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accelerator pedal sensors remain at their un-pressed values of 0%. The vehicle defect in this
case is that the control software allows ADC calibration with an incorrect value of the calibration
voltage. To understand how this is possible requires an understanding of the accelerator pedal
sensor digitization process. We will now review this digitization process.

1. Review of the Digitization Process

At first glance, the digitization process may appear to be the simple process shown in Figure 1.
Two accelerator pedal position sensors having separate +5V power supplies are digitized by two
separate analog-to-digital converters (ADC’s) included on a single DSP. This redundancy adds
robustness when operating in the presence of single point faults. The ADC’s convert the two
analog sensor outputs into a digital format for use by the digital signal processing algorithms
within the DSP. The accelerator sensor outputs change with pedal position as shown in Figure
2, Having the output of sensor A equal to two times the output of sensor B is preferred by many
auto manufacturers because it provides a sensitive way of detecting faults in the sensor outputs
while simplifing the fault detection algorithms.
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Figure 1. Initial concept of the digitization process
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Figure 2a. Generalized accelerator pedal Figure 2b. Actual accelerator pedal position
position sensor with outputs A = 2B. sensors with different transfer functions.

Sensor Interface Circuitry

In a real vehicle, digitization is more complicated. First, interface circuitry must be included
between the sensors and the ADC’s as shown in Figure 3. The 0V to 5V sensor signals must be
reduced in amplitude by a resistive voltage divider to stay within the 0V to 3.3V input range of
ADC’s. And the ADC’s require a unity gain buffer between the voltage divider and the ADC
inputs to prevent errors due to high source impedance when sampling the ADC channels!".
Also, an optional EMI filter may be used to eliminate high frequency EMI interference, or else
shielded cabling may be used for the same purpose.

EDR Accelerator Pedal Can y) R. Belt
be Wrong With This Cause 1 June 2023
of Sudden Acceleration



w

45V,

+3.3V
|
APP [ AnalogA EMI 3.3 Gt ADC A
SensorA | Filter 5.0
>
APP [ mnaiogs [ EMI 33 | &
SensorB | Filter I | 5.0 D m
Dsp
+5V,
fa ry cd d

w th

Digital
Processing

ADC sampling sequence determined by software.

ADC Input signals
—ADCINIS | ADCINIA | Inputs Inputd | Input 3 Input 2 [ Input ] Input0 | ADC
_ﬂp{'l"l'] | ADCINIG | ADCIN AS ADCIN A4 ADCIN AS ADCIN AZ ADCINAL APP1 | A
|_ADCMIS | ApONIg ADCINB3 | ADCNGZ | ADCINB | APP2_ | &
ADCINTS | ADCINIA ADCINCA | ADCINC3 | ADCINGZ I
— ADCINIS T ADCIND4 | ADCIND3 | ADCINDZ | ADCINDL i ADCINDD | D I

fa

at r al
th Th

at

<

3.3V/2 — ADCINM4
AGND = ADCINIS

cy

CPULCLAY Data ROM
(4Kx1E)

16-/12-bit ADC

x4

Boot-ROM 32Kx18
Honsecure:
ADC
Result

CPU1.CLA1 Bus

CPU1 Buses

Perighseral Frame 1

I I 1

iv

d fo

- i f Data Bus Bridg
for ch

b

" ¢h _Th

fo
2]



Table 1. Analog signals multiplexed into the ADC’s

Analog sensor inputs
for ICE engine controllers

Analog sensor inputs
for eV motor controllers

Accelerator pedal sensors (A, B)
Throttle position sensor
Camshaft position sensor
Crankshaft position sensor
Mass air flow sensor

Manifold absolute pressure
Sensor

Oxygen or air/fuel ratio sensor
Vapor pressure sensor
Anti-knock sensor

Intake air temperature sensor
Engine coolant temperature
sensor

Accelerator pedal sensors (A, B)

Rotor position sensor (sin, cos)

Motor current sensors (@A, ¢B)

DC link high voltage sensor

12V battery supply sensor

Assorted temperature sensors
Motor temperature
Battery coolant

temperature

Vehicle speed sensor

Wheel speed sensors

Tire pressure sensors

HYV interconnect safety sensor

Vehicle speed sensor ADC calibration voltage
Wheel speed sensors
Tire pressure sensors
ADC calibration voltage
29— ADCIN €4
30— ADCINC3
31— ADCIN C2
32— VREFLO C (0V)
33— VREF LOA (0V)
34 ——{ vss GND (0V)
35— VREHIC(3.3V)
36— VDDA Power (3.3V)
37 —— VREF HIA (3.3V)
38 —— ADCIN AS
39— ADCIN A4
40— ADCIN A3
41— ADCIN A2
42— ADCIN A1
APP1 43 —— ADCIN A0
VCAL 44 ——ADCIN 14 =
-
$Es3%3
22gmza
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Figure 5. Analog portion of a DSP pin diagram showing the assignment
of ADC inputs to DSP pins. By probing these pins one can determine
which analog signals go to each ADC. In this case the two APP sensor

signals go to different ADC’s while the V¢ay. signal goes to all four ADC’s.
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Figure 6. ADC channels can have offset, gain, and nonlinearity errors as shown
in red above. The errors shown here are exaggerated for clarity.
Calibration minimizes these errors by digitizing two known points
on the actual response curve to determine the slope and offset of a
linear approximation to the response curve, and then using the inverse slope
of this linear approximation to calculate an unknown ADC input value
from its measured ADC output value.

ADC Calibration

The most common approach used to calibrate an ADC is the so-called two-point
calibration process. This process is preferred by many because it uses a small number of
calculations to minimize the computation time involved. This process has been described
by Texas Instruments in their Application Report SPRAADS8A - March 2007 entitled
“TMS320280x and TMS3202801x ADC Calibration”, which they recommend for all the
ADC’s on their DSP devices.[3! This process will now be described by using the same
figure and equations as found in the TI report. However, to aid the reader in following
the somewhat abstract mathematical symbology used by TT, a second set of symbols and
equations has been included which may be more intuitive and easier to understand.

First, TT uses Figure 7 to show the relationship between an ideal ADC response curve and
a linearized version of an actual ADC response curve. It then shows how the slope ma of
this linearized response curve is calculated by using two calibration inputs xH and xL,

which give two ADC outputs yH and yL. These inputs and outputs are defined further by:

xL. = known reference low input = Vin(CAL)L
xH = known reference high input = Vix(CAL)u
yL = reference low ADC output = Nour(CAL)L
yH = reference high ADC output = Nour(CAL)x .
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Then, by using the inverse of this slope, one can calculate the value of an arbitrary
unknown input signal x = Vin(SIG) that produces the digitized ADC output value y =
Nour(SIG). How this is done is described further in Table 2.

Output (y)
A
o (YH=YL) _ (Nour(CAL) —Nour(CAL)) _ Allgyr{CAL) /‘Mual Gain = ma
(XH=xXL) ~  (Vy{CAL) —Vin{CALY) — AV(CAL) 7
4094 -------------—-------—-------—-----»--—------——-»--7--/- Ideal Gain = mi
_ 7”7 (4095 - 0)
7 mi = -y
g Ly T s o S 7 7 (4095 -0)
E 4 //' P CalGain = -mla-
= ANy (CAL)| P
> Zr )
o 7 s i
L O — = // -
o . ;
o .77 |
a QO(\ 77
L Ny (SIG) Q-""/ // % i
T | S 255
2 2
e/
O N
7 /\e®
\> at
27
o » |deal
X XL H 4095 Input (x)
Vin{S16) VaCAL), AVin(CAL) \ZN(CAL)N 3B.0V)
or
ADC Input (V,y) B3v
Figure 7.
Table 2.

The two-point calibration process involves the following five basic steps:

1. Read the reference connected to ADCLO, set the
offset to +10 LSB’s (only once from boot)

2. Input the known reference values xL and xH Vn(CAL), and V,(CAL)y;
and read their digitized ADC outputs yL and yH. Nour(CAL), and Noyr(CAL)y

3. Calculate the calibrated ADC gain (CalGain) using _(xH-xXL)  AVy(CAL)
. CalGan=—— s
equation 6.2 (yH—yL) ~ ANgyr(CAL)

(6)

4. Calculate the calibrated ADC offset (CalOffset) CcalOffset = (yL x CalGain) —xL) (7)

using equation 7. CalOffset = (NW(CAL)LXAAI\:Z:Y(:SR) )~ Vi(CAL))
5. Cycle through all the signals to be digitized by x = (yx CalGain) — CalOffset) (5)

applying the calibration Equation 5. Viel516) = (Nour(SI6) X AAr:/:,(,((:(l:\/R))‘ ——

a. CalGain is the inverse of the actual gain ma. CalGain multiplies an output to get its input while ma
multiplies an inpul to get its oulpul.

This two-point calibration process can be simplified further by choosing the lower calibration
point xL. = Vin(CAL). to be zero. In this case AVin(CAL)becomes just Vin(CAL) and ANout(CAL)
becomes just Nout(CAL) because the two offsets cancel in the difference. Therefore,

V(SIG) = (Nour{SIG) X % )~ CalOffset .

From this equation one can see that if Noyt(CAL) decreases, then Vin(SIG) increases even though
Nout(SIG) does not change. This behavior can cause serious problems if one does not exercise
careful control over the value of the calibration voltage Vin(CAL), because N~yr(CAL) can
decrease if Vin(CAL) decreases while it is assumed to remain constant.

Ratiometric Pedal Sensors

Auto manufacturers have found that accelerator pedal sensor outputs can vary with time and
temperature as a result of the supply voltage changing with time and temperature even when a
regulated +5V is used for the supply voltage(4.. In order to minimize these sources of error,
manufacturers have used ratiometric sensors for the accelerator pedal sensors. Ratiometric
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Figure 10. Transfer functions of the APP sensor signals from a typical accelerator pedal.[8!
The top sensor is always twice the voltage of the bottom sensor, with the top sensor increasing
from 0.50V to 4.0V as the pedal is pressed from 0% to 100% while the bottom sensor increases
from 0.25V to 2.0V as the pedal is pressed from 0% to 100%.

limits, then the vehicle torque is limited to a small limp home value and a DTC is posted. A
cross check is then performed to determine whether the top APP signal is equal to twice the
bottom APP signal within some error limit. If this test fails, then the drive motor torque is set to
zero and a DTC is posted. If this test is passed, the % pedal travel for each sensor is then
calculated as

5V max 5V min

and a cross-check is performed to determine if the pedal % values are equal to within 10%. Tf
this test fails, then the vehicle torque is set to zero and a DTC is posted. If this test is passed,
then the two pedal % values are combined to form a single % pedal value that is used for two
purposes: 1) every twentieth value is sent to the EDR via a message on the CAN bus, and 2) the
% pedal is then tested to determine if the rate of movement is within the limits for a normal
driver-induced signal. If this test fails, then the vehicle torque is limited to zero and a DCT is
posted. If the test is passed, then the % pedal signal is used to access the pedal map to obtain a
% torque command that is given to the engine or drive motor. Finally, Figure 10 shows that the
V3. 1) % veat calibration signal is common to all four ADC’s. We will now discuss this
calibraﬁor‘l'&gnal in greater detail.

The ADC calibration signal is key to proper digitization of the APP signals

Table 3 shows three cases of how Ncar. and Vapr can vary. In case 1, an accelerator pedal sensor
is used whose outputs are ratiometric to the supply voltage. This allows one to correct the
sensor outputs for temperature and noise if one knows how the supply voltage changes. But if
calibration is done with a fixed calibration voltage instead of the sensor supply voltage, then
there is no way to determine how the sensor supply voltage changes. Therefore, one can’t
correct for the temperature and noise errors in the sensor outputs even though one uses a
ratiometric sensor. So, using a fixed calibration voltage does not remove errors in the digitized
sensor voltages.

TOP TOP
V5V (X) - VSV min
% pedal = 100% [/ TOP TOP ,

In case 2, an accelerator pedal sensor is used whose outputs are ratiometric to the supply
voltage. But this time, ADC calibration is done using a ratio of the APP sensor’s 5V supply
voltage, KkVapr suprry = kx 5V. This yields the desired APP sensor outputs even in the presence
of time and temperature variations as high as 50% because the ADC calibration changes to
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4095
Digitize 3.3V/2 = 1.65V, get New.. 20553 | 1.63V 2.5V | 1027*| 1.69V | 2.5V | 1027% | 1.65V 2.5V
Calibrate gain G with Eg 1.
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rar | a=(e)=(5) | =GE) -G [ o= = (o)
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Example Virr =1368 G Varr =1368G Vipr =3276G
Virr <1638 (g) | Varr=1638(35,7) | Varr=3276 (322)

a) A factor of two change in Naer has been used to make the changes more noticeable. Normal changes are only a few percent.
b) While a factor of two change in Mca. has been use for clarity, changes caused by a voltage dip in the 5V supply during

digitization can reduce N, by a factor of 6 or more, causing Vass to increase by 6X or more.
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NHTSA Recall 18V-586 for temporary loss of electric power steering (EPS)
in GM vehicles (Sep 2018):

* "These vehicles may experience a temporary loss of EPS assist followed
by a sudden return of EPS assist, particularly during low-speed turning

maneuvers”

voltage[V]

= "Events that demand high current, such as low speed tumns, can cause
temporary low voltage conditions. When the system voltage drops
below 8.8 volts for more than 1 second—e.g., during low-speed turns—

EPS assist is disabled until voltage returns to 9 volts for a minimum of
40 milliseconds, at which point EPS assist returns”

g+ | fuse box bat
| —fuse box front
9 |—load

* "The loss and sudden return of EPS assist typically happens within a 1
10 105 1 5 12 125 13 135 second period
tig (5] » Affects more than 1M pickups & SUVs
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made when the driver steps on the accelerator pedal, but they are produced without the driver
stepping on the accelerator pedal. This mechanism explains how sudden unintended
acceleration can occur in many ICE and eV vehicles with the EDR accelerator pedal sensor data
showing that the accelerator pedal was pressed during the incident even though the driver
maintains that he/she did not press the accelerator pedal. A test for verifying this SUA
mechanism is described, and solutions for this susceptibility to SUA are presented.
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