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ABSTRACT

Hydromechanical continuously variable transmissions are frequently used in high power
applications, including agricultural vehicles, buses and heavy vehicles. These offer several
operative advantages such as improved driving comfort, better operational management
and less fuel consumption if appropriately managed. However, the acoustic impact that they
generate in the environment, which should be checked in the early stages of the project, is
often neglected. This paper studies the noise emitted by a drive train for urban buses, which
comprises a natural gas engine and a hydromechanical input coupled dual-stage transmission.
The aim of this study is the evaluation of the noise emitted by the transmission compared with
that emitted by the engine, which is considered the main noise source in the vehicle. The study
was carried out by means of a model of the entire vehicle that was implemented in an Amesim
environment. The mechanical model was integrated with the acoustic models of the engine and
of the transmission. The results show that the transmission, despite its two hydraulic machines,
produces a sound pressure level lower by about 2 to 15 dBA than that of the engine, whereas its
contribution to the total pressure level does not exceed 1 dBA.
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1. Introduction

Continuously variable transmissions (CVTs) are particu-
larly appreciated for the possibility offered of producing
an infinite number of transmission ratios for comfort,
performance and economy of operation. However, they
have some limitations such as a lower load capacity and
less than excellent overall efficiency that limit its use
compared with other types of more competitive trans-
mission (e.g. manual transmissions).

To overcome these limitations, the Power-Split tech-
nology was conceived, which combines the CVT with a
planetary gearbox. The power generated by the engine
upstream of the system is separated into two branches:
a purely mechanical one with high efficiency, and a var-
iable one whose efficiency depends on the type of CVT
considered. The powers downstream of the planetary
gearbox are then reunited and reconverted into mechan-
ical power, with a certain total efficiency.

The Power-Split configuration that actually achieves the
best compromise between performance and costs seems
to be a hydromechanical transmission, whose variable
branch is the hydrostatic transmission. Hydromechanical
transmissions have been classified in the literature into
four main types (Kress 1968): input coupled (IC), output

coupled (OC), hydraulic differential and compound. The
first two differ from each other in the positioning of the
planetary gear unit: in IC type, it is positioned to the wheel
side; in OC type, it is connected directly to the engine. The
last two configurations have a complex layout. Another
interesting complex layout is the dual-stage configuration
(Blake et al. 2006), which is the object of this study.

The efficiency of a hydromechanical transmission
reaches its maximum values near a particular operat-
ing point, the full mechanical point FMP, in which the
power is transmitted only through the mechanical path
(Kress 1968, Casoli et al. 2007).

The vehicle speed is regulated by acting on the dis-
placement of the two hydraulic machines. In this way,
the engine speed is no longer linked to the wheel speed
and it can be freely managed, for example in minimum
consumption conditions.

The problem with the design of this type of transmis-
sion has been approached in the literature by Blake et al.
(2006) and Casoli et al. (2007), who also supply the design
relationships of the hydraulic and mechanical components.
An innovative approach to transmission design is based
on an optimisation problem. Macor and Rossetti (2011)
designed a transmission, maximising its efficiency along
the speed range of the vehicle; Rossetti and Macor (2013)
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applied multi-objective optimisation to maximise efficiency
while minimising transmission volume.

Even more appropriate for high power vehicles are IC
and OC transmissions and their complex configuration,
called IC Dual-Stage and OC Compound, respectively
(Blake et al. 2006). They achieve wider speed range com-
pared with IC and OC layouts, thanks to a mechanical
gear shift.

The hydraulic units inside the CVT create structural
vibrations because of the internal pressure variation and
the flow pulsations that are distributed along the hydraulic
line (Klop et al. 2009). The producers of hydrostatic trans-
missions are aware of the necessity of improving the acous-
tic characteristics in the early stages of the design. This is
because of two technological requirements: the compliance
of regulations in terms of sound emissions, which impose
a severe limitation on every type of apparatus, and the
improvement of the acoustic performance imposed by mar-
ket requirements, because a high noise level in new prod-
ucts is increasingly less tolerated. Consequently, technical
research has focused on the investigation of noise sources
(Klop and Ivantysynova 2011) and on the reduction of the
noise problem in hydraulic machines (Kumar Seeniraj et
al. 2011, Kumar Seeniraj and Ivantysynova 2011). On the
other hand, the engine manufacturers have made progress
in reducing the noise of their products.

Dual-stage transmissions, and more generally Power-
Split transmissions (Renius and Rainer 2005), have been
mainly designed for agricultural use; therefore, they have
never been subjected to the issue of noise. In fact, their
widespread use has never created great inconvenience.

Recent studies (Macor and Rossetti 2013) have
shown that a dual-stage transmission could be suitable
in applications where frequent stops and starts occur,
such as urban buses. Accordingly, the noise problem
can be decisive. For this reason, more of the literature is
focused on the investigation of noise sources (Klop and
Ivantysynova 2011) and reduction of the noise problem
in hydraulic machines (Kumar Seeniraj et al. 2011).

Therefore, the subject of the present paper is the noise
emissions of a dual-stage transmission installed on an
urban bus. In particular, the study aims to understand
whether a dual-stage transmission generates a signifi-
cant noise contribution compared with that generated
by the engine.

To answer this question without resorting to expensive
bench tests, a model of an urban bus was developed by
using a simulation environment (AMEsim Software, 2013).
The models of the engine and the transmission were inte-
grated with a model for predicting sound emission.

2. Dual-stage hydromechanical transmission

The typical configuration of a dual-stage transmission
is shown in Figure 1 (Blake et al. 2006). The dual-
stage planetary gearbox, a feature from which the
entire system takes its name, allows a gear change.
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Figure 1. Scheme of IC dual-stage transmission.

Table 1. Main engine and vehicle features for IC dual-stage
transmission.

General bus features

Model Citelis-12
Constructor Iveco Irisbus
Number of seats 86

Total weight 12000 [kg]
Total height 3.3[m]
Total width 2.5[m]
Total length 12 [m]
Total admissible weight 19845 [kg]
Maximum speed 68 [km/h]
Type of tyres 275/70 R22.5
General engine features

Model Iveco Cursor 8
Fuel CNG
Motor type 6 cylinders in line
Maximum power 190 [kW]
Max rotational speed 2050 [rpm]

Maximum torque 1076 (at 1100 rpm) [Nm]

Table 2. Main design variables of the transmission.

Design transmission variables

n

I,max” " ll,max

1500 [rpm]
0.448 [m]
450 [bar]

20600 [Nm]

0.5
2
1
10.143
-1
-3
0.58
0.581
125 [cc]
2600 [rpm]

This is performed by the clutch when the rotational
speed of the planet carrier B and the sun gear A2 are

synchronous.

Unlike the traditional IC transmissions, for dual-stage

systems the FMP happens twice, once preceding and
once following the gear shift. Consequently, the high
efficiency operating zone occurs twice.

The design of the transmission has been performed by
following the guidelines suggested by Blake et al. (2006).
The main technical data of the vehicle and the engine are
reported in Table 1, and the results of the transmission
design are summarised in Table 2.
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Figure 2. Block scheme of the vehicle test.

2.1. Simulation model of the vehicle

The block scheme of the vehicle model is shown in
Figure 2.

Since the transmission is kinematically separated
from the engine, two different control systems provide
for the engine management and for the transmission
management.

In the block simulating the driver, the vehicle speed
is compared with the mission speed, to give as output
a command s for the accelerator or for the brake. The
accelerator command s enters the control strategy block
to manage the engine according to a predetermined
criterion. In this way, the engine supplies the required
power to the transmission.

The transmission is equipped with a control system
that receives the vehicle speed signal, and acts on the dis-
placement partialisation of the two hydraulic machines
in order to impose the desired speed.

From the perspective of efficiency and noise emission,
the most important parts of the model are the engine
and the hydraulic CVT. They were shaped as described
in the following paragraphs.

2.1.1. Engine

The engine model is an ideal torque generator, whose
driving torque was a function of the rotational speed
and the accelerator position. The fuel consumption was
calculated on the basis of the actual load and rotational
speed. The speed-torque characteristic of the engine and
the fuel consumption data were derived from experi-
mental measures reported in the literature by De Simio
et al. (2010). The normalised engine map and the exper-
imental points are reported in Figure 3. In order to take
into account the engine dynamics, the engine inertia
and a first-order delay on the accelerator signal have
been added to the torque generator model, as shown
in Figure 4.

2.1.2. Hydromechanical transmission
The model of the hydraulic CVT (Figure 5) is based on
a standard scheme for a hydrostatic transmission, with

M/M,, .«

Figure 4. Dynamic model of the engine.

relief valves, boost pump, counter pressure and flushing
valves. The hydraulic units were modelled by applying
to an ideal unit the main loss sources (Figure 6): friction
by means of a brake (C), and leakage by means of the
orifices d.

In order to consider the influence of the operating
conditions on the unit losses, both the friction torque
of the brake C and the diameter of the orifices (d,, d,)
were expressed as polynomial functions of the rotational
speed, the pressure difference and the actual to max-
imum displacement ratio. The coefficients of the loss
models were fitted to the experimental data supplied by
amanufacturer. The overall performance of the hydrau-
lic CVT is reported in Figure 7 for different operating
conditions.
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Figure 5. Scheme of hydrostatic CVT transmission.

Figure 6. Real pump functional scheme.

Each gear pair of the model, both ordinary pairs and
pairs belonging to the epicyclical gear, was assumed to
have a constant efficiency M gear = 0-980. The vehicle loads,
i.e. the aerodynamic friction and the rolling fiction, were
modelled according to:

F, =05 cdvaf and F, = k Mg; where for the vehicle
mass, drag coefficient, frontal area, and rolling resist-
ance coeflicient the following values were respectively
assumed: M = 14,900 kg, ¢, = 1.18, A ;= 7 m? k, = 0.008.

The engine control strategy adopted in this model is
the simplest one, known as Speed Envelope (Pfiffner and
Guzzella 2001). It operates on the basis of the vehicle
speed and accelerator position, without any optimisation
procedure.

3. Sound pressure level prediction models

The sound pressure contributions of the engine and the
hydrostatic transmission are considered as predominant.
The sound emission of other components, such as the
planetary gearbox, the mechanical gears, the hydraulic ele-
ments, etc., proved to be very low and therefore negligible.

3.1. Internal combustion engine noise emissions

The noise generated by an engine is a function of sev-
eral design variables. It would be a hard task to take
all of them into account. A simplified predictive model
for high power engines (Blair and Spechko 1972, Bies

and Hansen 1988) is therefore applied, which considers
three most important contributions to noise emissions:
engine exhaust system noise, engine housing noise and
air intake system noise. This is a good reference model
for noise forecasts, but it could overestimate the noise
values because it is dated. The new generation engines
are quieter and more isolated than the old-generation
ones.

The sound power level generated by the engine
exhaust system with a mufller can be estimated using
the expression (1):

Ly, =108+10 log, P+K—(,/12) (1)

where the K parameter indicates the reduction factor
owed to the presence of the turbocharger. The [, param-
eter indicates the length of the exhaust pipe and P indi-
cates the instantaneous gas engine power.

The noise emission related to engine housing is not
univocally determined from only one relation, because
itis a function both of the engine speed and of the struc-
ture of the system. The sound power level is obtained by
using the expression (2):

Ly, =93+10 logP+],+L,+]s+], (2

where P indicates the instantaneous engine power and
the parameters ]|, /,, and J, are respectively the correc-
tion terms in function of the engine rotational speed (3),
of the fuel type (4) and the arrangement of cylinders (5):

J, =-5 n <600 rpm
J,=-2 600rpm < n <1500 rpm (3)
J;, =0 n> 1500 rpm

J, =0 diesel engine or dual fuel engine: diesel/ CNG
J, = =3 CNG engine (4)

{ J, =0 cylinder arrangement: in - line (5)

J; =—=1 cylinder arrangement: V - type o radial - type
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Figure 7. Efficiency of the hydraulic CVT for different
operating conditions. Comparison between model (lines) and
experimental data (dots): (a) n, = 2000 rpm, a,= 1, a, = 1; (b)
n,=3000rpm,a,=1,a,=1;(c)n,=2000rpm, a,= 0.5, a, = 1.

In order to obtain the sound power level values filtered
through the A-weighting curve, a correction (6) of their
total value must be made.

J,=—4 n<600rpm
J,=-3 600rpm < n <1500 rpm (6)
J,=-1 n>1500rpm

To predict the sound power level for the engine intake
air system with the turbocharger, the next relation (7)
can be used:
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Lyie=92+5 log,, P —1,/1.8 (7)

where [ is the length of the input duct.

To make a comparison between the last expressions
and the output result from the hydrostatic noise model,
the sound power level must be converted into the sound
pressure level. To this end it is possible to calculate the
sound pressure level at a certain distance r if we know
the sound power level of a point source and its acous-
tic directional factor Q, using expression (8) for diffuse

fields:
Q 4
+ —_
4zr* R > ®

The acoustic room constant R is obtained in (9) as we
know the total surface S and the acoustic absorption
coefficient a_ by using Sabine’s law (Moncada Lo
Giudice and Santoboni 1995).

R=S- aabs/(l - aabs) (9)

LP:LW+10-log<

For an omnidirectional noise power source, placed
on a totally reflective hemispheric plane (Q = 2), the
Equations (8) and (9) can be condensed in the following
simplified formula:

L,=L,—20-logr—38 (10)

When more than one source emits a known sound pres-
sure, the overall sound pressure level can be calculated
by means of the relation (11):

N
Lok
L, or = 10 - log,, Z 107 (11)
k=1

which expresses the sum of the individual sound pres-
sure expressed in decibels. The expression (11) will also
be used for summing the sound contributions of the gas
engine and of the hydrostatic CVT.

3.2. Hydrostatic CVT noise emissions

The literature indicates there are three main noise
sources in a hydraulic system (Bies and Hansen 1988):
air-borne noise, that is the noise transmitted through
the air, which is that most easily heard by the human
ear; fluid-borne noise, generated by an irregular fluid
flow and by some pressure oscillations in the hydrau-
lic pipeline; structure-borne noise, which is the noise
generated by the mechanical and structural elements
of the machine.

The authors developed a polynomial formulation of
the noise produced by the Hydrostatic-CVT, based on
experimental noise data performed by the manufacturer
at different operating condition. Phonometric measure-
ments were performed in a hemi-anechoic chamber on
two hydraulic axial piston pumps, at a inlet fluid tem-
perature of 50 °C. They relate to the A-weighting curve.
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The curves of sound pressure level are shown as a func-
tion of hydraulic pressure and rotational speed. In Figure
8(a) and (b) the curves refer to a displacement of 75 cc
and a partialisation respectively equal to a = 100% and
25%. In Figure 8(c) and (d) the curves refer to a displace-
ment of 90 cc and a partialisation respectively equal to
a=100% and 25%. As can be seen in the graphs, the SPL
increases with both the pressure and the rotational speed;
it decreases with the displacement of the hydraulic units.

The experimental curves have been interpolated by
means of a polynomial equation expressed as a function
of pressure, rotational speed, displacement and partiali-
sation of displacement:

SPL [dBA] = f(p,n, V, ) (12)
The general form of the equation is the following (13):
SPL [dBA] = An* + Bn+C (13)

where the coeflicients A, B, and C have been obtained
through a regression of experimental data and have the
form shown in (14):

A=a,-(aV)+b, B=ay-(aV)+b, C=a.-(aV)+b,

“AzkA'(P)"‘?’A aszB'(P)"'?’B ac =kc-(P)+7c

bA=kQ~(p)+y/; szkzra'(P)'i'V;s bczk,c'(P)‘i'yé (14)

In Equation (14) the coeflicients A, B, and C are
expressed as a function of the product of the partialisa-
tion and displacement and of the parametersa,, b,, a,,
by, a., b.. These parameters are considered dependent
on the hydraulic operative pressure only.

In Figure 9 the curves resulting from the application
of the model (dots) are compared with the experimental
data (lines) for a displacement of 90 cc and partialisation
of a = 100%.

The low-grade polynomial nature of the experimental
model allows a good forecast of the noise values even
for pressures and rotational speeds outside the ranges
shown in Figure 9. The average root mean square error
between the experimental data and the prediction of the
polynomial model was approximately 0.469 dBA, with a
maximum value of 1.14 at 200 bar and 1500 rpm.

4. Simulation and results

Two speed missions were used in the simulations: the
trapezoidal mission (Figure 10) and the Manhattan
mission (Figure 11) (DieselNet 2014). They are shown
along with their characteristic parameters respectively in
Tables 3 and 4. The latter simulates the real route for an
urban bus with sudden accelerations, deceleration and
frequent starts and stops typical of this kind of vehicle,
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Figure 8. SPLin function of pressure and rotational speed of the
hydrostatic unit: (a) a = 100% and V =75 cc; (b) a = 25% and
V=75 cc(c)a=100% and V=90 cc (d) a = 25% and V=90 cc.



90
85
<
-
2 80
|
A
7
75
- - - Prediction SPL V=90cc
0 — Exp. SPL o =100 %
500 1000 1500 2000 2500 3000 3500
n [rpm]

Figure 9. Experimental (lines) and prediction (dots) curves for
displacement of 90 cc and partialisation of a = 100%.

80

60

40

Vehicle speed [km/h]

20

0 100 200 300 400
Time [s]

Figure 10. Trapezoidal speed mission.

and the former is used to highlight the relative impor-
tance of the noise sources in a simple acceleration-de-
celeration test.

The sound pressure level of the two hydrostatic units
is shown in Figure 12; it has been calculated according
to (14). In the section where the vehicle has reached
its maximum speed, the SPL keeps a constant level of
about 80 dBA for both the hydraulic units. In fact, in
this section no quantity affecting the noise varies. In the
acceleration section, the sound pressure level is affected
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by the variation of the hydraulic pressure (Figure 13(c)).
During the gear shift the pressure of Unit I decreases,
while that of Unit II increases; this defines the disconti-
nuity in the graph of sound emissions.

The sharp drop in noise emission of the two hydraulic
units at the FMPs (at about 48 s and 190 s) is mainly
owed to the speed variation for Unit IT and the displace-
ment variation for Unit I, as shown in Figure 13(a) and
(b).

Initially the circuit works in negative circulating mode:
the first hydraulic unit works as a motor and the second
unit works as a pump. After the FMP the flow is inverted
into the CVT and the shift to power split mode happens.

In Figure 13 the speed, the displacement and the
pressure variation of the hydraulic units are shown. The
speed of Unit II is imposed solely by the incoming flow
rate, i.e. by the combined action of the speed (Figure
13(a)) and the displacement of the Unit I (Figure 13(b)).

The former slightly increases according to the control
strategy of the engine. In the first acceleration phase, and
hence with the first gear inserted, the rotational speed
of the wheels is imposed by the planet carrier B. When
its rotational speed is synchronous with the speed of
the sun gear A, the clutches are activated, and the gear
shift occurs. Now the sun gear A, imposes the motion.

In Figure 14 the trend of the sound pressure level of
the gas engine with all its contributions is reported. The
trends are similar because the SPL depends mainly on
the engine power, as shown by Equations (1), (2) and (7).

The predominant contribution to the sound emission
in Figure 14 is the engine housing, which is followed
by the exhaust system. This result agrees with what is
observed in practice: what creates the noise is the fuel
combustion inside the cylinders together with the struc-
tural vibration of the engine. During the deceleration,
the air intake system’s contribution is the most important
one. The other sound source in this phase, the braking
system, is not considered in this analysis.

The SPLs of the CVT and the engine are shown
in Figure 15. They have been calculated by means of
Equation (11) as the sum of all the contributions shown

50

40

30

20

Vehicle speed [km/h]

10

Figure 11. Manhattan speed mission.

600 800 1000
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Table 3. Characteristic parameters of trapezoidal speed mission.

Duration 400 [s]
Stops time/duration 100 [%]
Total driving distance 43 [km]
Maximum speed 68 [km/h]
Time at constant speed 60 [s]
Maximum acceleration 0.063 [m/s?]
Number of stops per km 0 [-]

Table 4. Characteristic parameters of Manhattan speed mission.

Duration 1089 [s]
Stops time/duration 36 [%)]
Total driving distance 333 [km]
Maximum speed 40.9 [km/h]
Average speed 1 [km/h]
Average speed without stops 17.17 [km/h]
Maximum acceleration 2.24 [m/s?]
Number of stops per km 6 [-]
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—— SPL Unit I [dBA]
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70
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65
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Figure 12. Sound pressure level of the hydraulic units.

in Figure 13. As can be seen, the SPL of the engine is
always greater than that of the transmission; the differ-
ence is particularly evident at the FMP where it reaches
15 dBA.

The efficiencies of the engine and the CVT are also
shown in Figure 15. The efficiencies and the SPL have
similar trends. This can be explained by the fact that
efficiency and noise depend on the same parameters. For
the engine, they mainly depend on the power; for the
CVT, they depend on pressure, speed and partialisation.

We can observe that the value of sound pressure level
for the gas engine is generally higher than the SPL of the
CVT for values that are between 5 and 15 dBA. In the
worst case, the SPL of the engine reaches about 90 dBA,
vs. the 83 dBA of the transmission. Despite this high
value of SPL, the CVT contributes slightly to the SPL of
the engine-transmission group. In fact, considering the
engine as the main noise source, the CVT contribution
becomes equal to 0.8 dBA (Equation (11)).

The overall sound pressure levels for the Manhattan
mission are represented in Figure 16. In Figure 17,
instead, the first 100 s are zoomed in.
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Even in this mission, the SPL of the engine is always  contribution to noise generation is quite small, as shown
greater than that of the CVT, and the transmission  in Figure 17.
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However, the CVT contribution depends also on the
engine type.

For CNG engines, as the present one, showing SPL
peaks of 85-90 dBA, the transmission contribution is
equal to 0.8-2 dBA, because the transmission peak is
83 dBA. If diesel engines are considered, whose SPL peak
values range between 95 and 100 dBA, the transmission
contribution drops to 0.1-0.3 dBA.

5. Conclusions

In this work, the noise emitted from a dual-stage hydro-
mechanical transmission of a bus has been studied by
means of a simulation model. The aim was to assess the
relative weight of the noise produced by the DS within
the total noise generated by the engine transmission
group.

The engine noise was described according to an
empirical model taken from the literature; the noise
model of the hydromechanical transmission was inferred
by means of a linear regression technique applied on
experimental data provided by a manufacturer. The out-
put model values may be slightly overestimated because
the new generation engines are modern and more acous-
tically isolated.

The simulation results have shown the following.

The hydraulic pressure is the most important
parameter affecting the sound emission of the
transmission.

The pressure also influences the gear shift phase
where a sensible increment of noise can be observed.
During the full mechanical point, a strong decrease
of pressure sound level occurs, because of the annul-
ment of the displacement value of the first hydraulic
unit.

Regarding the gas engine, the main contribution of
the emission is the housing, followed by the exhaust sys-
tem; less important is the effect owed to the air intake
system.

Although the transmission is equipped with two
hydraulic machines, it contributes slightly to the total
noise of the engine transmission group.

Nomenclature

Acronyms

CNG Combustion natural gas

CVT Continuously variable transmission
FMP  Full mechanical point

IC Input coupled

ICE Internal combustion engine

OC  Output coupled

SPL  Sound pressure level, [dBA]

Symbols

Displacement partialisation, [-]
Acoustic absorption coefficient, [-]
Noise coefficient A, [dBA]
Noise coefficient B, [dBA]
Noise coefficient C, [dBA]
Force, [N]

Transmission ratio, [-]
Reduction noise factor, [dBA]
Reduction noise factor, [dBA]
Length, [m]

Sound power level, [dBA]
Sound pressure level, [dBA]
Rotational speed, [rpm]
Hydraulic pressure, [bar]
Power, [kW]

Directivity factor, [-]

Room constant, [m?2 Sabine]
Distance from noise source, [m]
Accelerator partialisation, [-]
Total plane surface, [m?]

Time, [s]

Torque, [Nm]

Transmission ratio, [-]

Vehicle speed, [km/h]
Displacement, [cc]

Rotational speed, [rad/s]

Q R

bs

o

ESSYTAHTLULY I HIOTVT TSSO TSXTTO®

A, Sun gear 1
A, Sun gear 2

B Planet carrier
C Ring gear

General subscripts

| Hydraulic Unit |
Il Hydraulic Unit I
axle Differential gear

ex Engine exhaust system
h Engine housing

hydr  Hydraulic portion

int Engine air intake system

max Maximum

mech,1 First full mechanical point

mech,2 Second full mechanical point

o Transmission output (first gear)

o, Transmission output (second gear)
shift Gear shift

tyre Vehicle tyre

wheel Wheel

1
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