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Abstract

Fuel consumption (FC) has always been an important factor in
vehicle cost. With the advent of electronically controlled engines, the
controller area network (CAN) broadcasts information about engine
and vehicle performance, including fuel use. However, the accuracy
of the FC estimates is uncertain. In this study, the researchers first
compared CAN-broadcasted FC against physically measured fuel use
for three different types of trucks, which revealed the inaccuracies of
CAN-broadcast fueling estimates. To match precise gravimetric
fuel-scale measurements, polynomial models were developed to
correct the CAN-broadcasted FC. Lastly, the robustness testing of the
correction models was performed. The training cycles in this section
included a variety of drive characteristics, such as high speed,
acceleration, idling, and deceleration. The mean relative differences
were reduced noticeably.

Introduction and Objectives

The use of controller area network (CAN) data allows researchers
quick access to important engine operating parameters. However, fuel
use recorded by the CAN is derived from an algorithm with
assumptions implemented in the vehicle’s electronic control unit [1],
and the assumptions vary among different powertrains [2]. These
cause discrepancies between the estimated fuel consumption (FC)
rate and the physically measured FC rate. The uncertainty of the
estimated fuel use has been discussed previously by researchers at the
National Renewable Energy Laboratory [3].

To evaluate the accuracy of the estimates, CAN-broadcasted fuel
rates need to be compared against fuel use from precise fuel
measurements. The National Renewable Energy Laboratory’s
Renewable Fuels and Lubricants (ReFUEL) laboratory provided
experimental data on three candidate trucks. Researchers at the
ReFUEL laboratory recorded accurate FC measured from a
gravimetric fuel scale and the CAN bus fuel use simultaneously.

This study had two objectives: 1) compare CAN-broadcasted FC against
fuel measurements from the gravimetric fuel scale, and 2) develop
models to correct the CAN FC to match the fuel-scale measurements.

Test Vehicle Information

The fuel comparison analysis included three medium/ heavy-duty
trucks tested on the ReFUEL laboratory’s heavy-duty chassis
dynamometer, each over multiple drive cycle tests. The three trucks
with unknown CAN bus algorithms were different from each other.
Each of these different drive cycles comprises several repetitions of
the same test. Detailed information about the trucks is presented in
Table 1. Every data set contains total fuel use reported by the precise
gravimetric fuel scale and by the fuel rates broadcasted from an SAE
J1939 CAN.

Table 1. Details of the trucks tested

Name Displacement Power
® (hp)

2011 Medium-duty diesel | 6.7 200

conventional parcel

delivery truck

2010 Medium-duty 6.7 280

hydraulic hybrid parcel

delivery truck

2015 Day cab renewable- 12.9 455

diesel tractor

Comparisons of CAN-Broadcasted and Fuel-
Scale Measured FC and Fuel Economy
Each vehicle was analyzed in separate MATLAB scripts, which

adjusted for differences in fuel densities, drive cycles, and moving
window size. The dynamometer and engine signals were aligned by




performing cross-correlations [4] between the dynamometer vehicle
speed and engine vehicle speed. Figure 1 shows the aligned fuel rates
and speeds of dynamometer-measured and engine CAN-broadcasted
for a randomly picked drive cycle.
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Figure 1. Aligned dynamometer measured and engine CAN broadcasted fuel
rates and speeds (30-second smoothed window)

The total fuel use measured by the fuel scale was obtained by
subtracting the gravimetric fuel scale’s final mass from its beginning
mass. Integrating CAN-broadcasted fuel rates over a certain cycle’s
duration gave the total CAN fuel use. The relative difference between
the two sets of fuel use is defined in equation 1.

FCCAN _FCScalz)

relativeDiff . = ( *100%
FC

Scale

Equation (1)

The mean, median, and standard deviation percent differences across
all drive cycles were also calculated to reveal the general CAN
fueling rate characteristics of an individual data set. Differentiating
the gravimetric fuel scale’s reading in time results in a real-time
signal that allows this comparison to be made [3]. However, the low
resolution of the ReFUEL laboratory’s fuel scale resulted in a
differentiated instantaneous signal that was noisy and inaccurate.
Moving-average windows were applied before the comparisons. The
optimal window sizes were determined empirically by observing the
smoothness of the differentiated fuel-scale signal and judging
whether or not it would suffice for a second-by-second comparison
[3]. After smoothing the fuel rate signals, parity fuel rate plots of
measurements from the fuel scale and CAN by drive cycle were
generated. Figures 2, 3, 4 show the real-time fueling scatter plot (all
trucks) and percent difference bins (conventional trucks only) of
example drive cycles for a medium-duty diesel conventional parcel
delivery truck, a medium-duty hydraulic hybrid parcel delivery truck,
and a day cab renewable-diesel tractor. The percent difference plot of
the hydraulic hybrid truck is not included as the percent difference
could be infinite because of the FC was zero. For the left plots with
dashed green lines, the left sides represent where CAN fuel rates
were over-reported compared to the fuel scale rates, while the right
sides represent where CAN fuel rates were under-reported compared
to the fuel scale rates.

Fuel Scale File:CSHVC_01
CAN File:SEGMENT079

18 Dyno Total=2.63 L 220

CAN Total=2.91 L ﬁﬁ 200 3507 Mean=17.53

Total Diff.=10.42%0%¢" 180 Median=11.18
o o

w
S
S

Std.Dev=24.02

—_
'

160

o

140

120

CAN Fuel Rate (L/hr)
=
Fuel Rate %grcent Difference (%)
requency

0
5 10 15 -100 0 100 200 300
Gravimetric Fuel Rate (L/hr) Percent Difference Bin

Figure 2. Real-time fuel rate parity plot between the CAN-broadcasted FC and
the fuel-scale measurement and percent difference for the medium-duty diesel
conventional parcel delivery truck (30-second smoothed window)
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Figure 3. Real-time fuel rate parity plot between the CAN-broadcasted and
fuel-scale measurement for the medium-duty hydraulic hybrid parcel delivery
truck (120-second smoothed window)
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Figure 4. Real-time fuel rate parity plot between the CAN-broadcasted and
fuel-scale measurement for the day cab renewable-diesel tractor (30-second
smoothed window)

Tables 2, 3, 4 show the fuel economy (FE), FC, and FC relative
difference of the experimental data for the medium-duty diesel
conventional parcel delivery truck, the medium-duty hydraulic hybrid
parcel delivery truck, and the day cab renewable-diesel tractor. The
average FC relative differences are 7.41%, -5.31%, and -6.51%,
respectively.



Table 2. FC and FE comparison for medium-duty diesel conventional parcel Table 4. FE and FC comparison for day cab renewable-diesel tractor

delivery truck (30-second smoothed window) (30-second smoothed window)
Drive Cycl CAN [ Fuel | CAN | Fuel FC -
T E D | sele | P | sesle | Relative DriveCycle | CAN | Fuel | CAN | Fuel | FC
(mpg) | FE (gal) FC Diff. FE Scale FC Scale Relative
(mpg) (gal) (%) (mpg) | FE (gal) FC Diff. (%)
(mpg) (ga)
CSHVC 01 | 867 | 957 |077 |070 10.42
HHDDT 02 7.02 6.53 3.70 3.96 -6.38
CSHVC 02 | 874 [957 [076 [070 9.10 =
CSIIVC 03 | 877 | 948 [ 076 | 070 792 HHDDT 03 | 7.04 | 655 3.70 3.95 -6.37
CSHVC 04 |870 [951 |076 | 070 891 HHDDT 04 7.10 6.64 3.66 3.89 -5.94
CSHVC_05 8.78 9.40 0.76 0.71 6.69 HHDDT 05 7.10 6.60 3.67 3.93 -6.51
HHDDT 01 | 11.06 | 1212 | 234 | 215 9.15 COMMUT 05 | 637 587 06 067 =27
HHDDT 02 | 1069 | 1138 | 242 | 229 597
- COMMUT 07 | 6.37 5.88 0.62 0.67 -7.01
HHDDT 04 | 1067 | 11.51 | 243 | 226 775
COMMUT 08 | 6.41 5.90 0.62 0.67 -7.37
HHDDT 05 | 1072 | 1149 | 242 | 227 7.00
COMMUT 09 | 6.39 5.92 0.62 0.66 -6.71
HHV_01 786 | 825 |260 | 248 5.00
TV 02 Si7 Tea [5a0 | odi T COMMUT _10 | 641 | 592 0.62 0.67 -7.00
HHV 03 8.28 8.56 247 238 337 COMMUT 11 | 691 6.52 1.48 1.55 -4.81
HHV_04 827 | 861 |247 |[237 395 HWFET 03 7.01 6.51 1.46 1.55 -6.20
LECRY 630 | 680 | 040 | 037 7.85 HWFET 04 700 | 647 145 1.57 7.19
NYC 02 648 | 707 |039 | 036 9.04
- HWEFET 05 6.98 6.44 1.46 1.57 -7.17
NYC 03 650 | 717 [039 [035 10.23
HWFET 06 6.92 6.53 1.47 1.55 -5.25
NYC_04 660 | 727 |038 | 034 10.33
Mean 6.79 6.30 1.80 1.92 -6.51
Mean 854 | 919 |147 [ 138 741

Table 3. FE and FC comparison for medium-duty hydraulic hybrid parcel

delivery truck (120-second smoothed window) Figures 5, 6, 7 demonstrate the parity plots of average FE and FC and

Drive Cycle | CAN | Fuel CAN | Fuel FC relative difference for the medium-duty diesel conventional parcel
FE Scale FE | FC Scale Relative : H _ H H :
e | cope) (@l s Eivp delivery truck, the medium-duty hy‘drauhc hybrid parcel de.hvery
(cal) (%) truck, and the day cab renewable-diesel tractor, together with
NYCe 02 144 [ 1067 022 023 307 coefficients of determination (R?) between the CAN broadcasted and
fuel-scale measurements. The average FE and FC and relative
NYCC 03 1145 | 10.76 021 0.23 731 . ; . .
differences showed on the plots are in agreement with the values in
NYCC 04 11.62 | 1111 021 0.23 -5.87 the above tables.
NYCC 05 1158 | 10.84 021 0.23 774
12 , 3
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HHDDT 06 | 11.80 | 11.27 2.19 2.31 -5.31 Figure 5. FE and FC parity plots between CAN-broadcasted and fuel-scale
HAV 01 1095 1 10.65 177 184 395 measurement for the medium-duty diesel conventional parcel delivery truck
(30-second smoothed window)
HHV_02 1048 | 10.14 1.89 1.98 4.53
HHV_03 1056 | 10.24 187 1.96 4.23
HHV_04 1052 | 10.21 1.88 1.97 424
Mean 1197 | 11.47 124 131 531
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Figure 6. FE and FC parity plot between CAN-broadcasted and fuel-scale
measurements for the medium-duty hydraulic hybrid parcel delivery truck
(120-second smooth window)
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Figure 7. FE and FC parity plot between CAN-broadcasted and fuel-scale
measurement for the day cab renewable-diesel tractor (30-second
smoothed window)

Development of Model to Correct CAN-
Broadcasted Fuel Rates

Original equipment manufacturers provide data via the CAN using
comprehensive algorithms, which take into consideration parameters
such as vehicle speed, engine speed, distance, fuel volume used, and
other factors [2]. Since the CAN measures FC via algorithms and not
from actual fuel flow, there is inherent error in those calculations, as
discussed previously. Models were developed to adjust the CAN fuel
use to match the more accurate fuel use from gravimetric fuel scales.

The goal of the CAN fuel use correction method is to find a relatively
simple and effective model. It follows that a correction model would
include a combination of the original CAN-measured fuel rate,
vehicle speed, vehicle acceleration, engine speed, engine oil
temperature, and ambient temperature.

The calibration of the developed model included selecting the most
effective input parameters. The top three best models were obtained
when the correction models were expressed as the adjusted CAN FC
rates as functions of the original CAN FC only; original CAN and
vehicle speed; and original CAN, vehicle speed, and vehicle
acceleration (equations 2, 3, 4).

CAN,,=a*CAN,, +b
Equation (2)
CAN,, =a*CAN,,, +b*VehSpd +c
Equation (3)
CAN,, =a*CAN,,, +b*VehSpd + c*VehAcc +d

Equation (4)

where CAN, di is the adjusted CAN FC, CANW.g is the original CAN
FC, VehSpd is the vehicle speed, and VehAcc is the vehicle
acceleration. The parameters a, b, ¢, and d are constant coefficients
which are estimated by performing the least square method [5]. The
coefficients for each vehicle are a unique set of number values.

To develop the CAN FC correction model, each of the test cycles was
taken as a training cycle, and rest of them were used as testing cycles.
The performance results of the correction models for the medium-
duty diesel conventional parcel delivery truck are summarized in
Table 5. As observed from the mean FC relative differences, the
model, including the original CAN, vehicle speed, and acceleration
(equation 4) using CSHVC_03 as the training cycle, gave the best
performance result with a mean FC relative difference of -0.06%.
Overall, when applying different models and training drive cycles, the
adjusted CAN FCs have noticeably lower relative differences (-3.55%
to 2.63%) than those of the original CAN FCs (3.24% to 10.42%).

Table 5. Performance results of applying different correction models for medium-
duty diesel conventional parcel delivery truck (30-second smoothed window)

FC Relative Diff. (%)

Model
Training Cycle

a*CAN+b | a*VehSpd+ a*VehSpd+

b*CAN+c b*VehAcc+
c*CAN+d

CSHVC 01 -1.46 -1.59 -2.03
CSHVC 02 -0.81 -0.90 -1.02
CSHVC 03 0.33 0.21 -0.06
CSHVC 04 -0.59 -0.69 -0.87
CSHVC 05 1.48 1.29 1.70
HHDDT 01 -3.55 -3.27 -3.10
HHDDT 02 -0.12 -0.25 -0.13
HHDDT 04 -2.00 -1.82 -1.71
HHDDT 05 -1.04 -0.97 -0.92
HHV 01 -0.48 -0.44 -1.46
HHV 02 2.34 2.39 1.56
HHV 03 2.02 2.02 1.29
HHV 04 1.53 1.53 0.75
NYC 01 2.33 2.61 2.63
NYC 02 1.66 1.85 2.01
NYC 03 0.18 0.59 0.64
NYC 04 0.38 0.60 0.68

Figure 8 illustrates the comparison of the adjusted CAN FC against
the original CAN FC and fuel-scale measurement for the medium-
duty diesel conventional parcel delivery truck when applying the
optimal model (equation 4, using CSHVC 03 as the training cycle).
The adjusted CAN FC line matches more closely to the fuel scale
line. The breakdown of the FC relative differences of each drive cycle



is shown in Table 6. By comparing Table 2 and Table 6, we can see

that the FC relative differences are reduced dramatically when
applying the optimal model (7.41% versus -0.06% mean difference).
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Figure 8. Comparison of adjusted CAN fuel rates against original CAN fuel
rates and fuel-scale measurement for the medium-duty diesel conventional
parcel delivery truck (30-second smoothed window).

Table 6. Comparison of adjusted CAN FC against fuel-scale measurement for
medium-duty diesel conventional parcel delivery truck when applying optimal
model (30-second smoothed window)

Drive Cycle Adjusted | Fuel Adjusted | Fuel FC
CANFE | Scale | CANFC | Scale Relative
(mpg) FE (gal) FC Diff.
(mpg) (gal) (%)
CSHVC 01 9.36 9.57 0.71 0.70 227
CSHVC 02 9.44 9.57 0.70 0.70 1.05
CSHVC 03 9.46 9.48 0.70 0.70 -0.03
CSHVC 04 9.40 9.51 0.71 0.70 0.85
CSHVC 05 9.48 9.40 0.70 0.71 -1.20
HHDDT 01 11.58 12.12 | 2.24 2.15 431
HHDDT 02 11.20 11.38 | 231 2.29 1.18
HHDDT 04 11.18 11.51 | 2.32 2.26 2.87
HHDDT 05 11.22 1149 | 231 227 2.16
HHV 01 8.37 8.25 2.44 2.48 -1.44
HHV 02 8.70 8.44 2.34 241 -3.06
HHV_03 8.82 8.56 2.32 2.38 -2.90
HHV 04 8.81 8.61 2.32 2.37 -2.35
NYC 01 6.96 6.80 0.36 0.37 -2.43
NYC 02 7.18 7.07 0.35 0.36 -1.52
NYC 03 7.20 7.17 0.35 0.35 -0.40
NYC 04 7.31 7.27 0.34 0.34 -0.35
Mean 9.16 9.19 1.38 1.38 -0.06

Figure 9 shows the real-time fueling scatter plot of the adjusted CAN
FC and fuel-scale measured use and the percent difference bins of
example drive cycles. Figure 10 demonstrates the parity plots for the
medium-duty diesel conventional parcel delivery truck. By comparing
Table 2 with Table 6 and Figure 5 with Figure 10, we can see that the
accuracy of the adjusted CAN FC was noticeably improved.
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Figure 9. Real-time fuel rate parity plot between adjusted CAN FC and
fuel-scale measurements and percent difference for the medium-duty diesel
conventional parcel delivery truck (30-second smoothed window)
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Figure 10. FE and FC parity plot between adjusted CAN FC and fuel-scale
measurement for the medium-duty diesel conventional parcel delivery truck
(30-second smoothed window)

In a similar way, Table 7 shows the performance results of the
correction models for the medium-duty hydraulic hybrid parcel
delivery truck. Including the original CAN fuel rate and vehicle speed
(equation 3) and using HHV 04 as a training cycle, the model gave
the best performance with a mean FC relative difference of 0.03%.
Overall, when applying different models and training drive cycles, the
adjusted CAN FCs have noticeably lower relative differences (-2.22%
to 2.79%) than the original CAN FCs (1.31 % to 8.07%).

Figure 11 exemplifies the comparison of the adjusted CAN fuel rates
against the original CAN fuel rates and fuel-scale measurement for
the medium-duty hydraulic hybrid parcel delivery truck when
applying the optimal model (equation 3 using HHV_04 as the
training cycle). The adjusted CAN FC line matches the fuel-scale line
more closely. The breakdown of the FC relative differences of each
drive cycle is shown in Table 8. By comparing Table 3 with Table 8
and Figure 6 with Figure 13, we can see that the FC relative
difference was reduced noticeably when applying the optimal model
(-5.31% versus 0.03% mean difference).




Table 7. Performance results of applying different correction models for medium-
duty hydraulic hybrid parcel delivery truck (120-second smoothed window).

Table 8. Comparison of adjusted CAN FC against fuel scale measurement for
medium-duty hydraulic hybrid parcel delivery truck when applying optimal

FC Relative Diff. (%) mod@ (120-second smoothed window)
Drive Cycle CAN Fuel CAN Fuel FC

Model FE Scale FE | FC Scale Relativ
Training Cycle (mpg) (mpg) (gal) FC e Diff.

a*CAN+b | a*VehSpd+ a*VehSpd+ (gah) | (%)

b*CAN+c b*VehAcc+
*CAN+d NYCC 02 10.87 10.67 0.23 0.23 -3.27

NYCC 02 339 279 520 NYCC 03 10.88 10.76 0.23 0.23 -2.46
NYCC 03 134 1.20 1.96 NYCC 04 11.03 11.11 0.22 0.23 -0.82
NYCC 04 1.79 1.46 269 NYCC 05 11.00 10.84 0.22 0.23 -2.82
NYCC 05 229 2.00 3.04 CSHVC 01 12.56 13.40 0.52 0.50 5.43
CSHVC 01 381 54 337 CSHVC 02 12.63 12.95 0.52 0.51 1.25
CSHVC 02 20.07 2.06 2025 CSHVC 03 12.41 12.79 0.53 0.52 1.79
CSHVC 03 20.65 207 20.63 CSHVC 04 12.52 12.84 0.53 0.52 1.28
CSHVC 04 2025 222 0.30 CSHVC 05 12.51 12.76 0.53 0.52 0.76
CSHVC 05 0.29 1.76 032 HHDDT 01 11.92 12.20 2.16 2.13 1.40
HHDDT 01 -0.12 -1.41 137 HHDDT 02 11.02 10.96 2.34 2.38 -1.51
HHDDT 02 2.11 225 1.96 HHDDT 03 11.24 11.31 2.30 2.30 -0.34
HHDDT 03 0.68 0.89 032 HHDDT 04 11.27 11.30 2.29 2.30 -0.61
HHDDT 04 1.48 1.59 1.22 HHDDT 05 11.50 11.63 225 224 0.26
HHDDT 05 0.89 0.34 035 HHDDT 06 11.19 11.27 2.31 2.31 -0.12
HHDDT 06 0.80 1.17 075 HHV 01 10.45 10.65 1.86 1.84 0.63
HHV 01 -1.23 -0.24 -1.60 HHV 02 10.04 10.14 1.97 1.98 -0.34
HHV 02 2044 075 127 HHV_03 10.11 10.24 1.96 1.96 0.04
HHV 03 2049 091 20.64 HHV 04 10.07 10.21 1.97 1.97 -0.01
HHV 04 2077 0.03 204 Mean 11.33 11.47 1.31 1.31 0.03
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Likewise, Table 9 presents the performance results of the correction
models for the day cab renewable-diesel tractor. The simplest model
(equation 2) using HHV_04 as the training cycle gave the best
performance with a mean FC relative difference of 0.06%. Overall,
the adjusted CAN FCs when applying different models and training
drive cycles have noticeably lower relative differences (-1.77% to
1.08%) than the original CAN FCs (-4.81 % to -7.37%).

Table 9. Performance results of applying different correction models for day
cab renewable-diesel tractor (30-second smoothed window).

FC Relative Diff. (%)

Model
Training Cycle

*
weansp | arvenspar | SR
c*CAN+d

HHDDT 02 -0.38 -0.37 -0.27
HHDDT 03 -0.28 -0.27 -0.22
HHDDT 04 -0.77 -0.77 -0.46
HHDDT 05 -0.27 -0.27 0.06
COMMUT 05 0.42 0.20 -0.27
COMMUT 07 0.30 0.18 0.21
COMMUT 08 0.83 0.74 0.58
COMMUT 09 0.06 -0.20 -0.08
COMMUT 10 0.49 0.27 0.22
COMMUT 11 -1.77 -1.32 -0.83
HWFET 03 -0.15 -1.37 -1.37
HWFET 04 1.08 2.93 3.12
HWFET 05 0.90 0.81 0.81
HWFET 06 -1.24 0.14 0.24

Figure 14 shows the comparison of the adjusted CAN fuel rates
against the original CAN fuel rates and fuel-scale measurements for
the day cab renewable-diesel tractor when applying the optimal
model (equation 2 using COMMUT 09 as the training cycle). The

adjusted CAN FC matches the fuel-scale measurement better. The
breakdown of the FC relative differences of each drive cycle is shown
in Table 10. By comparing Table 4 and Table 10, we can see that the

FC relative difference was reduced noticeably when applying the
optimal model (-6.51% versus 0.06% mean difference).
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Figure 14. Comparison of adjusted CAN fuel rates against original CAN fuel
rates and fuel scale measurement for day cab renewable-diesel tractor
(30-second smoothed window).

Table 10. Comparison of adjusted CAN FC against fuel-scale measurement
for the day cab renewable-diesel tractor when applying the optimal model
(30-second smoothed window)

Drive Cycle CAN | Fuel CAN Fuel FC
FE Scale FC Scale Relativ
(mpg) | FE (gal) FC e Diff.
(mpg) (gal) (%)
HHDDT 02 6.52 6.53 3.98 3.96 0.72
HHDDT 03 6.54 6.55 3.98 3.95 0.74
HHDDT 04 6.60 6.64 3.94 3.89 1.22
HHDDT 05 6.60 6.60 3.95 3.93 0.61
COMMUT 05 | 5.97 5.87 0.67 0.67 -1.01
COMMUT 07 | 5.97 5.88 0.66 0.67 -0.72
COMMUT 08 | 6.01 5.90 0.66 0.67 -1.10
COMMUT 09 | 5.99 5.92 0.66 0.66 -0.41
COMMUT 10 | 6.00 5.92 0.66 0.67 -0.71
COMMUT 11 | 647 6.52 1.58 1.55 1.69
HWFET 03 6.56 6.51 1.56 1.55 0.23
HWFET 04 6.55 6.47 1.55 1.57 -0.83
HWFET 05 6.54 6.44 1.56 1.57 -0.80
HWFET 06 6.48 6.53 1.57 1.55 1.23
Mean 6.34 6.30 1.93 1.92 0.06




Figure 15 shows the real-time fueling scatter plot of the adjusted
CAN FC and fuel scale use and the percent difference bins of
exampled drive cycles, and Figure 16 demonstrates the parity plots
for day cab renewable-diesel tractor. By comparing Table 4 with
Table 10 and Figure 7 with Figure 16, we can see that the accuracy of

adjusted CAN FC was remarkably improved.
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Figure 15. Real-time fuel rate parity plot between adjusted CAN FC and
fuel-scale measurement and percent difference for the day cab renewable-
diesel tractor (30-second smoothed window)
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Figure 16. FE and FC parity plot between adjusted CAN FC and fuel-scale
measurement for the day cab renewable-diesel tractor (30-second
smoothed window)

Robustness Testing of the Correction Model

The training cycles of the correction models should be cycles that
include a variety of drive characteristics, such as high speed,
acceleration, idling, and deceleration. The training drive cycle was
chosen by randomly selecting one test from each drive cycle, then
adding them together. For example, for the medium-duty diesel
conventional parcel delivery truck, the training drive cycle included
the CSHVC 02, HHDDT 02, HHV 02 and NYC 02 drive cycles.
Tables 11, 12, 13 show the performance results by applying the
optimal correction models using multiple drive cycles as training
data. The mean relative differences were reduced from 7.41%,
-5.31%, and 6.51% to 0.84%, 0.33%, and -0.30% for the medium-
duty diesel conventional parcel delivery truck, the medium-duty
hydraulic hybrid parcel delivery truck, and the day cab renewable-
diesel tractor, respectively.

Table 11. Comparison of adjusted CAN FC against fuel-scale measurement
for the medium-duty diesel conventional parcel delivery truck when applying
optimal model with multiple drive cycles as training data (30-second
smoothed window)

Drive Cycle | Adjusted | Fuel Adjusted Fuel FC
CANFE | Scale CANFC Scale Relative
(mpg) FE (gal) FC Diff.
(mpg) (gal) (%)
CSHVC_1 9.30 9.57 0.72 0.70 2.94
CSHVC 2 9.38 9.57 0.71 0.70 1.65
CSHVC_3 9.41 9.48 0.71 0.70 0.53
CSHVC 4 9.34 9.51 0.71 0.70 1.50
CSHVC 5 9.43 9.40 0.70 0.71 -0.64
HHDDT 1 11.60 12.12 2.24 2.15 4.06
HHDDT 2 11.20 11.38 231 2.29 1.19
HHDDT 4 11.17 11.51 2.33 2.26 291
HHDDT 5 11.22 11.49 2.32 227 2.17
HHV 1 8.23 8.25 248 248 0.28
HHV_2 8.57 8.44 2.37 241 -1.62
HHV_3 8.69 8.56 2.35 2.38 -1.53
HHV 4 8.69 8.61 2.35 2.37 -0.98
NYC_ 1 6.84 6.80 0.37 0.37 -0.67
NYC 2 7.06 7.07 0.36 0.36 0.15
NYC 3 7.08 7.17 0.35 0.35 1.22
NYC 4 7.20 727 0.35 0.34 1.18
Mean 9.08 9.19 1.40 1.38 0.84

Table 12. Comparison of adjusted CAN FC against fuel-scale measurement for
medium-duty hydraulic parcel delivery truck when applying optimal model with

multiple drive cycles as training data (120-second smoothed window)
Drive Cycle CAN Fuel CAN | Fuel FC

FE Scale | FC Scale | Relative
(mpg) FE (gal) | FC Diff.
(mpg) (gal) (%)

NYCC_02 10.80 10.67 | 0.23 0.23 -2.69

NYCC 03 10.81 10.76 | 0.23 0.23 -1.80

NYCC_04 11.05 11.11 | 022 023 -0.96

NYCC_05 10.96 10.84 | 0.22 0.23 =245

CSHVC 01 12.65 13.40 | 0.52 0.50 4.68

CSHVC 02 12.70 1295 | 052 0.51 0.71

CSHVC 03 12.49 12.79 | 0.53 0.52 1.19

CSHVC 04 12.62 12.84 | 0.52 0.52 0.48

CSHVC 05 12.60 12.76 | 0.52 0.52 0.02

HHDDT 01 11.91 1220 | 2.17 2.13 1.46

HHDDT 02 10.94 1096 | 2.36 238 -0.77

HHDDT 03 11.18 11.31 | 231 2.30 0.25

HHDDT 04 11.20 11.30 | 2.30 2.30 -0.05

HHDDT 05 11.45 11.63 | 2.25 224 0.65

HHDDT 06 11.12 1127 | 232 231 0.49

HHV_01 10.35 10.65 | 1.87 1.84 1.58
HHV_02 991 10.14 | 2.00 1.98 091
HHV 03 9.98 1024 | 1.98 1.96 131
HHV_04 9.94 1021 | 1.99 1.97 1.31

Mean 11.30 1147 | 1.32 1.31 0.33




Table 13. Comparison of adjusted CAN FC against fuel-scale measurement
for day cab renewable-diesel tractor when applying optimal model with
multiple drive cycles as training data (30-second smoothed window)

Drive Cycle CAN | Fuel CAN | Fuel FC
FE Scale | FC Scale Relative
(mpg) | FE (gal) FC Diff. (%)
(mpg) (gal)
HHDDT 02 6.53 6.53 3.95 3.96 -0.02
HHDDT 03 6.59 6.55 3.95 3.95 -0.01
HHDDT 04 6.65 6.64 391 3.89 0.47
HHDDT 05 6.65 6.60 3.92 393 -0.13
COMMUT 05 | 5.99 5.87 0.66 0.67 -1.26
COMMUT 07 | 5.98 5.88 0.66 0.67 -0.98
COMMUT 08 | 6.02 5.90 0.66 0.67 -1.35
COMMUT 09 | 6.00 592 0.66 0.66 -0.66
COMMUT 10 | 6.02 592 0.66 0.67 -0.96
COMMUT 11 | 6.48 6.52 1.58 1.55 1.53
HWEFET 03 6.57 6.51 1.55 1.55 0.07
HWEFET 04 6.56 6.47 1.55 1.57 -0.98
HWEFET 05 6.55 6.44 1.56 1.57 -0.96
HWEFET 06 6.49 6.53 1.57 1.55 1.07
Mean 6.37 6.30 1.92 1.92 -0.30
Summary

The CAN-broadcasted FC showed discrepancies with measurement
using a precise gravimetric fuel scale. To use the easily acquired
CAN-broadcasted FC with confidence, models were developed to
correct the CAN-broadcasted fuel use. Calibration of the developed
model included selecting the most effective input parameters and
training drive cycles as training data. The top three best models were
obtained when the correction models were expressed as the adjusted
CAN FCs as functions of the original CAN FC only; the original
CAN and vehicle speed; and the original CAN, vehicle speed and
vehicle acceleration. The training data should be cycles that contain a
variety of drive characteristics, such as high speed, acceleration,
idling, and deceleration.

By applying the optimal correction models with multiple drive cycles
as training data, the mean relative differences were reduced from
7.41%, -5.31%, and 6.51% to 0.84%, 0.33%, and -0.30%,
respectively for the three trucks investigated.

Future work should apply this methodology to a broader range of
vehicle types.
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CAN - controller area network

FC - fuel consumption

FE - fuel economy

ReFUEL - Renewable Fuels and Lubricants
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