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T600/T500 Scrub Controller  Board

(REFERENCE ONLY) PCA VARIANTS:
STANDARD  NO TELEMETRY   1229861
WITH TELEMETRY POPULATED 1229859

Changelog:
REV A--Initial concept.
REV B--Eliminate contactor driver and precharge.
     --Q25058-001 Mule boards.

(U64 SAME FIRMWARE TELEMETRY
VS. STANDARD VERSIONS)

REFERENCE ONLY
BOM ITEMS:

LAYOUT FEATURES:

REV C--Change TVS on wand pump driver.
     --Q25058-002 P1.5 boards.
     --Delete MODEM_IN_RANGE signal from main micro.
     --Add new multivibrator U78 for vac drive.
     --Change bias pullups on current amps to 560K.
     --Change gate drive resistors on half and full bridge drivers to 10 ohms,.

REV D--Change connection of Vbat pin to Vdd. Q25058-003 P2.5 board.
     --R175 increased to 1K for more ESD protection.
     --Change L1 to a larger size.
     --Replace U42 with higher current part.
     --Replace wand pump driver with higher 16A cpability driver.
     --Some TVS diodes were 45V, some were 48V.  Change them all to 48V in anticipation of using this board in a 36V machine.
     --Add RC filter to SHUNT_CURRENT and SHUNT_REFERENCE.
     --Add 470uF bulk capacitor to WAND_PUMP_HIGH.
     --Add capacitor on I-drive enable output.

REV E--Q25058-003 Prod boards same PCB as P2.5..
     --Update DNI items for generating production BOM.

REV F--Populate C434 with 150pF..

Paraguay Changes: Q26033-001

REV A -

-- REV BITS on both micros set to 010.
-- Bulk Capacitors set to 63V capacity with same footprint
-- TVS diodes verified to support higher VBATT
-- Resistors changed to accomodat higher VBATT: 
      R192 124K  -> 169K
      R199 44.2K -> 66.5K
      R171 200K  -> 267K

REFERENCE SCHEMATIC Q26008-001 

Paraguay Changes: Q26033-002

REV A -

-- REV BITS on micro U64 set to 011
-- Added note to place Ground lines around RESET_DRIVERS line to remove coupling issues. 
-- Changed 
           All Half and full bridges Rg from 10ohm to 3ohm. 
           All Half and full bridges Cgs for top FETs to DNI.
           All Reset Driver lines changed from 100kohms to 1kohms with 0.1uf capacitance to ground.
           Reset Driver Pull up resistor from 1K to 250 ohms with 0.1uf capacitance to ground. Title
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MH6 MH3

SCHEMATIC Q26033-002

HEATSINK MOUNTING HOLES

1
2
3
4
5
6
7
8

MH1

CORNER MOUNTING HOLES

WIFI FIRMWARE - U54 N/A

MH5

MAIN FIRMWARE - U64 Q30067-00X

MH4

TELEMETRY FIRMWARE - U72 Q30076-00X

MH2

PCB Q25058-004
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TRANSCEIVER IS AN ENDPOINT.
POPULATE 62 OHM RESISTORS.

CAN INTERFACERS-232 SERIAL PORT

5V TOLERANT INPUTS EXCEPT PB0, PB1

GREEN LED
HEARTBEATYELLOW LED

CAN

CORE VOLTAGE
=1.2V+-10%

TTL LEVEL INPUTS

JTAG

27 Ohm resistors are from the evaluation board design
http://www.luminarymicro.com/products/dk-lm3s9b96.html

Pin 7 - JTAG_RTCK
NO CONNECT

ELECTROSTATIC DISCHARGE PROTECTION
over operating free-air temperature range 
PARAMETER TEST CONDITIONS VALUE
IEC Contact Discharge IEC 61000-4-2 Bus terminals vs GND ±6 kV
Human Body Model JEDEC Standard 22,Test Method A114-C.01  Bus terminals vs GND ±8 kV 
                                                          All pins ±4 kV
Field-Induced-Charged Device Model JEDEC Standard 22,Test Method C101 All pins ±1.5 kV 
Machine Model ANSI/ESDS5.2-1996 ±200 V

A JST PH SERIES SMT CONNECTOR
2MM PITCH STRAIGHT UP HEADER

NOT POPULATED
GPIOS HAVE SCHMITT TRIGGER INPUTS
GPIO DEFAULT: PULLDOWN OFF, PULLUP OFF,
TRISTATED, INPUT.
ACCEPTABLE PRACTICE FOR UNUSED GPIOS IS NC.

DNI
FOR
PRODUCTION

MICROPROCESSOR

Vf=2.1V typ, gives 8mA.

THIS POWER MONITOR IS USED 
TO INTERRUPT ON KEYSWITCH TURNED ON.

All GPIO pins are configured as GPIOs by
default with the exception of:
PA1:0 DEFAULTS TO UART0
PA5:2 DEFAULTS TO SSI0
PB3:2 DEFAULTS TO I2C0
PC3:0 DEFAULTS TO JTAG

440uA max in

DNI FOR
PRODUCTION

REF TO POT TAKES 660uA MAX

A/D IS 12 BITS (MAX COUNT 4095)

VDDA RANGE 2.97V to 3.63V.

VREFA+ RANGE 2.4V to VDDA.

VREFA- RANGE 0V to 0.3V.

BOARD REVISION BIT 0
BOARD REVISION BIT 1
BOARD REVISION BIT 2

BOARD REVISION BIT DECODER:
BIT        2    1    0
REV 0      0    0    0     MULE BOARD
REV 1      0    0    1     P1.5 BOARD AND P2.5 SO FAR
REV 2      0    1    0     PARAGUAY
REV 3      0    1    1    T500/T600 Gate Drive fixes with Reset line clean up

DNI

ERRATA versions 6&7:
The following pins (which are dependent on pin package) are fixed at a 4 mA pad drive
and are not configurable for open drain: PL6 and PL7 (157-BGA, 144-LQFP)

VAC FAN 2 PINS RESERVED 
FOR CARPET CARE VERSION.

MAXIM DS1816-10 3.3v RESET, 
OPEN DRAIN $.54
INTERNAL 5.5K PULLUP, 
SOT23 PACKAGE
produces a 150msec pulse.

1 36

37

72

73108

109

144

TQFP144

FLASH 256KB
SRAM 32KB

DEBUG_RX

DEBUG_TX

HEARTBEAT_LED

DEBUG_RX
DEBUG_TX

FLASH_RX

FLASH_CLK

FLASH_TX

FLASH_CS/

DEBUG_RX_IN

CAN_LED

PL6

FLASH_WP/

PL2

CAN+
CAN-

PJ4

PJ7

PJ0

PL3
PL4

PN6
PN7

PM5
PM6
PM7

PD7

PL5

DEBUG_TX_OUT

232_TX_TELEM

232_RX_TELEM

+5V

+3.3V

+3.3V

+3.3V

+3.3V

+3.3V

+3.3V +3.3V +3.3V

+5V

+3.3V +3.3V +3.3V

+3.3V

+3.3V

JTAG_RESET_IN 2,3

JTAG_TMS 2
JTAG_TCK 2

JTAG_TDI 2
JTAG_TDO 2

JTAG_TDO2

JTAG_TCK2
JTAG_TMS2
JTAG_TDI2

ORBITAL_DF2_SWITCH10

PARKING_BRAKE_SWITCH10
SQUEEGEE_DN_VACUUM_SWITCH10

CHEMICAL_TANK_SWITCH10

VBAT_PWR_MONITOR_ANALOG3

SCRUB_HEAD_MIDDLE_SWITCH 10
EC_WATER_CB_READ 10
ESTOP_READ 5
IDRIVE_CB_READ 5

VALVE_STROBE6

ACTUATOR_STATUS4
SCRUB_1_STATUS7

SCRUB_1_SPEED 7

VAC_FAN_1_CURRENT_FB 9

VAC_FAN_1_STATUS9

CHEMPUMP_CURRENT_FB 6

I_DRIVE_ENBL 5
IDRIVE_AUX2_IN 5
IDRIVE_AUX3_IN 5

VAC_FAN_1_ENBL 9

CHEMPUMP_SPEED 6

VAC_FAN_1_SPEED 9

VALVE_DRIVE6

SCRUB_1_CURRENT_SET 7

CHEMPUMP_POT_BUFFERED5

HOUR_METER_ENBL 5

KEYSWITCH_PWR_MONITOR_DIGITAL3,4,5,6,7,8,9,11

RESET\ 3

+3.0V_REF 3,5,10

ACTUATOR_CURRENT_FEEDBACK4
SCRUB_1_CURRENT_FB7

VALVE_CURRENT_FB6

I2C0SCL
I2C0SDA

SCRUB_2_CURRENT_FB 8

ACTUATOR_MOTOR_DIRECTION4

SCRUB_2_SPEED 8

SCRUB_2_STATUS8

SCRUB_2_CURRENT_SET 8

WAND_PUMP_SPEED 11

WAND_PUMP_STATUS2,11

WAND_PUMP_CURRENT_FB 11

CHEMPUMP_STATUS6
VALVE_STATUS6

CAN0_RX2
CAN0_TX2

CAN0_TX2
CAN0_RX2

ACTUATOR_ENABLE4
SCRUB_1_ENBL7

SCRUB_2_ENBL8

WAND_PUMP_CB_READ5

ACT_CURRENT_SET4

VAC_FAN_1_CURRENT_SET 9

ACTUATOR_MOTOR_SPEED 4

SCRUB_HD_MAX_DF_SWITCH 10

CAN+ 12
CAN- 12

JTAG_RESET_IN 2,3

U0TX_TEL12

U0RX_TEL12

ORBITAL_DF1_SWITCH10
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C234
0.047uF

X1 ABLS-16.000MHZ-B2-T

C372

0.1uF

C349 0.1uF

FB8 300 Ohms

C333

0.1uF

C348
1uF

J17

JTAG
20021121-00010C4LF

1 2
3 4
5 6
7 8
9 10

C370
0.1uF

C309

0.1uF

R362
100K

FB5
300 Ohms

C336 0.1uF

FB1
300 Ohms

R259

C374
0.01uF

R262
62

R265
1K

TP68

R350

1K

R349
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R238

R351

1K

C321
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C232 0.1uF

U59

DS1816R
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R11 162

C366
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R2OUT
9
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14C1+

1
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C2+
4

C2-
5

V+
2

V-
6

VCC
16

T1IN
11
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10

T2OUT
7
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8
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FB7
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C367
1uF

D34 GSOT05C
COM
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2
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1
A1

C343 0.1uF
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0.01uF

C345
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R263
62
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1uF
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C358
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LED2_Y1
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4

VREF
5

CANL
6CANH
7

SILENT
8

R364
100K

C359

0.022uF

U68

AT45DB081E/SOIC_NARROWANDWIDE

VCC
6

GND
7

SCLK
2

SI
1

SO
8

RST
3

WP
5

CS
4

C301
18pF

R240 27.4

R378
10K

R4 162

C375

2200pF

J16

TELEM_DEBUG

1
2
3
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C300
18pF

J13

CON4
VERTICAL
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3
4

C360

6800pF

C346
0.01uF

R239

LED1_G1

LED

J9

CON4
VERTICAL
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C339 0.1uF

R365
100K

R241

R370
10K

R266 0 ohm

J14

MAIN_DEBUG

1
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U64

TM4C123GH6PGEI

PA0/U0RX
37

PA1U0TX
38

PA2/SSI0CLK
39

PA3/SSI0FSS
40

PA4/SSI0RX
41

PA5/SSI0TX
42

PA6
45

PA7
46

PC3/TDO
115 PC2/TDI
116 PC1/TMS
117 PC0/TCK
118

PC7/GPIO1
33 PC6/GPIO0
34 PC5/U1TX/U1CTS
35 PC4/U1RX/U1RTS
36

PE0AIN3
15

PE1/AIN2
14

PE2/AIN1
13

PE3/AIN0
12

PE4/AIN9/I2C2SCL
139

PE5/AIN8/I2C2SDA
140

PE6/AIN21
133

PE7/AIN20
134

PG0
55

PG1
54

PG2/M1PWM0
53

PG3/M1PWM1
52

PG4/M1PWM2/U2RX
51

PG5/M1PWM3/U2TX
50

PG6
48

PG7
47

PJ0
120

PJ1
121

PJ2
122

PJ3
123

PJ4
127

PJ5
128

PJ6
129

PJ7
130

PL0
108

PL1
107

PL2
106

PL3
105

PL4
104

PL5
103

PL6/USB0DP
96

PL7/USB0DM
95

PN0/CAN0RX
81

PN1/CAN0TX
80

PN2
20

PN3
119

PN4
71

PN5
70

PN6
69

PN7
68

PB0/USB0ID/U1RX
97

PB1/USB0VBUS/U1TX
98

PB2/I2C0SCL
99

PB3/I2C0SDA
100

CAN0RX/PB4/AIN10
136

CAN0TX/PB5/AIN11
135

PD0/AIN15/SSI1CLK
1

PD1/AIN14/SSI1FSS
2

PD2/AIN13/SSI1RX
3

PD3/AIN12/SSI1TX
4

PD4/AIN7
141

PD5/AIN6
142

PD6/AIN5
143

PD7/AIN4
144

CAN0RX/PF0/M1PWM4
62

PF1/M1PWM5
63

PF2/M1PWM6
64

CAN0TX/PF3/M1PWM7
65

PF4
61

PF5
60

PF6
59

PF7
58

PH0/M0PWM0
32

PH1/M0PWM1
31

PH2/M0PWM2
28

PH3/M0PWM3
27

PH4/M0PWM4
26

PH5/M0PWM5
23

PH6/M0PWM6
22

PH7/M0PWM7
21

PK0/SSI3CLK/AIN16
16

PK1/SSI3FSS/AIN17
17

PK2/SSI3RX/AIN18
18

PK3/SSI3TX/AIN19
19

PK4
112

PK5
111

PK6
110

PK7
109

PM0
89

PM1
88

PM2
87

PM3
86

PM4
85

PM5
84

PM6
83

PM7
82

PP0/AIN23
131

PP1/AIN22
132

PP2
11

RST
90

OSC0
92

OSC1
93

XOSC1
76

XOSC0
74

GNDX
75

GND1
6

GND2
25

GND3
30

GND4
44

GND5
57

GND6
67

GND7
79

GND8
91

GND9
102

GND10
114

GND11
125

GND12
138

GNDA
10

VBAT
77

HIB
73

WAKE
72

VREFA+
8

VREFA-
9

VDDC1
49

VDDC2
126

VDD1
5

VDD2
24

VDD4
43VDD3
29

VDD5
56

VDD6
66

VDD7
78

VDD8
94

VDD9
101

VDD10
113

VDD11
124

VDD12
137

VDDA
7R363

100K

U75

LM4128B
0.2%3.0V

NC
1

VIN
4

ENBL
3

G
N

D
2

VREF
5
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Power Supplies

+3.3V Supply

0.25 AMP CAPABILITY

D2 PAK

LMV321 on Vcc=2.7V:
       input range 0-1.7V
       output swing 180mV to Vcc-100mV (worst)
       input offset 9mV max
LM321 on Vcc=5V:
       input range 0 to Vcc-1.5V
       output swing 20mV to Vcc-2V
       input offset 9mV max

RESISTOR IS
TO DRAIN THE
BULK
CAPACITORS

0805 capacitor is the size
with the best availability
in this value.

1206 capacitor is the size
with the best availability
in this value.

RECOMMENDED CRAMP = L x .00001

disable

+12V Supply

1 AMP CAPABILITY

CALCULATED VALUE FOR 
Rfb1 IS ACTUALLY 8.8K
OHMS FOR EXACTLY 12V 
OUTPUT.

RT1 GIVES 494KHz
SWITCHING FREQUENCY

SPECIFICATIONS:
--INPUT VOLTAGE RANGE 20-55V
--MAXIMUM OUTPUT CURRENT 1.0A
--SWITCHING FREQUENCY 500KHz

Optional +5V Supply for Telemetry

1.0 AMP CAPABILITY

CAPACITORS FROM T16 DESIGN
ESR = 21 mOhm
RIPPLE = 3 A
25mm HIGH X 16mm DIAM
$.38 EACH AT DIGIKEY @1K PC
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DNI

POWER LEDS ARE
UNPOPULATED ON 
PRODUCTION VERSIONS.

OPEN DRAIN

OPEN DRAIN

RC=100uS
CAP X7R
+/-10%
+/-15% OVER TEMP RANGE

PLACE U57 VERY CLOSE TO U59.

A/D IS MOST ACCURATE WITH
A CAP ON ITS INPUT.
RESISTOR IS TO KEEP THE
OP AMP STABLE.

Base +5V Supply CHECK POWER DISSIPATION
PART CURRENT LIMIT IS 600mA MIN
MAX DISSIPATION FOR 1 squinch 1OZ Cu AT 50C
is 2W per data sheet.
Results in 0.28 AMP CAPABILITY.

DNI

SMCJ48A
48V standoff Voltage
53.3V Min breakdown
58.9V Max breakdown

ANALOG BATTERY VOLTAGE MONITOR
3.0V OUT = FULL SCALE OCCURS AT 53.7V IN.
CAH 2/15/2017

POWER HIGH COMPARATOR
THRESHOLD IS 55.4V.
LATCHES OFF UNTIL PROCESSOR RESET.

POWER LOW COMPARATOR
THRESHOLD IS 15.3V.
INTERUPTS uP WHEN KEYSWITCH
IS TURNED OFF.

Change R279 from 1k to  250.
Add C443

ENSURE RESET_DRIVERS/ &
KEYSWITCH_PWR_MONITOR_DIGITAL
has GROUND SURROUNDING IT!
DO NOT LEAVE NEAR HIGH CURRENT
Or noisy lines.

CAH 26 MARCH 2019

2.0V

B+_TOO_HIGH

/B+_TOO_LOW/B+_TOO_LOW

+3.3V
+3.3V

+5V

+5V

+12V

V_BATT

V_BATT

+5V

+5V

V_BATT

+5V

+5V

+5V

+3.3V

+3.3V

+3.3V

+5V

+5V

V_BATT

+5V +12V V_BATT KEYSWITCH_PWR

+5V

+5V

+5V

+3.3V

+5V

+5V
+5V

V_BATT

+5V+12V

VBAT_PWR_MONITOR_ANALOG 2

KEYSWITCH_PWR3,5,6

KEYSWITCH_PWR3,5,6

V_BATT 4,5,7,8,9

RESET\2,3

RESET\2,3

KEYSWITCH_PWR_MONITOR_DIGITAL 2,4,5,6,7,8,9,11

+3.0V_REF2,5,10

BATTERY_VOLTAGE_SENSE 12
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Behavior:
FILT_ACTUATOR_CUR_REF=10V*dutyCycle

with dutyCycle between 0 and 1

2nd Order Low Pass
Filter w/ G=2 and 1kHz cutoff
(to be used w/ 33kHz PWM)

This is a second-order Low Pass Filter, with a nominal cutoff frequency of fc=1kHz.

The transfer function of this circuit is:
H(f)=(2*pi*f_0)^2/((2*pi*i*f)^2+(2*pi*f_0/q)*(2*pi*i*f)+(2*pi*f_0)^2

where:
f_0 = 1/(2*pi*sqrt(Ra*Rb*Ca*Cb)) = 1000
q = sqrt(Ra*Rb*Ca*Cb)/(Cb*(Ra+Rb)) = 1/sqrt(2) (for a Butterworth Filter)

See page 2 of Andy Doucette's notebook D4 for the circuit analysis and derrivation.

Inputs: vIn - the input voltage.  0-vPower range acceptable.  Should be a source of impedance << 11.3k.

vPower - a 3-15.5V input voltage to power the opamp.

Outputs:
vOut - the output filtered voltage, with an absolute current maximum of +-30mA.  Can go up to 85% of vPower  under a
heavier load (1.2k to GND) and up to 96% of 
vPower under a ligher load (4k to GND).  Min voltage is 40mV or so.

Reference: http://en.wikipedia.org/wiki/Sallen%E2%80%93Key_topology

Cb (both in parallel)

Ca

Changelog
(visible in digital form):

Rev B:
- Added Ground Test Point
- Powered Opamp w/ 12V instead of 5V to increase common mode input range.

- Added 200Ohm resistor and diode protection to output of peak detect circuits, to protect the micro from a possible 12V
signal.
- Added 100k pull down to desiredPWMActive to default to off.
- Changed MOSFET driving structure to a simple R-C one.
- Renamed currentMeasure250mVPerAmpA to currentMeasure250mVPerAmp.
- Reversed Pin Numbers on Diodes used in the peak detect circuit and the voltage clamp on that circuit's output.
- Changed sharedEnable_ to enable5vLogic_ (to reflect that it's not shared with external things like in the half bridge)
- Changed QPL Number (And MPN, Manufacturer, and Value) on all Q19024-005 parts to Q19024-002, to match the incorrect
footprint that ended up being used.

Rev C: N/A.
- We chose to skip Rev C of the H Bridge, so we can keep the board Rev's and Module Rev's matched up for now.

Rev D:
- Added bias circuitry to the current sense circuit to add a signal offset that allows us to read currents near 0 and set
lower overcurrent thresholds, if desired.
- Removed unused extra pads for an R-C filter after the current measure block.
- Changed net names to reflect the offsets.  One example: currentMeasure2.8VOffsetAnd50mVPerAmp.
- Changed pullup on HI pin of HIP4082 from 100k to 10k to comply with an application note TB406.  See "Design Choices"
folder for the full text.
- Removed pull down on DIS pin of HIP4082, in favor of a pull down (external to the block) on the input to the gate that
drives it.
- Replaced .1uF bypass cap on the HIP4082 with a 1uF cap, as we are supplying 470nF with it.  10uF might make sense, but
to some degree we're relying on the bulk cap of the supply too.
- Replaced all 10uF caps with 25V versions.  The previous ones were only rated to 10V, which was ok when the opamps were
supplied with 5V, but not so good when supplied with 12V.
- Switched to a Homogeneous HIP4082 symbol to fix unintended pin number changing behavior during an annotation (note:
don't copy and paste these symbols. Place the desird half (A or B) from the library for correct behavior).
- Added "Partial Offset Subtraction" circuitry to remove the extra offset that the comparitor needs to bring the range
back into the micro's A/D range.
- Made the value property of the 74HC423D oneshot chip visible (it should have been before).
- Added filter RC to comparitor threshold input.  Paracitic capacitance from the input of the driving opamp lets up to
50mV of some of the highest frequencies through the 2nd order filter that drives this.  2:  To short-ciruit any additional
noise picked up from the board and provide a smooth threshold. - Updated schematic database for use with an allegro layout
- Removed illegal characters ‘/’ and ‘.’ From footprints names
- Added pin numbers to schematic capacitor and resistor symbols when missing
- Added series 121 ohm resistors for improved test coverage
- Change one-shot timing resistors from 14k to 27.4K (QPL#: Q10015-331)
- Mark Shoemaker's Monte Carlo simulation found that we had on the order of 5A of slop in our overcurrent threshold on the
Half Bridge.  This is more than we'd like, so good catch Mark!  Moved the bias circuitry in the Current Sense block so it
uses the same supply as the threshold voltage is set with (12V) so we have one less source of variance (they can both go
up and down together now).  Required a change to Ra, Rb, and Rd (in Current Sense block) as well.  Changed the H bridge to
stay in sync with the Half Bridge.
- Changed current monitor output circuit from a peak detector to a buffer amplifier with a small RC filter.
REV FREV F--COG capacitors were used in timeout protection circuits for better accuracy over temperature.
--Pulldowns added to disable drive when micro is uninitialized.
--Clamps added to limit the possible range of settable current limits.
--5V precision reference used to produce offset voltage and reference voltage.
--Parts juggled to make design completely stand-alone and use all possible spare sections inside the design.
REV G--Reset inputs added to hold everything off during reset.
-Eliminate extra 2.5V offset. and subtractor  Change LM319 comparator to LMV331. 

Note:  Two Driver
Blocks must be the
two halves of one
chip, otherwise
this second block
won't have a delay
set for it.

Current Sense 250mV/Amp

TIMEOUT IS
650uS

On time is 630us, nominal, >500us worst case.

Retriggerable One Shot w/ Reset

One Shot is powered by 5V instead of 3.3V to get a quicker response to the reset pin
- 54ns instead of 270ns.  This translates to improved short circuit protection.
This one-shot doesn't have a pspice model, so I use the block below for pspice to
simulate the same behavior.

For a 50kOhm Rdel
{minDeadtime, typDeadtime, maxDeadtime} = 
{1us , 2.5us, 4.25us} 
at Tj=25C.

Any pull up on the
inputs  must be <25k,
according to HIP4082
TB406.  See "Design
Choices" folder for the
full text.

Any pull up on the
inputs  must be <25k,
according to HIP4082
TB406.  See "Design
Choices" folder for the
full text.

ACTUATOR FULL BRIDGE DRIVE
EXACT COPY OF VOLGA DRY 

Rb
Ra

.35V OFFSET PLUS
250mV PER AMP.Bias circuitry lifts the 0A 

condition up to 0.35V, to  allow
us to read 0Amp conditions.

Overcurrent Comparator

This circuit has about
25mV of hysteresis
(+-12.5mV) in it.

DNI

FET RATINGS:
55V, 44A, 27mOHM max
DPAK $.46 @ Digikey
not logic level

Replace R23 position with C444 and 
tie U10 Pin 1 to U5 Pin 13. 
This is to help with layout. 
Change R16 from 100k to 1k.

ENSURE RESET_DRIVERS/ &
KEYSWITCH_PWR_MONITOR_DIGITAL
has GROUND SURROUNDING IT!
DO NOT LEAVE NEAR HIGH CURRENT
Or noisy lines.

CAH 26 MARCH 2019

R23 REMOVED

DNI DNI

enable5vLogic_

5vPrecisionRefACT

directionBNotA5V

directionANotB5V

desiredPWMActive5V

pwmActualACT
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+5V
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SOT23
PINOUT

uP valid low input is up to 1.3V
uP valid high input is 2.4V and over

DIODE 70V 215mA
LEAKAGE 80nA MAX @ 70V
80nA X 100K = 0.008V

RC=0.37mS

HSIN BLOCK

MOLEX MINI-
FIT JR VERTICAL
 TIN

I-DRIVE
INTERFACE

PINOUT FIXED
RATINGS
80V, 500mA
min Hfe = 100
SOT23

PROPEL INTERFACE
MOTOR CONNECTORS

CURRENT LIMIT CIRCUIT
PREVENTS A WIRING SHORT ON
IDRIVE_ENABLE FROM
DESTROYING THE HIGH SIDE
SWITCH.
10mA LIMIT.

60V, 600mA, 225mW
min Hfe=100 @ 10mA
SOT23

Ca

Cb (both in parallel)

Rb

Ra

2nd Order Low Pass
Filter w/ G=1 and 1kHz cutoff

This is a second-order Low Pass Filter, with a nominal cutoff frequency of fc=1kHz.

The transfer function of this circuit is:
H(f)=(2*pi*f_0)^2/((2*pi*i*f)^2+(2*pi*f_0/q)*(2*pi*i*f)+(2*pi*f_0)^2

where:
f_0 = 1/(2*pi*sqrt(Ra*Rb*Ca*Cb)) = 1000
q = sqrt(Ra*Rb*Ca*Cb)/(Cb*(Ra+Rb)) = 1/sqrt(2) (for a Butterworth Filter)

See page 2 of Andy Doucette's notebook D4 for the circuit analysis and derrivation.

Inputs: vIn - the input voltage.  0-vPower range acceptable.  Should be a source of impedance << 11.3k.

vPower - a 3-15.5V input voltage to power the opamp.

Outputs:
vOut - the output filtered voltage, with an absolute current maximum of +-30mA.  Can go up to 85% of vPower  under a
heavier load (1.2k to GND) and up to 96% of 
vPower under a ligher load (4k to GND).  Min voltage is 40mV or so.

Reference: http://en.wikipedia.org/wiki/Sallen%E2%80%93Key_topology
DC GAIN = 2.

CHEMPUMP SPEED SET POT.  5K NOMINAL.  

LMV321 on Vcc=2.7V:
       input range 0-1.7V
       output swing 180mV to Vcc-100mV (worst)
       input offset 9mV max
LM321 on Vcc=5V:
       input range 0 to Vcc-1.5V
       output swing 20mV to Vcc-2V
       input offset 9mV max

VAC FAN 1 HIGH

Copper width to handle 50A

Copper width to handle 50A

SIGNAL IS UNUSED

3

RC=100uS

A/D IS MOST ACCURATE WITH A CAP ON ITS INPUT.
RESISTOR IS TO KEEP THE OP AMP STABLE.

SIGNAL IS UNUSED

SCRUB MOTOR LEFT

SCRUB MOTOR RIGHT

TRACTION
REVERSE

EXTREME GUARDIAN MOUNTING SCREWS

WANT TO DRIVE VALVE AND PUMP FROM WAND CIRCUIT BREAKER?

DNI

I-DRIVE SUPPLY VOLTAGE DETECT

I-DRIVE ENBL PIN 5

I-DRIVE AUX2 PIN 3
I-DRIVE AUX3 PIN 11
I-DRIVE STATUS PIN 10

E_STOP_OUT

J12_6_UNUSED
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RS1G
$.06 at Digikey

20 mV
OFFSET

DESIGNED FOR
CONTINUOUS OPERATION
AT 1A CURRENT LIMIT.

THICK FILM
CURRENT SENSE
$.02 at DigikeyLMV321 INPUT OFFSET

VOLTAGE 9mV MAX.

CASSODAY CIRCUIT VALUES
R180 = 11.5K
R164 = 470
R185 = .04 OHMS 1 WATT.

LOW SIDE DRIVERS

A/ IS FALLING EDGE TRIGGER.
B IS RISING EDGE TRIGGER.

20 mV
OFFSET

TIMEOUT IS 650uS

RS1G
$.06 at Digikey

DESIGNED FOR
CONTINUOUS OPERATION
AT 2A CURRENT LIMIT.

NON-INVERTING
GAIN = 11.5
= 1 + R2/R1

NON-INVERTING
GAIN = 11.5
= 1 + R2/R1

ADD R465 and C447 and 
tie U58 Pin 4 to Pin 12. 

ENSURE RESET_DRIVERS/ &
KEYSWITCH_PWR_MONITOR_DIGITAL
has GROUND SURROUNDING IT!
DO NOT LEAVE NEAR HIGH CURRENT
Or noisy lines.
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CHEM CURRENT LMT EXCEEDED

+5V

+5V

+5V

+5V

+5V

+5V

+5V

+5V

+5V

+5V

+5V
+5V

+5V

+5V

+5V

+5V

+5V

VALVE_DRIVE2

VALVE_STROBE2

VALVE_LOW 5
VALVE_STATUS 2

CHEMPUMP_CURRENT_FB 2

CHEMPUMP_STATUS 2

CHEMPUMP_LOW 5

KEYSWITCH_PWR3,5,6

KEYSWITCH_PWR3,5,6

VALVE_CURRENT_FB 2

CHEMPUMP_SPEED2
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U65B 74HCT74

CLK11

C
LR
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D12 PR
E
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Q 9VC
C

14
G

N
D

7

Q 8

C210
100pF U65A 74HCT74

CLK3

C
LR

1

D2 PR
E

4

Q 5VC
C

14
G

N
D

7

Q 6

C206 0.1uF

C205
0.01uF

U58B

SN74HCT08D4

5
6

14

7

R307 10.5K
1%

R361
10K

R216

0.2 ohms
0.5W
1%

TP67

R52
143K
1%

R36
10K

R316
10K

U58D

SN74HCT08D12

13
11

14

7

C316 0.1uF

R355
10KC368

0.1uF

R344 1M

C83 0.01uF
5% COG

R220 121

C283 0.1uF

R215
1K

1%

R228
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U15A

74HC423D

A1 B2

CLR3

VC
C

16
G

N
D

8

Q 13

Q 4

CX14 RX/CX15

R217

0.1 ohms
0.5W
1%

R318
10K

R301 1M

-

+U61
LMV331/SO

1
4

5

2
3

R227 121

TP72

R465 1K

R221
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R300
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-
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1
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2
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TP70

C79

0.1uF

VCC

GND

U60

74AHCT1G86

1

2
4

5
3

R360
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C209
100pF

R356
10K

R294 10.5K
1%

-

+U50
LMV321/SO

1
4

5

2
3

R297

47K

R206 121

TP66

Q15

FDD24AN06L_F085

R308 47K

R357
100K

C447

0.1uF

R223 121

R332
10K

R242
121

C194 100pF

TP69

-

+U51
LMV331/SO

1
4

5

2
3

R222

187

D36

1A 400V
FR1G-13

R343
10K

TP71

R328
100K

R236

10K
C310 0.1uF

C269

0.1uF
R212
10K

C279 0.1uF

R224 121

R366
10K

U58A

SN74HCT08D1

2
3

14

7

Q14

FDD24AN06L_F085

U58C

SN74HCT08D

9

10
8

14

7

D37

1A 400V
FR1G-13

TP65

R229
10K

TP62

R214
1K

1%

C202
100pF

R309
10K

R317 121

R358
10K

C186 100pF
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Current Sense 50mV/Amp
ROUTING SEE PAGE 9

Retriggerable One Shot w/ Reset
One Shot is powered by 5V instead of 3.3V to get a quicker response to the reset pin
- 54ns instead of 270ns.  This translates to improved short circuit protection.

Note:  We originally used a
BVS-A-R001-1.0 , 1mOhm, 3W
shunt resistor.  We later
found that it caused
significant overshoot of the
amplifier response.  By
contrast, the Metal Film
resistor CSNL2512FT1L00CT-ND
2W exhibited none of this
behavior.  We now use two
CSNL2512FT2L00CT-ND 2W
resistors to get at least 3W
(what we need for 50Amps). 
See notebook entries ending
11-1-11 for details.

Any pull up on the
inputs  must be <25k,
according to HIP4082
TB406.  See "Design
Choices" folder for the
full text.

Mosfet Driver And Half Bridge

load is pulled high in
case of overcurrent or
timeout. - other side of
load MUST be connected to
vBatt.

Changelog
(visible in digital form):

Current Reference

RC = 10uS
+/-20%

2nd Order Low Pass
Filter w/ G=2 and 1kHz cutoff
(to be used w/ 33kHz PWM)

Behavior:
FILT_ACTUATOR_CUR_REF=10V*dutyCycle

with dutyCycle between 0 and 1

This is a second-order Low Pass Filter, with a nominal cutoff frequency of fc=1kHz.

The transfer function of this circuit is:
H(f)=(2*pi*f_0)^2/((2*pi*i*f)^2+(2*pi*f_0/q)*(2*pi*i*f)+(2*pi*f_0)^2

where:
f_0 = 1/(2*pi*sqrt(Ra*Rb*Ca*Cb)) = 1000
q = sqrt(Ra*Rb*Ca*Cb)/(Cb*(Ra+Rb)) = 1/sqrt(2) (for a Butterworth Filter)

See page 2 of Andy Doucette's notebook D4 for the circuit analysis and derrivation.

Inputs: vIn - the input voltage.  0-vPower range acceptable.  Should be a source of impedance << 11.3k.

vPower - a 3-15.5V input voltage to power the opamp.

Outputs:
vOut - the output filtered voltage, with an absolute current maximum of +-30mA.  Can go up to 85% of vPower  under a
heavier load (1.2k to GND) and up to 96% of 
vPower under a ligher load (4k to GND).  Min voltage is 40mV or so.

Reference: http://en.wikipedia.org/wiki/Sallen%E2%80%93Key_topology
DC GAIN = 2.

Ca

Cb (both in parallel)

Rb

Ra

TIMEOUT IS 650uS

60V  120A  3mOHM

SCRUB MOTOR 1
HALF BRIDGE

100pF capacitors are because of a flaw in the
GPIO outputs that can cause them to go tri-
state if temperature is >85C and edge rate is too
high.  Delete these if TI fixes the problem.

RAMP VOLTAGE AMPLIFIER
DNI PRODUCTION

SLOPE COMPENSATION
DNI

For a 50kOhm Rdel
{minDeadtime, typDeadtime, maxDeadtime} = 
{1us , 2.5us, 4.25us} 
at Tj=25C.

This circuit has about
25mV of hysteresis
(+-12.5mV) in it.

Overcurrent Comparator

DNI

.35V OFFSET PLUS
50mV PER AMP.

Bias circuitry lifts the 0A 
condition up to 0.35V, to  allow
us to read 0Amp conditions.

Change Log:
Rev B:
- Added Ground Test Point
- Powered Opamp w/ 12V instead of 5V to increase common mode input range.
- Added 200Ohm resistor and diode protection to output of peak detect circuits, to protect the micro from a
possible 12V signal.
- Added 100k pull down to desiredPWMActive to default to off.
- Adjusted Mosfet Driver circuit with new resistor and capacitor values, determined experimentally.
- Reversed Pin Numbers on Diodes used in the peak detect circuit and the voltage clamp on that circuit's
output.
- Changed sharedEnable_ to sharedEnable5vLogic_ 
- Changed QPL Number (And MPN, Manufacturer, and Value) on all Q19024-005 parts to Q19024-002, to match the
incorrect footprint that ended up being used.

Rev C:
- Changed shunt resistor from one BVS-A-R001-1.0 to two CSNL2512FT1L00CT-ND 2W to prevent
paracitic-inductance caused overshoot of the amplifier response. See comment on schematic.

Rev D:
- Added bias circuitry to the current sense circuit to add a signal offset that allows us to read currents
near 0 and set lower overcurrent thresholds, if desired.
- Removed unused extra pads for an R-C filter after the current measure block.
- Changed net names to reflect the offsets.  One example: currentMeasure2.8VOffsetAnd50mVPerAmp.
- Changed pullup on HI pin of HIP4082 from 100k to 10k to comply with an application note TB406.  See "Design
Choices" folder for the full text.
- Removed pull down on DIS pin of HIP4082, in favor of a pull down (external to the block) on the input to
the gate that drives it.
- Replaced .1uF bypass cap on the HIP4082 with a 1uF cap, as we are supplying 470nF with it.  10uF might make
sense, but to some degree we're relying on the bulk cap of the supply too.
- Replaced all 10uF caps with 25V versions.  The previous ones were only rated to 10V, which was ok when the
opamps were supplied with 5V, but not so good when supplied with 12V.
- Switched to a Homogeneous HIP4082 symbol to fix unintended pin number changing behavior during an
annotation (note: don't copy and paste these symbols. Place the desird half (A or B) from the library for
correct behavior).
- Added "Partial Offset Subtraction" circuitry to remove the extra offset that the comparitor needs to bring
the range back into the micro's A/D range.
- Made the value property of the 74HC423D oneshot chip visible (it should have been before).
- Added filter RC to comparitor threshold input.  Paracitic capacitance from the input of the driving opamp
lets up to 50mV of some of the highest frequencies through the 2nd order filter that drives this.  2:  To
short-ciruit any additional noise picked up from the board and provide a smooth threshold. - Updated
schematic database for use with an allegro layout
- Removed illegal characters ‘/’ and ‘.’ from footprints names
- Added pin numbers to schematic capacitor and resistor symbols when missing
- Change one-shot timing resistors from 14k to 27.4K (QPL# Q10015-331)
- Added series 121 ohm resistors for improved test coverage 
- Mark Shoemaker's Monte Carlo simulation found that we had on the order of 5A of slop in our overcurrent
threshold.  This is more than we'd  like, so good catch Mark!  Moved the bias circuitry in the Current Sense
block so it uses the same supply as the threshold voltage is set with (12V) so we have one less source of
variance (they can both go up and down together now).  Required a change to Ra, Rb, and Rd in the Current
Sense Block as well.
- Updated comment in one-shot to reflect the new timing value "On time is 1.23ms..." instead of "On time is
630us..."
- Added "(Rparacitic)" to provide a signal that it should be taken into account.
REV E:
- Updated Vcc for current reference to LP2980
- Made pulse width more precise, fixed it at 650uS using R=143K, C=.01uF COG 5%.
- Removed peak hold on current monitor.
REV F--Pulldowns added to disable drive when micro is uninitialized.
--Clamps added to limit the possible range of settable current limits.
--5V precision reference used to produce offset voltage and reference voltage.
--Parts juggled to make design completely stand-alone and use all possible spare sections inside the design.
--Reset inputs added to hold everything off during reset.
REV G:
--Delete special gate drive and output inductors.
--Combine unused sections with other motor driver as a cost savings.
--Added ramp amplifier to use for experimenting with slope compensation.
--Eliminate extra 2.5V offset. and subtractor  Change LM319 comparator to LMV331. 

(RIGHT SCRUB MOTOR)

Replace R64 position with C442 and 
tie U11 Pin 4 to Pin 9. 
This is to help with layout. 
Change R50 from 100k to 1k.

ENSURE RESET_DRIVERS/ &
KEYSWITCH_PWR_MONITOR_DIGITAL
has GROUND SURROUNDING IT!
DO NOT LEAVE NEAR HIGH CURRENT
Or noisy lines.
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R68 WAS here
Use spot for C441
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R64 REMOVED

DNI

SCRUB_MOTOR_1_LOW

5VprecisionRefSC1

DISABLE_SCRUB\

5VprecisionRefSC1

5VprecisionRefSC1

5VprecisionRefSC1

+5V

+5V

+5V

+12V

V_BATT

+12V

+5V
+5V

+5V

+5V

+5V

+5V
+5V

SCRUB_1_SPEED2

SCRUB_1_ENBL2

SCRUB_1_CURRENT_FB 2

SCRUB_1_STATUS 2

SCRUB_1_CURRENT_SET2

SCRUB_MOTOR_1_LOW 5

DISABLE_SCRUB1 8

SCRUB_DR_DELAY8

V_BATT 3,4,5,8,9
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0.033uF

C112
2200pF

C103 0.1uF

R63
121

C78
0.033uF

C114
0.1uF

R90
100K

C930.1uF

C69
100pF

R161 3

U11C

SN74HCT08D

9

10
8

14

7

C158
0.47uF

R57 100K

C54
1uF

R66
121

C82
0.01uF
5% COG

R50 1K

TP36

-

+ U19

LMV331/SO

1
4

5

2
3

R130 10K

C65
0.1uF

R102 4.99K

C73 0.1uF

C128 33pF
5% COG

R162 3

U28A

OPA2727

+3

-2

8
V+

V-
4

OUT 1

R38
143K
1%

R139 11.5K
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Current Sense 50mV/Amp
ROUTING SEE PAGE 9

Retriggerable One Shot w/ Reset
One Shot is powered by 5V instead of 3.3V to get a quicker response to the reset pin
- 54ns instead of 270ns.  This translates to improved short circuit protection.

Note:  We originally used a
BVS-A-R001-1.0 , 1mOhm, 3W
shunt resistor.  We later
found that it caused
significant overshoot of the
amplifier response.  By
contrast, the Metal Film
resistor CSNL2512FT1L00CT-ND
2W exhibited none of this
behavior.  We now use two
CSNL2512FT2L00CT-ND 2W
resistors to get at least 3W
(what we need for 50Amps). 
See notebook entries ending
11-1-11 for details.

Any pull up on the
inputs  must be <25k,
according to HIP4082
TB406.  See "Design
Choices" folder for the
full text.

Mosfet Driver And Half Bridge

load is pulled high in
case of overcurrent or
timeout. - other side of
load MUST be connected to
vBatt.

Changelog
(visible in digital form):

Current Reference

RC = 10uS
+/-20%

100pF capacitors are because of a flaw in the
GPIO outputs that can cause them to go tri-
state if temperature is >85C and edge rate is too
high.  Delete these if TI fixes the problem.

2nd Order Low Pass
Filter w/ G=2 and 1kHz cutoff
(to be used w/ 33kHz PWM)

Behavior:
FILT_ACTUATOR_CUR_REF=10V*dutyCycle

with dutyCycle between 0 and 1

This is a second-order Low Pass Filter, with a nominal cutoff frequency of fc=1kHz.

The transfer function of this circuit is:
H(f)=(2*pi*f_0)^2/((2*pi*i*f)^2+(2*pi*f_0/q)*(2*pi*i*f)+(2*pi*f_0)^2

where:
f_0 = 1/(2*pi*sqrt(Ra*Rb*Ca*Cb)) = 1000
q = sqrt(Ra*Rb*Ca*Cb)/(Cb*(Ra+Rb)) = 1/sqrt(2) (for a Butterworth Filter)

See page 2 of Andy Doucette's notebook D4 for the circuit analysis and derrivation.

Inputs: vIn - the input voltage.  0-vPower range acceptable.  Should be a source of impedance << 11.3k.

vPower - a 3-15.5V input voltage to power the opamp.

Outputs:
vOut - the output filtered voltage, with an absolute current maximum of +-30mA.  Can go up to 85% of vPower  under a
heavier load (1.2k to GND) and up to 96% of 
vPower under a ligher load (4k to GND).  Min voltage is 40mV or so.

Reference: http://en.wikipedia.org/wiki/Sallen%E2%80%93Key_topology
DC GAIN = 2.

Ca

Cb (both in parallel)

Rb

Ra

TIMEOUT IS 650uS

60V  120A  3mOHM

SCRUB MOTOR 2
HALF BRIDGE

$.22  50mA

$2.00

DNI

.35V OFFSET PLUS
50mV PER AMP.

This circuit has about
25mV of hysteresis
(+-12.5mV) in it.

Overcurrent Comparator

Bias circuitry lifts the 0A 
condition up to 0.35V, to  allow
us to read 0Amp conditions.

Change Log:
Rev B:
- Added Ground Test Point
- Powered Opamp w/ 12V instead of 5V to increase common mode input range.
- Added 200Ohm resistor and diode protection to output of peak detect circuits, to protect the micro from a
possible 12V signal.
- Added 100k pull down to desiredPWMActive to default to off.
- Adjusted Mosfet Driver circuit with new resistor and capacitor values, determined experimentally.
- Reversed Pin Numbers on Diodes used in the peak detect circuit and the voltage clamp on that circuit's
output.
- Changed sharedEnable_ to sharedEnable5vLogic_ 
- Changed QPL Number (And MPN, Manufacturer, and Value) on all Q19024-005 parts to Q19024-002, to match the
incorrect footprint that ended up being used.

Rev C:
- Changed shunt resistor from one BVS-A-R001-1.0 to two CSNL2512FT1L00CT-ND 2W to prevent
paracitic-inductance caused overshoot of the amplifier response. See comment on schematic.

Rev D:
- Added bias circuitry to the current sense circuit to add a signal offset that allows us to read currents
near 0 and set lower overcurrent thresholds, if desired.
- Removed unused extra pads for an R-C filter after the current measure block.
- Changed net names to reflect the offsets.  One example: currentMeasure2.8VOffsetAnd50mVPerAmp.
- Changed pullup on HI pin of HIP4082 from 100k to 10k to comply with an application note TB406.  See "Design
Choices" folder for the full text.
- Removed pull down on DIS pin of HIP4082, in favor of a pull down (external to the block) on the input to
the gate that drives it.
- Replaced .1uF bypass cap on the HIP4082 with a 1uF cap, as we are supplying 470nF with it.  10uF might make
sense, but to some degree we're relying on the bulk cap of the supply too.
- Replaced all 10uF caps with 25V versions.  The previous ones were only rated to 10V, which was ok when the
opamps were supplied with 5V, but not so good when supplied with 12V.
- Switched to a Homogeneous HIP4082 symbol to fix unintended pin number changing behavior during an
annotation (note: don't copy and paste these symbols. Place the desird half (A or B) from the library for
correct behavior).
- Added "Partial Offset Subtraction" circuitry to remove the extra offset that the comparitor needs to bring
the range back into the micro's A/D range.
- Made the value property of the 74HC423D oneshot chip visible (it should have been before).
- Added filter RC to comparitor threshold input.  Paracitic capacitance from the input of the driving opamp
lets up to 50mV of some of the highest frequencies through the 2nd order filter that drives this.  2:  To
short-ciruit any additional noise picked up from the board and provide a smooth threshold. - Updated
schematic database for use with an allegro layout
- Removed illegal characters ‘/’ and ‘.’ from footprints names
- Added pin numbers to schematic capacitor and resistor symbols when missing
- Change one-shot timing resistors from 14k to 27.4K (QPL# Q10015-331)
- Added series 121 ohm resistors for improved test coverage 
- Mark Shoemaker's Monte Carlo simulation found that we had on the order of 5A of slop in our overcurrent
threshold.  This is more than we'd  like, so good catch Mark!  Moved the bias circuitry in the Current Sense
block so it uses the same supply as the threshold voltage is set with (12V) so we have one less source of
variance (they can both go up and down together now).  Required a change to Ra, Rb, and Rd in the Current
Sense Block as well.
- Updated comment in one-shot to reflect the new timing value "On time is 1.23ms..." instead of "On time is
630us..."
- Added "(Rparacitic)" to provide a signal that it should be taken into account.
REV E:
- Updated Vcc for current reference to LP2980
- Made pulse width more precise, fixed it at 650uS using R=143K, C=.01uF COG 5%.
- Removed peak hold on current monitor.
REV F--Pulldowns added to disable drive when micro is uninitialized.
--Clamps added to limit the possible range of settable current limits.
--5V precision reference used to produce offset voltage and reference voltage.
--Parts juggled to make design completely stand-alone and use all possible spare sections inside the design.
--Reset inputs added to hold everything off during reset.
REV G:
--Delete special gate drive and output inductors.
--Combine unused sections with other motor driver as a cost savings.
--Added ramp amplifier to use for experimenting with slope compensation.
--Eliminate extra 2.5V offset. and subtractor  Change LM319 comparator to LMV331. 

SLOPE COMPENSATION
DNI

(LEFT SCRUB MOTOR)

RAMP VOLTAGE AMPLIFIER
DNI PRODUCTION

Replace R68 position with C441 and 
tie U13 Pin 4 to Pin 9. 
This is to help with layout. 
Change R54 from 100k to 1k.

ENSURE RESET_DRIVERS/ &
KEYSWITCH_PWR_MONITOR_DIGITAL
has GROUND SURROUNDING IT!
DO NOT LEAVE NEAR HIGH CURRENT
Or noisy lines.
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R68 WAS here
Use spot for C441
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R68 REMOVED

DNI

SCRUB_MOTOR_2_LOW

5VprecisionRefSC2

5VprecisionRefSC2

5VprecisionRefSC2

DISABLE_SCRUB2\

5VprecisionRefSC2

+5V

+5V

+5V

+12V

V_BATT

+12V

+5V

+5V

+5V
+5V

+5V

SCRUB_2_SPEED2

SCRUB_2_ENBL2

SCRUB_2_CURRENT_FB 2

SCRUB_2_STATUS 2

SCRUB_2_CURRENT_SET2

SCRUB_MOTOR_2_LOW 5
SCRUB_DR_DELAY7

DISABLE_SCRUB17

V_BATT 3,4,5,7,9
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2

1

1

D D

C C

B B

A A

Ca

Cb (both in parallel)

Rb

Ra

For a 50kOhm Rdel
{minDeadtime, typDeadtime, maxDeadtime} = 
{1us , 2.5us, 4.25us} 
at Tj=25C.

TIMEOUT IS 650uS

60V  120A  3mOHM

Put TP close to 
resistor

Current Sense 50mV/Amp

Retriggerable One Shot w/ Reset
One Shot is powered by 5V instead of 3.3V to get a quicker response to the reset pin
- 54ns instead of 270ns.  This translates to improved short circuit protection.

Note:  We originally used a
BVS-A-R001-1.0 , 1mOhm, 3W
shunt resistor.  We later
found that it caused
significant overshoot of the
amplifier response.  By
contrast, the Metal Film
resistor CSNL2512FT1L00CT-ND
2W exhibited none of this
behavior.  We now use two
CSNL2512FT2L00CT-ND 2W
resistors to get at least 3W
(what we need for 50Amps). 
See notebook entries ending
11-1-11 for details.

Any pull up on the
inputs  must be <25k,
according to HIP4082
TB406.  See "Design
Choices" folder for the
full text.

Mosfet Driver And Half Bridge

load is pulled high in
case of overcurrent or
timeout. - other side of
load MUST be connected to
vBatt.

Current Reference

RC = 10uS
+/-20%

2nd Order Low Pass
Filter w/ G=2 and 1kHz cutoff
(to be used w/ 33kHz PWM)

Behavior:
FILT_ACTUATOR_CUR_REF=10V*dutyCycle

with dutyCycle between 0 and 1

This is a second-order Low Pass Filter, with a nominal cutoff frequency of fc=1kHz.

The transfer function of this circuit is:
H(f)=(2*pi*f_0)^2/((2*pi*i*f)^2+(2*pi*f_0/q)*(2*pi*i*f)+(2*pi*f_0)^2

where:
f_0 = 1/(2*pi*sqrt(Ra*Rb*Ca*Cb)) = 1000
q = sqrt(Ra*Rb*Ca*Cb)/(Cb*(Ra+Rb)) = 1/sqrt(2) (for a Butterworth Filter)

See page 2 of Andy Doucette's notebook D4 for the circuit analysis and derrivation.

Inputs: vIn - the input voltage.  0-vPower range acceptable.  Should be a source of impedance << 11.3k.

vPower - a 3-15.5V input voltage to power the opamp.

Outputs:
vOut - the output filtered voltage, with an absolute current maximum of +-30mA.  Can go up to 85% of vPower  under a
heavier load (1.2k to GND) and up to 96% of 
vPower under a ligher load (4k to GND).  Min voltage is 40mV or so.

Reference: http://en.wikipedia.org/wiki/Sallen%E2%80%93Key_topology
DC GAIN = 2.

VAC FAN 1
HALF BRIDGE

VAC FAN HIGH

Changelog
(visible in digital form):

CURRENT LIMIT IS SET AT 
28.5% + 0.5% PER AMP PWM.

DNI

Overcurrent Comparator

This circuit has about
25mV of hysteresis
(+-12.5mV) in it.

Bias circuitry lifts the 0A 
condition up to 0.35V, to  allow
us to read 0Amp conditions.

.35V OFFSET PLUS
50mV PER AMP.

Change Log:
Rev B:
- Added Ground Test Point
- Powered Opamp w/ 12V instead of 5V to increase common mode input range.
- Added 200Ohm resistor and diode protection to output of peak detect circuits, to protect the micro from a
possible 12V signal.
- Added 100k pull down to desiredPWMActive to default to off.
- Adjusted Mosfet Driver circuit with new resistor and capacitor values, determined experimentally.
- Reversed Pin Numbers on Diodes used in the peak detect circuit and the voltage clamp on that circuit's
output.
- Changed sharedEnable_ to sharedEnable5vLogic_ 
- Changed QPL Number (And MPN, Manufacturer, and Value) on all Q19024-005 parts to Q19024-002, to match the
incorrect footprint that ended up being used.

Rev C:
- Changed shunt resistor from one BVS-A-R001-1.0 to two CSNL2512FT1L00CT-ND 2W to prevent
paracitic-inductance caused overshoot of the amplifier response. See comment on schematic.

Rev D:
- Added bias circuitry to the current sense circuit to add a signal offset that allows us to read currents
near 0 and set lower overcurrent thresholds, if desired.
- Removed unused extra pads for an R-C filter after the current measure block.
- Changed net names to reflect the offsets.  One example: currentMeasure2.8VOffsetAnd50mVPerAmp.
- Changed pullup on HI pin of HIP4082 from 100k to 10k to comply with an application note TB406.  See "Design
Choices" folder for the full text.
- Removed pull down on DIS pin of HIP4082, in favor of a pull down (external to the block) on the input to
the gate that drives it.
- Replaced .1uF bypass cap on the HIP4082 with a 1uF cap, as we are supplying 470nF with it.  10uF might make
sense, but to some degree we're relying on the bulk cap of the supply too.
- Replaced all 10uF caps with 25V versions.  The previous ones were only rated to 10V, which was ok when the
opamps were supplied with 5V, but not so good when supplied with 12V.
- Switched to a Homogeneous HIP4082 symbol to fix unintended pin number changing behavior during an
annotation (note: don't copy and paste these symbols. Place the desird half (A or B) from the library for
correct behavior).
- Added "Partial Offset Subtraction" circuitry to remove the extra offset that the comparitor needs to bring
the range back into the micro's A/D range.
- Made the value property of the 74HC423D oneshot chip visible (it should have been before).
- Added filter RC to comparitor threshold input.  Paracitic capacitance from the input of the driving opamp
lets up to 50mV of some of the highest frequencies through the 2nd order filter that drives this.  2:  To
short-ciruit any additional noise picked up from the board and provide a smooth threshold. - Updated
schematic database for use with an allegro layout
- Removed illegal characters ‘/’ and ‘.’ from footprints names
- Added pin numbers to schematic capacitor and resistor symbols when missing
- Change one-shot timing resistors from 14k to 27.4K (QPL# Q10015-331)
- Added series 121 ohm resistors for improved test coverage 
- Mark Shoemaker's Monte Carlo simulation found that we had on the order of 5A of slop in our overcurrent
threshold.  This is more than we'd  like, so good catch Mark!  Moved the bias circuitry in the Current Sense
block so it uses the same supply as the threshold voltage is set with (12V) so we have one less source of
variance (they can both go up and down together now).  Required a change to Ra, Rb, and Rd in the Current
Sense Block as well.
- Updated comment in one-shot to reflect the new timing value "On time is 1.23ms..." instead of "On time is
630us..."
- Added "(Rparacitic)" to provide a signal that it should be taken into account.
REV E:
- Updated Vcc for current reference to LP2980
- Made pulse width more precise, fixed it at 650uS using R=143K, C=.01uF COG 5%.
- Removed peak hold on current monitor.
REV F--Pulldowns added to disable drive when micro is uninitialized.
--Clamps added to limit the possible range of settable current limits.
--5V precision reference used to produce offset voltage and reference voltage.
--Parts juggled to make design completely stand-alone and use all possible spare sections inside the design.
--Reset inputs added to hold everything off during reset.
REV G:
--Delete special gate drive and output inductors.
--Combine unused sections with other motor driver as a cost savings.
--Added ramp amplifier to use for experimenting with slope compensation.
--Eliminate extra 2.5V offset. and subtractor  Change LM319 comparator to LMV331. 

SLOPE COMPENSATION
DNI

Current-sense resistor routing
must be handled thusly:

Route to center of pad.
Do not change layers.

R141

R131

R145R140

VIAS TO GND
TIMEOUT IS 650uS

Spare Section

DNI

RAMP VOLTAGE AMPLIFIER
DNI PRODUCTION

Replace R53 position with C445 and 
tie U12 Pin 4 to Pin 12. 
This is to help with layout. 
Change R51 from 100k to 1k.

ENSURE RESET_DRIVERS/ &
KEYSWITCH_PWR_MONITOR_DIGITAL
has GROUND SURROUNDING IT!
DO NOT LEAVE NEAR HIGH CURRENT
Or noisy lines.

CAH 26 MARCH 2019

R53 REMOVED

DNI

5VprecisionRefVAC1

DISABLE_FAN\

5VprecisionRefVAC1

5VprecisionRefVAC1

5VprecisionRefVAC1

+5V

+5V

+5V

+12V

+12V

V_BATT

+5V

+5V

+12V

+5V

+5V

+5V
+5V

+5V

+5V

+5V

VAC_FAN_1_STATUS 2

V_BATT 3,4,5,7,8

VAC_FAN_1_SPEED2

VAC_FAN_1_ENBL2

VAC_FAN_1_CURRENT_SET2

VAC_FAN_1_LOW 5

VAC_FAN_1_CURRENT_FB 2
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CURENT CONSUMPTION AT 5V:
SLEEP 80mA
AVG 135mA
MAX 280mA
PEAK 1.25A

Multi-Tech
Connections

50 MIL TRACE MIN
1.25A PEAK

CELL MODEM.
BATTERY CURRENT SHUNT AMPLIFIER.
SENSORS CONNECTOR.

P CHANNEL SOIC8
Vgs = 1.8V TO 8V
13.5A, -20V, 8.5mOhm

DNI

1.00V

30 HZ 2ND ORDER FILTER
CRITICALLY DAMPED

INA213
FIXED GAIN = 50
HIGH CMMR
COMMON MODE RANGE -0.3V TO 26V.
OUTPUT RANGE 0.05V TO VCC-0.2V.

SHUNT SPECS 50mV AT 250A.
200 AMPS THRU SHUNT == 2.0 VOLT OUTPUT + 1.0V REF = 3.0V
-100 AMPS THRU SHUNT == -1.0 VOLT OUTPUT + 1.0V REF = 0V

OPA2340
COMMON MODE RANGE -0.3V TO VCC+0.3V.
OUTPUT RAIL TO RAIL WITHIN 1mV.

MISC
INPUTS

RC=100uS

SCRUB HEAD TOP LIMIT SWITCH
 JUST CUTS OFF THE MOTOR.

RTS AND CTS PINS 
ARE BEING USED.

NEW MODEMS CAN
INTERFACE DIRECTLY TO 
3.3V PROCESSORS.

LAYOUT FEATURES AND MOUNTING HARDWARE:

"TRANSPORT SWITCH"
"SCRUB_HEAD_RETRACT_SWITCH"

+5V

+5V +5V

+3.3V

+3.3V

+3.3V

+3.3V

+3.3V

+3.3V

+3.3V

+3.3V

+3.3V

+3.3V

+3.3V

+3.3V

MODEM_IN_RANGE 12

PWR_MODEM12

RESET_MODEM12

Cell_CTS_Output 12

3.3V_Cell_DataOutPut 12

MODEM_PWR_TAP 12

3.3V_CellDataInput 12

3.3V_Cell_RTS_Input 12

+3.0V_REF2,3,5
SHUNT_REFERENCE 12

SHUNT_CURRENT 12

SCRUB_HEAD_MIDDLE_SWITCH 2

ORBITAL_DF2_SWITCH 2

PARKING_BRAKE_SWITCH 2

SQUEEGEE_DN_VACUUM_SWITCH 2

CHEMICAL_TANK_SWITCH 2

EC_WATER_CB_READ 2

ORBITAL_DF1_SWITCH 2

SCRUB_HD_MAX_DF_SWITCH 2

Title

Size Document Number Rev

Date: Sheet of
Q26033-002 A

T600/T500 SCRUB MODULE

Custom

10 13Friday, March 29, 2019

Title

Size Document Number Rev

Date: Sheet of
Q26033-002 A

T600/T500 SCRUB MODULE

Custom

10 13Friday, March 29, 2019

Title

Size Document Number Rev

Date: Sheet of
Q26033-002 A

T600/T500 SCRUB MODULE

Custom

10 13Friday, March 29, 2019

C278
0.01uF

R283 10K

D38
BZT52C3V3

R22510

R274 1K
R1206

-

+ U53B
OPA2340

4

7
5

6

8

R289 10K

R26849.9K
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WAND PUMP DRIVER

OPEN DRAIN

TIMEOUT IS 650uS

Spare Section

DNI

250 MIL WIDTH

16A
CURRENT
LIMIT

17 mV
OFFSET

NON-INVERTING
GAIN = 51
= 1 + R2/R1 2512

SIZE

ALTERNATES:
  INFINEON IRLS3036TRLPBF

60V  2.5mOHM @Vgs=5V
$1.19   logic level

WANDPUMP CURRENT LMT EXCEEDED/

+5V

+3.3V

+5V

+5V

+5V

+5V

+5V

+5V

+5V

+5V

+5V

WAND_PUMP_SPEED2
WAND_PUMP_HIGH5 WAND_PUMP_LOAD 5

WAND_PUMP_STATUS 2

WAND_PUMP_CURRENT_FB 2
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APP-NOTE
Thermal issues with clocking/pwm at hot

CAN COMMUNICATIONS

Second CAN to be used to communicate
with the Telemetry Micro. Resistors here
to be used to remove it for debug.

JTAG

ACCELEROMETER

ACCELEROMETER

DNI FOR
PRODUCTION

SPI INTERFACE AUTO
DETECT.
PIN7 MUST BE FLOATING
ON RESET.

BOARD REVISION BIT 0
BOARD REVISION BIT 1
BOARD REVISION BIT 2

BOARD REVISION BIT DECODER:
BIT        2    1    0
REV 0      0    0    0     MULE BOARD
REV 1      0    0    1     P1.5 & P2.5 BOARDS
REV 2      0    1    0     PROD BOARD
REV 3      0    1    1

DNIDNI

ONLY CHARGES BATTERY
WHEN MACHINE IS
RUNNING.
ONLY USES BATTERY
WHEN MAIN BATTERY IS
DISCONNECTED.

5V TOLERANT INPUTS EXCEPT PB0, PB1

RTC IC POWER CONSUMPTION 330nA
OVER TEMP RANGE.

CONTROL IC POWER
CONSUMPTION 500nA 
OVER TEMP RANGE.

A/D IS 12 BITS (MAX COUNT 4095)

All GPIO pins are configured as GPIOs by
default with the exception of:
PA1:0 DEFAULTS TO UART0
PA5:2 DEFAULTS TO SSI0
PB3:2 DEFAULTS TO I2C0
PC3:0 DEFAULTS TO JTAG

CORE VOLTAGE
=1.2V+-10%

FRAM

ALL COMPONENTS THIS PAGE: 
ONLY POPULATED ON
CELLMODEM VARIANT .

RTC

CHIP BONDING PAD IS NC

POWER FAIL
OUTPUT TRIPS
AT 3.01V

GPIOS HAVE SCHMITT TRIGGER INPUTS
GPIO DEFAULT: PULLDOWN OFF, PULLUP OFF,
TRISTATED, INPUT.
ACCEPTABLE PRACTICE FOR UNUSED GPIOS IS NC.

VDDA RANGE 2.97V to 3.63V.

MAIN SCRUB TELEMETRY

Telemetry Processor

THIS MONITORS MODEM POWER.
DO THE SAME FOR OTHER
SWITCHED VOLTAGES?

DIFFERENTIAL SAMPLING IN A/D.
AIN8 - AIN9

GREEN LED
HEARTBEATYELLOW LED

CAN

440uA max in

VREFA+ RANGE 2.4V to VDDA.

VREFA- RANGE 0V to 0.3V.
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MAIN SCRUB WIFI

External serial flash
stores the user profiles
and firmware patch
updates.

SAMPLE SCH SHOWS 100K PULLDOWN PIN 19.

50 Ohm

50 Ohm

WiFi

CONTINUOUS CURRENT 272mA TYP.
CALIBRATION CURRENT 450mA TYP FOR 24ms.

FLASH ALSO VERIFIED
TO WORK WITH ADESTO
AT25DF081A 8Mb.

SAMPLE SCH SHOWS 100K PULLDOWN PIN 3.

OPEN DRAIN

Q11003-053 CAP CER 1.0UF 16V 10% X5R 0402 "TDK
Samsung" "C1005X5R1C105K050BC 'PB1'
CL05A105KO5NNNC 'PB1'"
Q11003-054 CAP CER 0.1UF 50V 10% X5R 0402 "TDK
Samsung" "C1005X5R1H104K050BB 'PB1'
UMK105BJ104KV-F 'PB1'"
Q11003-055 CAP CER 0.033UF 16V 10% X5R 0402 Murata GRM155R61C333KA01D 'PB1'
Q11003-056 CAP CER 0.47UF 16V 10% X5R 0402 TDK C1005X5R1C474K050BC 'PB1'
Q11003-057 CAP CER 0.1UF 25V 10% X5R 0402 (JB-> -25C to 85C +/- 10%) TDK C1005JB1E105K050BC 'PB1'
Q11003-058 CAP CER 0.033UF 50V 10% X7R 0402 TDK CGA2B3X7R1H333K050BB 'PB1'

U47,J8 DNI FOR PRODUCTION

WIFI IS DNI FOR PRODUCTION
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