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PURPOSE OF TEST
This test report describes the testing of, and test results from, a 2013 Mercedes E350 vehicle equipped with a BlueTEC 3.0L turbo diesel engine. Testing was done on a chassis dynamometer and data were obtained from vehicle CAN, the dynamometer control system, and emissions reports.  The testing was done to determine vehicle behavior over standard vehicle cycles (FTP, HWFET, and US06), and to evaluate powertrain efficiency and power losses at steady-state points for use in the ALPHA (Advanced Light-Duty Powertrain & Hybrid Analysis) model.


[bookmark: _Toc429031147]DEFINITIONS
	Fuel Map
	Engine operating map that displays contours of brake specific fuel consumption (in g/kWh) on a grid of engine speeds (in RPM) and engine torques (in Nm).

	Coefficient of Variation (COV)
	A measure of variability defined as the ratio of standard deviation to mean (σ/μ)

	Steady-State Data Point
	A single data point generated by averaging 5 to 12 seconds of stable, continuous data collection

	CAN
	Controller Area Network, method of communication for pertinent on-board vehicle information and conditions
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DESCRIPTION OF TEST ARTICLE
The vehicle tested was a 2013 Mercedes E350 with a 6-cylinder, 3.0 liter turbo diesel BlueTEC engine, which produces 210 HP (165 kW) and 400 ft-lbs (540 Nm).  The powertrain includes a 7-speed automatic transmission with a torque converter. Table 1 summarizes information that identifies the vehicle description and target dynamometer coefficients used in this test program.   

Table 1: Summary of Vehicle and Engine Identification Information
	Vehicle (MY, Make, Model)
	2013 Mercedes E350

	Vehicle Identification Number
	WDDHF2EB8DA669131

	Tires
	Continental (ContiProContact) 245/40R18 97V

	Engine Family
	BlueTEC 3.0L Turbo Diesel

	Test Group
	DMBXV03.0U2B

	Equivalent Test Weight
	4500 lb

	Target Coeff A
	36.4 lbf

	Target Coeff B
	0.307 lbf/mph

	Target Coeff C
	0.0157 lbf/mph2




[bookmark: _Toc429031149]TEST SITE
This testing was performed in the National Vehicle & Fuel Emissions Laboratory (NVFEL) Test Site 329.  

[bookmark: _Toc429031150]Test Equipment
The test equipment installed in NVFEL Test Site 329 includes a chassis dynamometer and MEXA emissions bench. This equipment is maintained and calibrated according to the testing requirements specified in 40CFR§86 and 40CFR§1065 referencing relevant work instructions documented in accordance with NVFEL’s ISO 17025 accredited quality system.

Data from the vehicle were obtained from the onboard vehicle CAN via a gateway installed under contract by FEV at their North American Technical Center. The data were recorded with a KrakSpy data logger, an internally developed NCAT data acquisition system. The CAN data included vehicle speed, engine speed and torque, fuel flow, manifold air flow, lambda, actual and commanded transmission gear, and transmission input speed.  No other discrete instrumentation was included.

[bookmark: _Toc429031152]Vehicle and Engine Setup
Figure 1 illustrates the engine setup and data collection method utilized in the test cell. Some of the signals collected (referenced later in this report) are shown; these are not a complete set of the signals collected, but rather the most important signals used for component efficiency mapping.  

[image: ]
Figure 1: Schematic of the Vehicle on the Dynamometer
Vehicle Preparation
“Rolls mode” was enabled on the vehicle using the procedure provided by the manufacturer to allow the vehicle to be tested on a two-wheel drive dynamometer.  A road load derivation was performed with the resulting set coefficients listed in the following table:
	Equivalent Test Weight
	4500 lb

	Set Coefficient A
	16.62 lbf

	Set Coefficient B
	-0.4083 lbf/mph

	Set Coefficient C
	0.02317 lbf/mph2
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[bookmark: _Toc429031155]Test Fuel
This test program used Certification Diesel fuel with 7-15 ppm sulfur content.  A summary of the fuel analysis performed and results measured can be found in the file: 5– NVFEL Fuel Analysis Report 23729.pdf.

[bookmark: _Toc429031156]Quality Procedures
This test program is covered by the Light-Duty Greenhouse Gas Test Program: Evaluating Potential Future Vehicle Technologies Quality Assurance Project Plan (QAPP).
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The data set included in this test report is divided into two portions: data from the cycle testing and data from the steady-state testing.   
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Vehicle data were collected by the vehicle CAN, passed through the gateway, and recorded at 10 Hz using KrakSpy as described above.  CAN data are not continuously updated like analog signals, and the values recorded at each time are simply the latest raw values reported by the vehicle.  Thus, the values from separate channels may not be perfectly time synchronized. Dynamometer controller and emissions bench data were also recorded at a 10 Hz rate.  The final data set for the cycle testing contains 10 Hz CAN signals for multiple cycles, as well as emissions-based fuel consumption measurements for each bag. The final data set for the steady-state modes contains CAN and dynamometer signals averaged over the length of the mode. More information about the data set is included in the sections below.
[bookmark: _Toc429031162]

DATA COLLECTION PROCEDURE

Cycle Testing Methodology
Multiple 4-bag FTP, HWFET and US06 tests were performed on the chassis dynamometer and the data was recorded. The tests were performed according to the test procedure requirements specified in 40CFR§86 and 40CFR§1065 referencing relevant work instructions documented in accordance with NVFEL’s ISO 17025 accredited quality system.

Steady-State Testing Methodology
In addition to the cycle testing, a number of steady-state tests were performed.  These tests were intended to allow the powertrain to run at a constant speed and load over a length of time, so power losses could be accurately measured.  For the steady-state testing, a potentiometer was installed in place of the pedal, allowing the operator to send a constant pedal signal to the ECU.  The process followed was validated using another vehicle and is described in more detail in SAE 2015-01-0589 Vehicle Component Benchmarking Using a Chassis Dynamometer [1], included in this test packet for reference.

For the steady-state testing of this vehicle, a matrix of operation points was defined: 10 mph – 70 mph in 10 mph increments; 0% pedal to full engine torque (per the CAN torque signal) in 5% pedal increments, and transmission gears one to seven.  Before testing, the vehicle was warmed up with 10 minutes of operation at 50 mph.  To run the steady-state tests, the dynamometer was placed in a constant speed mode starting at 10 mph and the vehicle was shifted into first gear, using the paddle shifters, with 0% pedal applied. The vehicle was held at this constant state for approximately 20 seconds while both CAN and dynamometer data were collected.

The remainder of the operational matrix was cycled through, first by increasing pedal in increments of 5% until maximum engine output was reached; then by increasing gear numbers until limited by minimum engine speed; and finally by increasing vehicle speed in increments of 10 mph up to 70 mph.

CAN Signal Recalibration
During the course of testing, the CAN-reported fuel flow values did not appear match the fuel flow calculated from measurement of CO2 in the emissions. Using a subset of the steady-state modes, a calibration curve was developed to correct the CAN reported fuel flow, shown in Figure 2. As illustrated in the Figure, the correction factor had different offsets at high and low torque; this phenomenon is discussed further below. Application of this calibration curve resulted in a much better match between CAN and emissions data, both in the steady-state modes and in the totalized bag numbers on the cycle testing.  

[image: ]
Figure 2: Fuel Flow Calibration Curve

In addition, the vehicle speed recorded by the CAN also did not match the vehicle speed reported by the dynamometer. Using no-load steady-state modes to eliminate the additional effect of tire slip, a calibration curve was developed to correct the CAN-reported speed.  Both fuel flow and vehicle speed data included in the data set have been corrected using the derived calibration factors.

Time Alignment
CAN and dynamometer test data were recorded during the testing with separate data recorders. To create a final data set, the CAN and dynamometer signals were synched to the nearest 0.1 second by comparing the vehicle speed trace present in both data sets.


[bookmark: _Toc429031165]DATA SET POST-PROCESSING

[bookmark: _Toc429031166]Cycle Testing Data Set
[bookmark: _Toc429031168]For each cycle, CAN data from the vehicle were recorded at a 10 Hz frequency. The accompanying cycle testing data set (4b– 2013 Mercedes E350 Vehicle - Cycle Test Data.xlsx) includes vehicle-reported CAN values for vehicle speed, engine speed, engine load, mass air flow, fuel flow, lambda, actual and commanded transmission gear and transmission input speed. In addition, engine power, brake specific fuel consumption (BSFC), transmission shift points and totalized fuel flow are calculated within the data set.

For the HWFET and US06 tests, CAN data from both the official cycle and the preceding prep cycle are included in the data set. Finally, the data set includes the CAN-reported fuel usage for each bag, the fuel usage calculated from emissions data and the total shift counts for each cycle.
The instantaneous BSFC and efficiency data from the cycles, calculated solely from CAN data, was analyzed to determine how repeatable the measurement was. For those points with engine acceleration under 100 rpm/sec, the speed, load and BSFC were averaged over 0.4 seconds. The speed was rounded to the nearest 100 rpm and the BSFC/efficiency plotted. Figure 3 below contains instantaneous efficiency data taken near 1900 rpm; other speeds showed similar results. More discussion of the details related to Figure 3 is contained within the “Discussion and Data Usage” section below.
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Figure 3: Instantaneous Efficiency Data Near 1900 rpm

A 10-point running average was calculated through the point cloud and used to define a series of engine efficiency points for each speed, where efficiency was calculated every 10 Nm below 50 Nm, every 12.5 Nm between 10 and 150 Nm, and every 25 Nm above 150 Nm. The extracted engine efficiencies are provided in the data file entitled, 4a- 2013 Mercedes E350 Vehicle - Steady State Test Data.xlsx.

Steady-State Testing Data Set
[bookmark: _Toc429031169]To produce the final steady-state data set, signals from the 10 Hz data were examined for each mode. Sections of each mode were chosen where engine speed, torque and fuel flow were constant; the durations of these sections varied but were typically 5-12 seconds in length.  Over the identified section, dynamometer signals (speed, load and power) and CAN signals (vehicle speed, engine speed, engine torque, fuel flow, transmission in speed and gear) were averaged to produce a final value for the mode.  The accompanying steady state data set entitled 4b– 2013 Mercedes E350 Vehicle - Cycle Test Data.xlsx includes the averaged mode data.  

In addition to the averaged signals, the data set includes calculated engine efficiency and BSFC as well as calculations of losses throughout the driveline and losses solely in the transmission.  The engine efficiency and BSFC calculated from the dynamic cycle data are also included as a separate data set. 

The engine efficiencies from the steady-state and dynamic tests, although presented as separate sets in the accompanying data packet, are nearly identical where they overlap.  However, the data sets extend to different speed and load boundaries; to show the full extent of engine efficiency test results, the data sets were combined to produce the engine efficiency map shown in Figure 4 below. Note that this engine map does not extend to the WOT line which according to the manufacturer runs to 540 Nm over a range of speeds.
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Figure 4: Engine Efficiencies from Both Steady-State & Dynamic Testing
Before calculating efficiencies for the transmission, the losses in the driveline between the transmission and the chassis dynamometer were estimated.  After a warmup, the transmission was placed in neutral, the vehicle dynamometer was operated through a range of speeds and the load required to rotate the driveline and tires was recorded as a function of vehicle speed.  The load was very close to the difference between the force values calculated using the coastdown (target) coefficients and the force calculated using the dynamometer (set) coefficients, as illustrated in Figure 5.  The driveline power loss function was then calculated as a function of vehicle speed by multiplying vehicle speed by a linear estimation of the measured load.

[image: ]
Figure 5: Dynamometer Force Required (Transmission in Neutral) as a Function of Speed

To determine the power output from the transmission at each steady-state point, the calculated driveline power loss was added to the measured power at the wheels.  To determine the power input to the transmission at each steady-state point, the engine output power was calculated from the CAN-reported speed and load.  The transmission input speed was compared to the engine output speed to determine the torque converter speed ratio.  The torque converter was often fully locked so in these cases it was assumed the transmission input power matched the engine output power. For the points where the torque converter was unlocked, primarily in first gear, the torque ratio was assumed to be near enough to one that the torque converter efficiency could be approximated by the torque converter speed ratio.  In these cases, the transmission input power was calculated as the engine output power multiplied by the torque converter efficiency.  The power loss in the transmission was then calculated as the difference between the power into and out of the transmission each transmission gear, speed, and load.  Table 2 below demonstrates this calculation logic.  
Table 2: Transmission Power Loss Calculation & Methodology

	Engine-out Power
	Peng = Engine Speed X Engine Load

	Vehicle-out Power
	Pveh = Vehicle Speed X Dynamometer Load

	Drivetrain Power Losses
	PLdrive (function of speed as in Fig 4)

	Torque Converter Power Losses
	PLTC = Engine Load X Speed Ratio

	Final Transmission Power Losses
	PLtrans = (Peng - Pveh) - PLdrive - PLTC



The losses for each of the seven gears were converted into equivalent input torque losses noting that both temperature and line pressure vary.  For each gear, a linear regression was calculated to estimate transmission torque loss as a function of input torque. The results of the linear regression for all seven gears are shown in Figure 6 below. These calculated values can be found in the accompanying steady state data set, titled 4a- 2013 Mercedes E350 Vehicle - Steady State Test Data.xlsx.
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Figure 6: Linear Regression of Estimated Transmission Torque Loss
[bookmark: _Toc429031170]
UNCERTAINTY
The dynamometer and emissions data were collected according to the test procedure requirements specified in 40CFR§86 and 40CFR§1065 referencing relevant work instructions documented in accordance with NVFEL’s ISO 17025 accredited quality system. Any uncertainty and test-to-test variation is controlled by adhering to the laboratory’s standard procedures.

CAN data is reported by the vehicle and the instrumentation or calculations underlying the data have, typically, not been calibrated or checked. Thus, the reported CAN data should, in general, be considered reference only.

However, some of the CAN signals were analyzed and/or corrected, and uncertainty estimates were made:
a) Engine speed, which is critically important to timing, has been found to be highly reliable on a range of vehicles. 
b) Engine torque is also important for vehicle control, and is likely reasonably accurate. Analysis of the data shows reasonable losses in the drivetrain when the reported engine torque is used as a basis.
c) The CAN fuel flow signal was recalibrated using a subset of the steady-state data set.  The uncertainty associated with the corrected CAN signal, based on the difference between the corrected numbers on CO2-derived fuel flow, is 0.06 g/sec.

The standard combined uncertainty (uc) referenced above is analogous to standard deviation, such that for a given set of data, the “true” value of a parameter would fall within +/-1 uc for 68 % of the data points, the “true” value of a parameter would fall within +/-2 uc for 95 % of the data points, and the “true” value of a parameter would fall within +/-3 uc for 99.7 % of the data points.


[bookmark: _Toc429031171]DISCUSSION AND DATA USAGE
The final data packet from this vehicle testing includes information on vehicle operation as well as engine and transmission efficiency. While several efficiency islands can be seen in Figure 4 shown above, the variation in efficiency can be more easily examined by looking at an example data set. Figure 7 below (containing the same data as Figure 3 above) shows instantaneous efficiency data taken near 1900 rpm.
[image: ]
Figure 7: Instantaneous Efficiency Example near 1900 RPM

The engine efficiency as shown in Figure 7 exhibits two interesting phenomena. The first is the efficiency dip in the range of 200-250 Nm.  This is apparently a real phenomenon, as the CAN-reported air-fuel equivalence ratio decreases as a function of torque until about 200-250 Nm, then stays reasonably constant thereafter. This effect is illustrated in Figure 8 for points during a single US06 cycle. Presumably the turbocharger is being controlled to provide different boost characteristics between these two regimes, but unfortunately this assumption could not be verified because the turbocharger operation was not monitored during testing. 

[image: ]
Figure 8: Air-Fuel Equivalence Ratio (Lambda) as a Function of Torque for a Single US06 Cycle

The second phenomenon seen in Figure 7 is the appearance of spurious high-efficiency points at high torque values. Similar behavior was observed in the steady-state testing which underscores a potential pitfall of relying on CAN-reported engine torque data in developing efficiency maps.  The reason for these erroneous results appearing is unknown, but the high efficiency values are reasonably consistent. One possibility is the internal ECU calculation may be incorrectly extrapolating near the edge of the operational map. As a result of this observation, points with dubiously high efficiency (i.e., exhibiting the sudden jump above 40% as seen in Figure 7) were eliminated from the final results used to build the fuel consumption map.

Because of the elimination of high-load points, the data set does not extend to the WOT line of the engine.  Neither does it extend to the maximum engine speed.  Therefore, although the main section of the engine map is adequately populated, care should be taken when operation near engine speed or torque limits is required, as that data are not included in this data set.

The obviously spurious high-load points highlight a particular caution.  The efficiency map of the engine and torque loss map of the transmission depend on the accuracy of the CAN engine torque signal.  This signal was not calibrated and the accuracy can only be inferred.  However, in general this process appears to be robust.  An extensive investigation using another vehicle whose component efficiencies were known resulted in a very good match between in-vehicle derived efficiency results and component testing efficiency results.  Details are provided in SAE paper SAE 2015-01-0589 Vehicle Component Benchmarking Using a Chassis Dynamometer [1] included in this test packet for reference. 

In addition, obtaining a reasonable transmission loss map depends on fairly accurate measurement of engine output power.  The fact the transmission map that was constructed from the data obtained in testing exhibits consistent and reasonable numbers gives some confidence that the underlying data are reasonably accurate.  Caution is still advised when using the torque-based data contained herein.

For the transmission data, note the transmission loss calculations reflected in the transmission torque loss graph given above do not include spin losses of the final drive ratio or other pieces downstream of the neutral disconnect.  However, the losses downstream of the neutral disconnect are included in the losses measured during neutral coast down testing.  These losses, in the form of the coast down (target) coefficients, are used as input to the ALPHA model.  Thus, all drivetrain losses are accounted for and the transmission losses captured by in-vehicle testing are consistent with the other ALPHA inputs.  Care should be taken when using the data in other applications.


[bookmark: _Toc459104021][bookmark: _Toc459104251]REFERENCES
[1] Moskalik, A., Dekraker, P., Kargul, J., and Barba, D., "Vehicle Component Benchmarking Using a Chassis Dynamometer," SAE Int. J. Mater. Manf. 8(3):2015, doi: 10.4271/2015-01-0589.


image2.wmf
 


image20.wmf
 


image3.png
Fuel

Emissions

Fuel flow

CAN Data

Vehicle speed

Engine torque

Transmission in speed

Engine speed

Transmission gear

Torque
Converter

Fuel flow

CO2 Emissions

Transmission

Powertrain

Dyno speed ||

Dyno force

Dyno Data

Drivetrain &
Tires

Dyno





image4.png
4.5
\
*

(I, lo
| n
o ~—~—
~—~——
~
Lo -
S
* 3
<
&2
L wn * E
~ o
=
]
S
frd
L~ P
Lwn
=
L
n o ;»w o 1y N 1 M T
= © o 9 oo 9 o 2 o
= s ® ¢ % 5 % o S

200 - NVD :(4noy/1ay) yip 3es jang





image5.png
Efficiency (percent)

50%

45%

40%

35%

30%

25%

20%

15%

10% -+

5%

0% T T T T 1
0 100 200 300 400 500

Torque (Nm)





image6.png
450

400 V<~‘///>
350

300 N 35%

E 2504
2 35%
3 <>
g
5 2004
K
150-|
30%
100-| 30% ]
| ‘A\\_\{/gﬂ}//'~44k~4///4/ 25%
30% TN ————
503 5%\//_/—//_/—//4 /_/_/
20%
0% oo 7
e —————— T
15% 15% —10%—
0 ! . .
1000 1500 2000 2500 3000 3500

Speed (rpm)




image7.png
Required Dyno Force (N)

200

180

160

[N
N
o

-
)
o

5N
o
o

0
o

@
o

N
o

)
o

o

< <

# Measured drivetrain losses
——Calculation from target - set coeff.

Linear Estimation
——Poly. (Measured drivetrain losses)

o

40

T
60 80 100 120
Speed (kph)

140





image8.emf
0

5

10

15

20

25

30

35

0 50 100 150 200 250 300 350

Torque Loss (Nm)

Input Torque (Nm)

First Gear

Second Gear

Third Gear

Fourth Gear

Fifth Gear

Sixth Gear

Seventh Gear

90%


image9.png
50%
45% Spurious
40%
35%
€
8 30%
‘g 25%
7 5%
3
s 20%
'§ Presumably
15% - change in
turbocharger
10% - operation
5%
0% T T T 1
0 100 200 300 400 500
Torque (Nm)





image10.png
Lambda

2.8

2.6

2.4

- US06 operation points

= High torque operation points

50

0 350





image1.png




