
����������
�������

Citation: Giechaskiel, B.; Forloni, F.;

Otura, M.; Engström, C.; Öberg, P.

Experimental Comparison of Hub-

and Roller-Type Chassis

Dynamometers for Vehicle Exhaust

Emissions. Energies 2022, 15, 2402.

https://doi.org/10.3390/en15072402

Academic Editors:

Georgios Karavalakis and

Constantine D. Rakopoulos

Received: 21 February 2022

Accepted: 20 March 2022

Published: 24 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Experimental Comparison of Hub- and Roller-Type Chassis
Dynamometers for Vehicle Exhaust Emissions
Barouch Giechaskiel 1,*, Fabrizio Forloni 1, Marcos Otura 1, Christian Engström 2 and Per Öberg 2

1 European Commission, Joint Research Centre (JRC), 21027 Ispra, Italy; fabrizio.forloni@ec.europa.eu (F.F.);
marcos.otura@ec.europa.eu (M.O.)

2 Rototest Europe, SE-144 40 Rönninge, Sweden; appliedresearch@rototest.com
* Correspondence: barouch.giechaskiel@ec.europa.eu; Tel.: +39-0332-78-5312

Abstract: The emissions of vehicles are measured in laboratories with roller-type chassis dynamome-
ters, which simulate road driving resistances. Hub-coupled dynamometers, which are not included
in the regulations for emission measurements, are commonly used for research and development
purposes, for example, to assess powertrain capabilities, simulate on-road trips, and calibrate the
control of individual wheels. As they do not need particular infrastructure and offer a wider range
of applications, they could be a more economical alternative, especially if they could also be used
for emission measurements for the type approval of vehicles. Nevertheless, the two types have not
been directly compared in the literature, and, thus, their equivalency, especially regarding emission
measurements, is not known. In this study, the emissions of a diesel and a gasoline plug-in vehicle
were compared using the same analytical equipment and by switching only the roller and hub
dynamometers. The diesel vehicle was further tested on a second roller-type dynamometer with
the same driver and a second driver. The results of the two dynamometer types were very close,
even though the repeatability of the measurements was very narrow. The main message of this work
is that hub-type dynamometers can be used interchangeably with roller-type dynamometers. The
points that need to be addressed, such as the determination of dynamic wheel radius and tire slip
level, are also discussed.

Keywords: vehicle emissions; CO2; chassis dynamometer; roller dynamometer; hub dynamometer;
rotational mass; tire slip; dynamic radius

1. Introduction

A dynamometer (or dyno) measures the torque and rotational speed (rev/s) of an
engine so that its instantaneous power may be calculated. An engine dynamometer
measures power and torque directly from the engine’s crankshaft (or flywheel). It is
a regulated methodology for heavy-duty engine applications; nevertheless, a lot of research
for light-duty engine calibration is also carried out in engine test cells. To test the whole
powertrain of a vehicle, “chassis” (i.e., vehicle) dynamometers are used, which measure
the power delivered to the surface of the roller by the drive wheels. The roller(s) act as
the interface (road surface) between the vehicle and dynamometer(s). An optical encoder
mounted on the roller monitors the speed of the dynamometer for control and supervision.
Load cells between the base frame and the motor or the brake absorber measure the load,
which is converted to tractive force on the surface of the rollers [1].

The light-duty regulation requires the measurement of vehicle emissions using chassis
dynamometers with rollers and appropriate analytical systems (e.g., dilution tunnel and
gas analyzers) [2]. Based on this methodology and the appropriate selection of test cycles,
the emissions of a wide range of vehicles fulfilling various emission standards have been
assessed [3–8]. Other types of chassis dynamometers are available that attach directly to
a vehicle’s hubs for direct torque measurement from the axle. The application of chassis
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dynamometers is very wide, including, among others, mileage accumulation facilities;
anechoic chambers; noise, vibration, and harshness (NVH) or electromagnetic compatibility
(EMC) chambers; wind tunnels; and climatic chambers. Typically, in the regulations and
in research, chassis dynamometers only refer to the roller type. Here, in order to avoid
confusion, the terms roller-type and hub-type dynamometers are used, while the standalone
term “chassis dynamometer” is avoided.

Hub-type dynamometers can be used for the same applications that the roller-type
dynamometers are used (e.g., mileage accumulation, climatic tests, and NVH). Other
applications include engine mapping and vibration testing, as well as applications with
steering of the wheel [9]. Hub-type dynamometers utilize an above-ground installation;
thus, the test cell only requires a flat floor and no basement. Consequently, hub-type
dynamometers have lower infrastructural demands than the roller-type one, and they have
the potential to provide a lower total cost. With a hub coupling, no slippage can occur.
This enables tests requiring high torque conditions to be conducted, such as full load on
low gears. Furthermore, as the road surface is simulated, it allows mixed friction road
conditions, such as ice and snow, to be simulated, as well as tire grip changing vehicle
dynamics, such as longitudinal and lateral load transfers. Hub-type dynamometers are
also used for emission measurements [10], but they are not included in the current vehicle
emission regulations for the type approval of vehicles.

Comparisons between roller-type dynamometers are very common, and many inter-
laboratory studies have been published [11–14]. However, comparisons of roller- and hub-
type dynamometers are scarce. The authors are aware of only one presentation where the
two types of dynamometers, installed in different laboratories, were compared measuring
the emissions of the same vehicle [15]. It is well known that many parameters can influence
the emissions of a vehicle: road loads [16], cooling fans [17], vehicle pre-conditioning [18],
and emission analyzers [19]. There were some differences, but it was not possible to identify
whether they were due to the vehicle’s emission variability, the analytical systems in the
two laboratories, or the dynamometers. To the best of the authors’ knowledge, there is no
study where the two dynamometer types have been compared using the same analytical
equipment.

The objective of this paper is to compare the emissions of two vehicles using the two
dynamometer types in the same facility and in different facilities with the same driver or
different drivers. Using the same facilities (i.e., cooling fan, analyzers, and automation
system) and driver, the impact of the dynamometer can be isolated, while with the use of
different facilities, the other influencing parameters are included, and the results can be put
into perspective.

2. Materials and Methods
2.1. Main Facilities

The core experiments were conducted at the vehicle emissions laboratories (VELA 8)
of the Joint Research Centre (JRC) of the European Commission (Figure 1). The samples
were taken from a dilution tunnel where the whole exhaust gas was diluted (i) in real
time and (ii) at the end of the test from bags that were filled during the test. Regulated
gaseous emissions were analyzed by sampling diluted exhaust from a set of Tedlar bags
using an integrated setup that included non-dispersive infrared (for CO and CO2), a
chemiluminescence detector (for NOx), and a heated (191 ◦C) flame ionization detector
(for total hydrocarbons) (AVL AMA i60). The solid particle number (SPN) emissions were
measured from the full dilution tunnel with a particle counter (AVL APC 489).

The uncertainty of the gas analyzers was around 2%, with another 2% from the gas
cylinders that were used for calibration [19]. The flow of the dilution tunnel also had
around 2% uncertainty. According to the error propagation rule, the expected uncertainty
was around 3.5%. This was valid for concentration levels higher than the detection limit
of the analyzers (e.g., CO2). When the concentrations were at the detection limit of the
analyzers (typically 1–2 ppm), the uncertainty was much higher in relative terms (see, e.g.,
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the discussion in [19]). The uncertainty of the particle number counter was around 15% [20].

Figure 1. Experimental setup.

2.2. Dynamometers

The roller-type dynamometer system was set in four-wheel driving (4WD) mode, i.e.,
simulated inertia and road load on both axles of the test vehicle. A cooling fan in front of
the vehicle cooled the vehicle engine following the speed trace. Note that the cooling fan
was not simulating the air drag force but that it was there to provide representative cooling
at the engine and the aftertreatment devices. The vehicle remained in the laboratory during
the whole testing period (i.e., no other cars were tested in between) in order to improve
the repeatability.

The setup was identical when the hub-type dynamometer system was used in order
to minimize any factors that could influence the results (see, e.g., the discussion in [21]).
Four hub-type dynamometers were brought inside the climatic chamber, and they were
connected to the wheel hubs with adapter plates after removing the wheels. During
the hub-type dynamometer tests, the covers of the roller-type dynamometers were kept
closed. The (in-house) automation system controlling the laboratory systems (cooling
fan, driver’s aid, dynamometer, dilution tunnel, analyzers) had to be slightly modified to
achieve this change, but, nevertheless, all functionalities were kept identical. For example,
the hub-type dynamometer system had to implement the AK protocol of the roller-type
dynamometers, and they were controlled by the automation system. To provide a swift
and easy commissioning and decommissioning (2 days) of the hub-type dynamometer
system, it was connected with a reduced mains supply at 4 × 125 A, 400 VAC (voltage
in alternating current) for the four motors. The characteristics of the two dynamometers
are summarized in Table 1. While the hub-type dynamometer could also simulate the
longitudinal load transfer during acceleration and braking, it was decided to disable this
degree of simulation during the comparison, as this characteristic is not physically available
on roller-type dynamometers.

Neglecting any road gradients, the force F (N) required to drive the vehicle is [22,23]

F = f 0 + f 1 · v + f 2 · v2 + (TM + mr) · a, (1)

where TM is the test mass (kg); mr (kg) is the rotational mass; a is the acceleration (m/s2);
and f 0 (N), f 1 (N/km/h), and f 2 (N/(km/h)2) are the road load parameters determined by
the coastdown procedure [24]. The coastdown procedure consists of reaching a high speed
and then coasting (decelerating) to a low speed with the powertrain (clutch) disengaged
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and transmission in neutral in order to calculate the road load parameters from Equation
(1). The roller-type dynamometer applies the appropriate torque MR (Nm) based on the
following equation:

F = MR/R, (2)

where R (m) is the roller diameter, while the torque that needs to be applied by the hub-type
dynamometer on the wheel MH (Nm) is calculated as follows:

F = MH/rd, (3)

where rd is the wheel (tire) dynamic radius (m). As hub-type dynamometers do not use a
roller surface to define the vehicle speed, the equivalent vehicle speed can be calculated by
the following equation [25,26]:

v = rd (2 · π · n)/(1 − s), (4)

where v is the (actual) vehicle speed (km/h), n is the individually measured wheel rotational
speed (rev/s), and s is the tire longitudinal slip (-). In order to have conditions as similar
as possible to those of the roller dynamometer, the dynamic radius and the force-slip
relationship should be determined on the roller dynamometer. The dynamic radius was
determined with a constant speed test on the roller dynamometer, and the tire slippage
(as a function of force) was determined by applying positive and negative torque (using
the accelerator and brake pedal) while the dynamometer kept the speed constant. As the
objective of this study was to compare the two dynamometer types and minimize any
impact of the vehicle, the actual rotational mass of the test vehicle’s wheel was determined
and compensated for.

Table 1. Characteristics of dynamometers.

Technical specifications Hub-Type Roller-Type Roller-Type 2

Manufacturer Rototest AVL Zöllner Maha (AIP)
Model Energy 4WD Roadsim MIL 4 × 4 ECDM 48M-4WD

Control system Rototest HDC MMI DynoServer ECD
Base inertia/axle 48 kg 1365 kg 1770 kg

Vehicle inertia simulation 0 to 6100 kg 1,2 454 to 4500 kg 1 454 to 4500 kg 1

Max force/axle (continuous) 18,400 N 2 5000 N 6000 N
Max power/axle (continuous) 400 kW 153 kW 150 kW

Wheelbase adjustment Any 1800–4600 mm 1800–4000 mm
Roller diameter - 1.22 m 1.22 m
Roller surface - <0.25 mm <0.25 mm

Forces accuracy 0.05% FS 0.1% FS 0.1% FS
Time measurement accuracy <0.001% <0.001% <0.001%
Speed measurement accuracy <0.08 km/h 2 <0.02 km/h <0.08 km/h

Temperature range −10 to 40 ◦C −30 to 50 ◦C −10 to 30 ◦C
1 with 3 m/s2; 2 equivalent assuming 650 mm wheel diameter. FS = full scale.

2.3. Vehicles

The manual transmission vehicle had a 2019 Euro 6d-temp 1.6 L diesel-fueled engine
with 85 kW max power. The aftertreatment consisted of a diesel oxidation catalyst (DOC), a
diesel particulate filter (DPF), and a selective catalytic reduction (SCR) for NOx. The vehicle
was one axle powered (front wheel driven). The test mass (TM) was 1445 kg, and the road
load parameters were f 0 = 90.7 N, f 1 = 0.655 N/(km/h), and f 2 = 0.03105 N/(km/h)2. The
rotational mass mr was calculated to be 41.4 kg. Thus, for the force calculation during
coastdown, a total mass of 1486.4 kg was used (for both dynamometer types), while for
the testing, the dynamometers’ inertia was set as 1445 kg, as both dynamometers were
used in 4WD operation. This option was selected because it is closer to road application.
The actual rotational mass of the wheels was determined to be 38.4 kg, which was applied
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to the hub-type dynamometer for the actual testing (for the reason stated above). On the
roller dynamometer, the wheels are physically present, and this rotational mass is actually
present.

Before the diesel vehicle, an automatic transmission 2016 Euro 6b plug-in hybrid vehi-
cle was tested, with a 1.5 L gasoline direct injection engine and 100 kW max power. The test
mass (TM) was 1937 kg, and the road load parameters were f 0 = 171.4 N, f 1 = 0.109 N/(km/h),
and f 2 = 0.0386 N/(km/h)2. The rotational mass mr was set to 41.4 kg. Both dynamometers
were used in 4WD operation. The vehicle was tested with its high-voltage battery empty
(i.e., charge-sustaining mode).

2.4. Test Cycles

The worldwide harmonized light vehicles test cycle (WLTC) and reference fuel with
7% biofuel (B7) were used for all tests. The test cell temperature was 23 ◦C in all tests.
A protocol as similar as possible was followed for both dynamometers in order to mini-
mize any effect of temperatures and preconditioning on CO2 and the pollutants [21,27].
The protocol included cold-start (i.e., oil temperature at room temperature) and hot-start
WLTCs (oil temperature > 85 ◦C). As a final test, a steady-speed ramp test was conducted
(50-90-120-90-50 km/h) in order to identify any possible differences or non-linearity issues
at the levels of emissions. The 12 V vehicle battery was charged during the soaking period
before the cold-start WLTCs. The same person drove all cycles with both dynamometers.
The driver also practiced before the roller testing and the hub testing in order to minimize
any driving errors. Typically, four repetitions were conducted for each cycle.

2.5. Additional Roller-Type Dynamometer

To put into perspective any differences between the two dynamometers, the diesel
vehicle was tested on a second roller-type dynamometer (VELA 2) with the same driver
and a second driver (Table 1). Due to time restrictions, only two repetitions were conducted
for the cold-start WLTC and one for the hot-start WLTC. VELA 2 had a Maha (AIP) roller
dynamometer and Horiba MEXA 7400 gas analyzers (measuring with the same principle
of operation as the AMA i60 of VELA 8).

The plug-in gasoline vehicle was not tested on the second roller-type dynamometer.
As shown, due to the variability in the state of charge (SOC) of the high-voltage battery, the
emissions had too high a variability to make any meaningful comparisons.

2.6. Calculations

The pollutant emissions were given by the automation systems of VELA 8 and VELA
2 (in g/km) considering the covered roller surface distance. For the hub-type dynamometer,
the distance was given by the integration of the modeled road speed of the vehicle (as
no wheels were present and, hence, no surface). For CO2, battery charge balance (RCB)
and speed–distance corrections were applied. The RCB corrections were very small (for
the diesel vehicle), because all cold-start tests started with a fully charged 12V battery.
Furthermore, indexes such as the inertial work rating (IWR) (%) and the root mean square
speed error (RMSSE) (km/h) were calculated to obtain an estimate of the driving behavior.
Details for the calculations can be found in SAE J2951 (drive quality evaluation for chassis
dynamometer testing) [28].

3. Results

The results of the tests are presented in the following sections, focusing on CO2 and
NOx for the diesel vehicle because the other pollutant emissions were very low. Only the
WLTCs are presented because there were enough repetitions and they were tested in all
laboratories. The steady-state tests can be found in Appendix A.

The plug-in hybrid had very high variability due to small differences in the state of
charge (SOC) of the high-voltage battery. This resulted in high variability in the emissions,
and it made all results statistically equivalent. With such a high variability, it was not
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possible to quantify the impact of the two dynamometer types on the emissions. For this
reason, the results are not presented in as much detail as those of the diesel vehicle. The
results can be found in Appendix B.

3.1. Drive Indexes

Table 2 summarizes the distances covered with the hub- and roller-type dynamome-
ters for the cold-start and hot-start WLTCs. The results regarding the second roller-type
dynamometer with the same driver and a second driver are also included. The distances
should match the reference distance, but small deviations occurred due to small deviations
from the speed pattern. For both roller- and hub-type dynamometers, the covered distance
was slightly less than the reference distance, which had to do with driving style. On the
second roller-type dynamometer, the covered distance was closer to the reference distance
for both drivers. Nevertheless, the differences were within a few meters, and the actual
covered distance was taken into account in the final emission results. It should be empha-
sized that, for the hub-type dynamometer, any error in the determination of wheel radius
(and tire slip) will impact the engine operation point only. As the distance is derived from
vehicle speed integration, which, in turn, is controlled by the driver (following a speed
trace); an error in radius (or slip level) has no impact on the driven distance.

Table 2. Comparison of distances reported from the roller- and hub-type dynamometers for the cold-
and hot-start WLTCs. D2 = second driver.

Dynamometer
(WLTC)

Low
Phase 1

Medium
Phase 2

High
Phase 3

Extra High
Phase 4

WLTC
All

Duration (s) 589 433 455 323 1800
Reference (km) 3.095 4.756 7.162 8.254 23.266
Hub (cold) (km) 3.068 4.762 7.113 8.170 23.111

Roller (cold) (km) 3.062 4.722 7.141 8.230 23.154
Roller 2 (cold) (km) 3.105 4.751 7.187 8.264 23.307

Roller 2 D2 (cold (km) 3.096 4.749 7.156 8.276 23.277
Hub (hot) (km) 3.073 4.744 7.139 8.189 23.144

Roller (hot) (km) 3.062 4.703 7.146 8.230 23.141
Roller 2 (hot) (km) 3.091 4.759 7.168 8.258 23.276
Roller 2 D2 (km) 3.092 4.752 7.165 8.263 23.272

The speed trace tolerances, which were not shown to the driver, are ±2 km/h within
±1 s of the given point in time. Speed tolerances can be exceeded up to 1 s on any one
occasion, with a maximum of ten such deviations per test cycle. Table 3 summarizes the
speed tolerance violations for the roller- and hub-type dynamometers. Driver 2 (D2) on
Roller 2 had no violation, even though there was no practice with the specific vehicle. This
was due to the many years of driving experience with this specific roller-type dynamome-
ter. Driver 1 had higher violations on Roller 2 because their experience with that roller
dynamometer was limited (the driver aid, as well as how the speed trace was depicted on
the screen, was different compared to the driver aid of Roller 1). The violations between
hub- and roller-type dynamometers were similar.

The other driving indexes are the RMSSE, with a 1.3 km/h limit, and the IWR, with a
4% limit (see Section 2.6). Table 4 summarizes the IWR indexes for the roller- and hub-type
dynamometers. The values were below the limit (which is applicable for the whole cycle
only), with a trend of lower values for the hub-type dynamometer. This shows that driving
on the hub-type dynamometer was at least similar to driving on the roller-type, without
creating any particular difficulties for the driver.
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Table 3. Total time violations with the roller- and hub-type dynamometers for the cold- and hot-start
WLTCs. D2 = second driver.

Dynamometer
(WLTC)

Low
Phase 1

Medium
Phase 2

High
Phase 3

Extra High
Phase 4

WLTC
All

Hub (cold) (s) 0.0 0.3 0.0 0.3 0.5
Roller (cold) (s) 0.6 0.0 0.0 0.0 0.6

Roller 2 (cold) (s) 1.2 0.1 0.0 0.0 1.3
Roller 2 D2 (cold (s) 0.0 0.0 0.0 0.0 0.0

Hub (hot) (s) 0.0 0.0 0.0 0.0 0.0
Roller (hot) (s) 0.0 0.5 0.3 0.0 0.8

Roller 2 (hot) (s) 0.0 0.0 1.5 0.0 1.5
Roller 2 D2 (s) 0.0 0.0 0.0 0.0 0.0

Table 4. IWR (see Materials and Methods) with the roller- and hub-type dynamometers for the cold-
and hot-start WLTCs. D2 = second driver.

Dynamometer
(WLTC)

Low
Phase 1

Medium
Phase 2

High
Phase 3

Extra High
Phase 4

WLTC
All

Hub (cold) (%) 2.2 1.3 0.6 1.1 1.2
Roller (cold) (%) 3.6 1.8 0.8 2.6 2.1

Roller 2 (cold) (%) 3.7 −0.2 1.3 3.8 2.1
Roller 2 D2 (cold (%) 3.1 1.9 1.8 1.8 2.1

Hub (hot) (%) 1.3 0.3 0.4 1.1 0.8
Roller (hot) (%) 3.3 0.6 −0.1 2.2 1.4

Roller 2 (hot) (%) 2.8 1.0 1.9 3.7 2.3
Roller 2 D2 (%) 4.0 0.6 2.1 1.5 2.0

3.2. Real-Time Concentrations

Figure 2a presents all speed signals (in 10 Hz) recorded for both dynamometer types.
The signals are almost indistinguishable. This was expected based on the integrated
distances and the indexes.

Figure 2b presents the accelerator pedal position for the cold-start WLTC with the two
dynamometer types. There were some small differences during accelerations where the
driver in the hub-type dynamometer case applied a higher accelerator pedal position for
short durations. This can be attributed to the low experience of the driver with this specific
dynamometer type.

Figure 2. Cont.
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Figure 2. Real time recordings: (a) Speed traces. (b) Accelerator pedal position with the roller-type
and hub-type dynamometers (cold-start WLTC).

Figure 3 presents the real-time NOx emissions for the cold-start WLTC. The emissions
were higher at the beginning of the cycle (Figure 3a); then, they were almost zero in the
middle of the cycle (not shown in the figure); and then there were some spikes in the
last high-speed part of the cycle (Figure 3b, note the different y-axis scale). The real-
time patterns of the two dynamometers were very similar, with small deviations in some
acceleration parts. The emissions on the second roller dynamometer with the same driver
(Roller 2) are also plotted, and they were also very similar. The small differences in the
peaks can be considered typical variability in exhaust emissions (i.e., both engine-out and
exhaust aftertreatment control).

Figure 3. Real-time emissions of NOx: (a) cold-start urban (low) part of WLTC; (b) motorway (high
and extra high) part of WLTC.

Figure 4 presents the real-time CO2 emissions. The two CO2 traces were very similar
to each other, without any particular differences. The only minor differences could be
seen at times 1600 s and 1750 s, which could be explained by the different accelerator
pedal positions during the braking (Figure 2). Compared with the CO2 trace of the second
roller dynamometer with the same driver (Roller 2), these differences could be considered
negligible and within experimental uncertainty.
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Figure 4. Real-time CO2 emissions (cold-start WLTC) with the roller-type and hub-type dynamometers.

3.3. Integrated Emissions

The NOx results of the integrated emissions per phase or the complete WLTC are
plotted in Figure 5 for the cold-start cycle (Figure 5a) and the hot-start cycle (Figure 5b).
The emissions are given for the roller-type and hub-type dynamometers tested in one
laboratory, as well as the emissions of a second roller-type dynamometer with the same
driver and a second driver. The results were similar, with differences of 10 mg/km at
emission levels < 50 mg/km (15 mg/km in Phase 1) and 20 mg/km at the 150 mg/km level
(Phase 1) (except for Roller 2, D2).

Figure 5. NOx emissions: (a) cold-start WLTC; (b) hot-start WLTC. Error bars show one standard
deviation of the number of repetitions shown in the bars. The results of the roller- and hub-type
dynamometers are compared with a second roller-type dynamometer (Roller 2) with the same driver
and a second driver (D2).

The CO2 results of the integrated emissions per phase or the complete WLTC are
plotted in Figure 6 for the cold-start cycle (Figure 6a) and the hot-start cycle (Figure 6b).
The differences were very small (2–3 g/km for the cold-start WLTC and even lower for the
hot-start WLTC), and in most cases, the error bars overlapped. One exception is Roller 2 in
Phases 1 and 2 of the cold-start WLTC (6 g/km lower from the highest value). The hub-type
dynamometer’s CO2 in Phases 3 and 4 was 2–3 g/km higher than that of Roller 1, but the
error bars did not overlap. Half of this difference came from the time points discussed in
Figure 4. Removing these points, the difference would be well within the error bars.
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Figure 6. CO2 emissions: (a) cold-start WLTC; (b) hot-start WLTC. Error bars show one standard
deviation of the number of repetitions shown in the bars. The results of the roller- and hub-type
dynamometers are compared with a second roller-type dynamometer (Roller 2) with the same driver
and a second driver (D2).

4. Discussion

This is one of the first studies to compare a hub-type dynamometer with roller-type dy-
namometers and the first one to use the same facilities in order to minimize any additional
influencing parameters. The only publicly available study that was identified presented
CO2 differences in the order of up to 10 g/km between the two types of dynamometers for
the complete cycles, but with overlapping error bars in most cases [15]. As the tests were
conducted in different facilities with different analytical equipment and different drivers, it
was not possible to identify the contribution of the dynamometers to the differences. The
aim of this study was to try to isolate the impact of the dynamometer on the results by
conducting the tests in the same facility with the same driver and following an identical
protocol (i.e., order of tests).

The first vehicle that was tested was a plug-in hybrid. The original plan was to test it
at different state-of-charge (SOC) levels of the high-voltage battery. However, even from the
beginning, with the minimum SOC, the variability in the emissions was very high because
the internal combustion engine (ICE) was switched on at different times. This has also been
observed by other researchers [29]. Even though the results of the roller- and hub-type
dynamometers were statistically equivalent, the high scatter could have masked any impact
of the dynamometer on the emissions. For this reason, a second, more stable vehicle was
selected. Furthermore, in order to put the results into perspective, the results of the two
dynamometers in one facility and with one driver were also compared with the results of
a second roller-type dynamometer with the same driver or a second driver. The results
showed that the differences between the test runs on the same dynamometer system were
on the same level as the differences between the different dynamometer systems, regardless
of dynamometer type. The overall differences were <3 g/km for the complete cycles for
CO2 and <10 mg/km for NOx, with no particular trend in the results. These differences are
well within the differences reported from inter-laboratory comparison exercises (see [11,12]
and references within) and repeatability studies in the same laboratory [30]. Even though
the variability in our tests was small, it demonstrated the importance of the experience of
the driver with a specific dynamometer. This has also been discussed in other studies [31].
It would be of interest to have a robot-driving the vehicle in future studies in order to
minimize any human driver impact [32].

The results of this study support the notion that hub-type dynamometers are equiva-
lent to roller-type dynamometers. However, the following points should be kept in mind:



Energies 2022, 15, 2402 11 of 15

The tests were dedicated to compare the two types of dynamometers; thus, the pa-
rameters that were set on the hub-type dynamometer were based on tests on a specific
roller-type dynamometer. These tests consisted of the determination of the dynamic radius
and the tire slip. The uncertainty in the determination of these parameters will be the topic
of a separate publication. In summary, the expected impacts are as follows:

• Wheel dynamic radius: Overestimation of, e.g., 1% of the radius will result in 1%
lower engine speed but also 1% higher torque. That is, the power demand from the
engine is the same although at another operating point.

• Slip: Overestimation of, e.g., 10% of the slip will increase the tire slip losses by 10%.
Approximating a 10% overestimation of slip on the diesel vehicle in this study would
have an impact of about a 0.07% increase in CO2 for the WLTC.

• Rotational mass: Overestimation of, e.g., 10% will result in a 0.3% higher acceleration
load. Approximating a 10% overestimation of rotational mass on the diesel vehicle in
this study would have an impact of about a 0.1% increase in CO2 for the WLTC.

Finally, it also needs to be examined how these parameters can be determined for use
with a hub-type dynamometer without tests on a roller-type dynamometer, for instance,
during road tests.

5. Conclusions

The emissions of a Euro 6d-Temp diesel and a Euro 6b plug-in gasoline direct injection
vehicle were determined using a roller-type and a hub-type dynamometer installed in the
same facilities. The results of the two dynamometers were equivalent for the plug-in hybrid
vehicle, but the scatter of the results was too large to draw any definitive conclusion about
the impact of the dynamometer types on the results. For this reason, the testing focused on
the diesel vehicle. The diesel vehicle was also tested on a second roller-type dynamometer
with the same driver and a second driver. For the diesel vehicle, the differences in the two
types of dynamometers in the same facility were <2 g/km for CO2 and <5 mg/km for NOx,
within their experimental uncertainty. These differences were lower than the differences
that could be found between the different roller-type dynamometers and the different
drivers (<3 g/km for CO2 and <10 mg/km for NOx). This study supports the notion
that the two dynamometer types can give similar results. Further studies are required to
investigate how alternative methods for the determination of input parameters for use with
a hub-type dynamometer may impact emissions.
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Appendix A

The speed ramp tests with the diesel vehicle are presented in Figure A1 for CO2 and
Figure A2 for NOx. The results are comparable without any indication of bias between the
two types of dynamometers (differences < 1.5%), and they are in agreement with the WLTC
tests. The small difference in the tailpipe temperature (<8 ◦C) between the two tests was
due to the 30 min delay to the start of the steady-state test compared to the roller test, and
it let the tubing cool down more. Nevertheless, this small temperature difference did not
affect the NOx emissions because the small temperature difference at the aftertreatment
SCR for the two tests was also small (no data available). After 200 s, the exhaust gas
temperature reached the appropriate temperature for the proper functioning of the SCR,
and the NOx emissions were practically zero. The NOx emissions were relatively higher
during the ramp up due to the lower temperature of the SCR. During the ramp down, the
emissions were zero because the SCR had reached the appropriate temperature for the
NOx reduction.

Figure A1. CO2 real-time emissions during the speed ramp tests.

Figure A2. NOx real-time emissions during the speed ramp tests.

Appendix B

The integrated emissions of the plug-in gasoline vehicle as tested with the roller-
type and the hub-type dynamometers in the same facility are plotted in Figure A3. The
error bars are quite large, and the results are statistically equivalent. However, due to the
high variability in the vehicles, it cannot be concluded whether there is an impact of the
dynamometer types on the results.

The high variability can be more easily explained with the example of Figure A4.
Figure A4a plots the CO2 emissions during the first 600 s of the cold-start WLTCs with
similar starting state-of-charge (SOC) levels (31–34% actual state and 0% at the dashboard).
The switching on and off of the internal combustion engine (ICE) was different between the
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tests, even though the SOC was identical and the driver was following the cycle precisely.
The SOC correction could reduce the variability in CO2 but could not help with the other
pollutants that depend on when the ICE is switched on (Figure A3). This is better depicted
in Figure A4b, where the particle number (PN) emissions appeared at the same time as the
CO2 spikes (ICE switching on).

Figure A3. Emissions of particle number (PN), CO, CO2 (uncorrected), and CO2 (corrected for
speed–distance and battery state of charge): (a) cold-start WLTC; (b) hot-start WLTC. Error bars show
one standard deviation of the number of repetitions shown in the bars.

Figure A4. Real-time emissions during the first 600 s of cold-start WLTCs for tests with similar
starting state of charge (SOC) of the high-voltage battery: (a) CO2; (b) particle number (PN).
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