presented here.

A.1.1. Disc harge Curv e. A sampledischarge curve is shown in Figure A.1.1. This curve represents
a set of 8 fully chargedbatteries that were �rst dischargedbrie
y at approximately 20mA, the current draw
of the Wallace power board in normal operating mode. The no-load voltage of the batteries was 11.11V,
or 1.39V per cell. After 40 seconds,the 500mA load was turned on and the battery pack voltage quickly
dropped to 10.59V, or 1.32V per cell. The discharge then continued for approximately 157 minutes at a
constant current of 500mA until a cuto� voltage of 8.4V was reached1. At this point, the power board
entered shutdown mode and only a nominal 10mA current load wassustained(enoughto power the Wallace
power board in shutdown mode). When the 500mA load was removed, the battery voltage quickly climbed,
settling at 9.75V.

Another discharge curve can be seenin Figure A.1.2. The batteries begin in the discharged state, as shown
at the end of the procedureof Figure A.1.1. The load current, however, was only 50mA at the beginning of
this procedure. Notice, therefore, that although the batteries appearedfully discharged under 500mA load,
they continue to deliver power at 50mA. The conceptof a \dischargedbattery" , then, dependsstrongly upon
load current.

1Note that the minim um voltage of 8.4V is not visible on the graph. The battery voltage was sampled every 2 seconds,
and the rate of voltage drop at this point was so high that the cuto� voltage of 8.4V was reached in between two sample points.
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Figure A.1.1. Dischargecurveof 8 fully-chargedDuracell NiMH batteries under a constant
500mA load
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Figure A.1.2. Discharge curve of 8 mostly-dischargedDuracell NiMH batteries (from the
procedureshown in Figure A.1.1) under varying loads.
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At approximately 40 minutes, the load current was increasedto 100mA. The battery voltage drops slightly
and the rate of voltage drop increases.After almost 90 minutes of additional discharge, the batteries appear
depletedonceagain,with their voltagedropping below 8.4V. Eventhen, the batteries arecapableof additional
operation. The next phaseof the graph shows the battery voltage climbing as the load is removed, then
falling again as a 100mA load is reapplied. The batteries continue to discharge for approximately 2 minutes.

The battery voltageclimbs again asthis load is removed, then a 50mA load is applied. The batteries continue
to discharge now for over 15 minutes at this reduced load. After they appear depleted, the power is cycled
onceagain and an additional few minutes of power at 50mA are obtained.

In summary, the discharge characteristics of the batteries depends upon the charge state of the batteries,
the load current, and how much time the batteries have had to \rest."

Referring back to Figure A.1.1, notice that a fully charged set of batteries delivered 500mA of current for
157 minutes, which corresponds to an energy discharge of 1308mAh, or only 0.73C. The rated capacity of
1800mAh is only available under optimal conditions and minimal load current, and also assumesoptimally
charged batteries with no self-discharge e�ects or voltage depressione�ects (see the following sections).
The batteries used in these tests had only been charged once after purchase, thus probably su�ered from
self-discharge e�ects.

A.1.2. Self-Disc harge. OnceNiMH batteries are charged,they begin a processof self-dischargewhich
lowerstheir energylevel and their capacity. Both, however, are reversibleafter a few charge/dischargecycles.

Self-dischargedependson storagetemperature. At normal room temperature, the battery capacity is reduced
to approximately 90% after 10 days of storage,and 80% after 30 days of storage. The capacity reduction is
approximately halved by storing the batteries at 0

o
C. At 45

o
C, however, the batteries are reduced to 30%

capacity after 30 days!

For long-term storage, however, it is recommendedthat the batteries be stored at a temperature between
10

o
C and 30

o
C, thus storagein a refrigerator is not recommended,although the cooler the temperature the

better.

A.1.3. Voltage Depression. The voltage depressionproperty of NiMH batteries is also known as
\memory e�ect." This is a reversible phenomenon that arises from incomplete charge/discharge cycles.
Voltage depressionmanifestsas reducedbattery voltage during discharge and reducedcapacity.

Voltage depressionoccurs when batteries are only allowed to discharge to 1.2V per cell (or 9.6V for 8 cells).
A lesspronouncede�ect occurs when a discharge level of 1.1V-1.15V per cell is used(8.8V-9.2V for 8 cells).
Allowing the cells to discharge to 1.0V per cell should result in no appreciablevoltage depression.Wallace
usesa cuto� level of 1.05V per cell (8.4V for the 8-cell battery pack) to minimize voltage depressionwhile
guarding against deepdischarge.

For maximum battery capacity and voltage, the batteries should be allowed to discharge to their cuto�
voltage such that Wallace enters shutdown mode, especially under low current drain. Under high current
loads, the cuto� voltage is reached before the batteries are fully discharged, as discussedin Section A.1.1.

A.2. Charging

A NiMH battery is chargedby applying a voltage that is higher than the cell's voltage, while controlling the
current 
o w into the battery and the battery temperature. The tradeo�s in charging relate to the maximum
current supported by the battery, the amount of time it takes to charge, and the current and temperature
limitations of the power supply and charging circuit. Generally, NiMH batteries will safely support charging
at currents up to 1C, thus leading to a maximum recharging time of only 1 hour. This strategy, however,
requires a power supply that can supply 1.8A and a charging circuit that will not overheat at this current
level.

In Wallace, the charging circuit limits the current to 750mA, or C/2.4, in order to place more modest
demandson the power supply, allowing inexpensive and easily available wall-mount transformers to be used.
Also, the reducedcurrent level allows the charging circuit to be built from inexpensive components and to
limit their temperature rise of these components for higher reliabilit y and longer life. At a C/2.4 charging
current, the batteries will be fully charged in no more than two and a half hours.
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A.2. CHARGING CHAPTER A. NIMH BATTER Y CHARGE AND DISCHARGE
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Figure A.2.1. Charging curve for 8 Duracell NiMH cells at C/2.4 charging current

A.2.1. Charging Curv e. A sample charging curve is shown in Figure A.2.1. This curve represents
8 fully-discharged batteries (after the procedure shown in Figure A.1.2) charged using the Wallace power
board at a C/2.4 current (750mA).

When fast chargebegins,the battery pack voltage quickly risesto above 11.5V. The voltage continuesto rise
more slowly, until near the end of the charging cycle when it begins to rise quickly again. At this time, the
temperature of the batteries also increasesto about 50

o
C. As the batteries charge fully, their voltage drops

from a maximum of 12.3V (or 1.54V per cell) to 12.2V. The charging circuit detects this voltage drop, which
is characteristic of the NiMH technology, and switchesfrom fast charge to tric kle charge. At this point, the
battery pack voltage drops quickly to its nominal no-load voltage of 11.1V. The charging circuit maintains
this voltage with a C/300 (6mA) tric kle charge, overcoming the e�ects of self-discharge (seeSection A.1.2
above).

The charging processis temperature dependent. The charging processshown in Figure A.2.1 wasperformed
at room temperature. Cell capacity is reducedat higher charging temperatures.

The charging processshown above also assumesthat discharged batteries are used. When the charging
processis applied to already-charged batteries, it takes approximately 10 minutes to observe the drop in
voltage that indicates termination. For this time, then, the batteries are being overcharged. This may result
in excessive battery internal pressureor temperature, leading to cell damageor venting of gases.Therefore,
only batteries that are not fully charged should be recharged. To minimize voltage depressione�ects (see
Section A.1.3), only fully-discharged batteries should be recharged.
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