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Abstract One way to reduce vehicles’ fuel consumption
(FC) is to optimize different parts of its powertrain. Among
different modern powertrains, continuously variable
transmission (CVT) is one of the common types which
changes speed ratio between engine and wheels, continu-
ously. Therefore, the CVT allows the engine to operate at
its fuel-optimal speed. Due to the limited power trans-
mission capacity and speed ratio range of the CVT,
researchers attempted to combine the CVT with a planetary
gear train and a fixed ratio mechanism. This mechanism is
called infinitely variable transmission (IVT). In this study,
a multi-speed gearbox (MSG) is used in the IVT and its
impact on the powertrain performance and the vehicle’s FC
is investigated. After extracting the governing dynamics of
the system, an optimization on the parameters which affect
the IVT performance is implemented to minimize the
vehicle’s FC. It is observed that the vehicle’s FC for the
case of using the optimized IVT equipped with two-speed
MSG is almost 5% less than the case of using the optimized
six-speed AT transmission in different driving cycles.

Keywords Infinitely variable transmission - Continuously
variable transmission - Fuel consumption - Optimization -
Fixed ratio mechanism

< M. Saadat Foumani
m_saadat @sharif.edu

School of Mechanical Engineering, Sharif University of
Technology, Tehran 11155-9567, Islamic Republic of Iran

1 Introduction

Continuously variable transmission (CVT) is a kind of
power transmission which creates a continuous range of
speed ratio. Although the efficiency of the CVT is lower
than the conventional powertrains, owing to some benefi-
cial aspects of these powertrains, these powertrains have
recently been used in some vehicles. One of the major
preferences of these powertrains, in addition to their ability
to change the speed ratio continuously, is the fact that
engine rpm in case of using this transmission is almost
independent of the vehicle speed. Thus, engine is able to
operate in its fuel-optimal rpm, where its fuel consumption
(FC) is minimal (Delkhosh and Foumani 2013a).

An infinitely variable transmission (IVT) is a type of
continuously variable powertrain which is able to create a
wide range of speed ratio besides zero and negative values.
The core of IVT is a CVT, connected to a planetary gear train
(PG) and some fixed ratio mechanisms (FR). Application of
the CVT in combination with these elements expands its
speed ratio range and increases power transmission capacity.

A number of studies have paid attention to continuously
variable powertrains. Beachley et al. (1984) examined a
split-path configuration which was able to create a larger
speed ratio range than that of the CVT. Yan and Hsieh
(1994) examined the maximum mechanical efficiency of an
IVT. They also demonstrated that the PG must be placed at
the output node in order to reach a zero speed in the output.
Mangialardi and Mantriota (1999) studied the power flow
types in the IVT as well as its efficiency equation for dif-
ferent power flow types. In addition to the CVT and PG in
their mechanism, they considered an FR which can be
connected to the CVT in the series or parallel arrangement.
Following the studies (Mantriota 2001, 2002a, b), Mantri-
ota revealed that using the CVT with two power flow paths
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can be more effective than using the CVT, besides creating
the same speed ratio range. Mantriota (2001) showed that
the third type of power flow (i.e., the power flow without
recirculation) is generated only when the speed ratio range
of the IVT is less than that of the CVT. Therefore, he
studied the first and second types of power flow in his
studies. He experimentally examined the efficiency of a
series IVT with type 1 power flow and a parallel IVT with
type 2 power flow (Mantriota 2002a, b). For this system, he
used a belt CVT, a FR and a PG. Pfiffner et al. (2003) and
Pfiffner and Guzzella (2001) presented the solution of the
fuel-optimal control problem for CVT-based powertrains in
transient conditions by using the numerical optimization
package direct collocation method (DIRCOL). Frank
(2004) emphasized that the fuel economy for conventional
vehicle with a CVT is limited. He described an engine
control strategy for hybrid electric CVT powertrain with
fewer mechanical parts, but many operation modes to
obtain the best fuel economy. Bottiglione et al. (2014)
investigated the power recirculation and the torque ratio of
IVT. They investigated an experimental study and com-
pared the results with a theoretical model in steady-state
condition. They demonstrated that the torque transmitted
by the CVT in constant speed ratio can be controlled by
changing the slip of the CVT belt. Hebbale et al. (2014)
simulated a non-circular gear IVT and studied the torque
recirculation impact on stress, efficiency and fuel economy.
Delkhosh et al. (2014) presented a parallel IVT which has
embedded a FR mechanism between IVT and the final
drive with two different types of power flow and mini-
mized the vehicle’s FC in the New European Driving Cycle
(NEDC) by optimizing the powertrain system. Delkhosh
and Foumani (2015) considered a power-split CVT
including several FRs in all possible places and optimized
the speed ratios of the FRs with the aim of minimizing the
vehicle’s FC in several driving cycles. Kazemzadeh-Parsi
(2014) modified the firefly optimization algorithm to
improve its performance.

In this study, the IVT is equipped with a multi-speed
gearbox (MSG) and an additional FR beside the FR, PG
and CVT to increase the efficiency of the IVT. After
modeling this transmission, it is attempted to optimize the
speed ratios of the IVT components as well as the speed
ratio range of the IVT in order to achieve the optimal fuel
economy. Then by employing particle swarm optimization
(PSO) algorithm, the optimal number of MSG’s speed is
determined in order to increase achievable fuel economy.

2 Infinitely Variable Transmission

As shown in Fig. 1, the conventional type of IVT includes
three main elements: a CVT, a PG and a FR mechanism.
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Fig. 1 Schematic arrangement of a typical IVT (Mantriota 2002a)

The IVT efficiency is influenced by the speed ratio and
efficiency of its components. The efficiencies of the PG and
FR are almost fixed (Mangialardi and Mantriota 1999),
while the CVT efficiency is changeable due to variation of
its input torque, rotational speed and speed ratio. These
parameters can be changed by variation of the PG and FR
speed ratio. The speed ratios of PG and FR are definite for
a specific range of the CVT and the IVT (Mantriota 2002a).
Therefore, if the speed ratio ranges of typical IVT and CVT
are fixed, efficiency improvement in this powertrain is not
possible.

In this study, an IVT including three FR mechanisms is
considered. The schematic arrangement of this powertrain
is shown in Fig. 2. It is not necessary to use all FR
mechanisms as a single-speed gearbox in the IVT, and
some FRs could be in the form of MSG. Embedding
additional FRs and MSG adds a number of variables to the
efficiency function which enables us to reach a high effi-
ciency and, therefore, low vehicle’s FC by changing their
speed ratios. However, using a MSG with several speed
ratios without remarkable FC reduction may be unneces-
sary. Thus, it is necessary to find the optimum number of
MSG speed ratios. We consider that one of the FR mech-
anisms is replaced by a MSG and the optimum number of
its speeds is determined in the following. According to

CvT

Planetary gear train (PG

Fig. 2 Schematic arrangement of the proposed IVT
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Fig. 2, MSG can be embedded in the place of each of
FR.pl, FR.p2 and FR.s. Therefore, there are three
arrangements. It is notable that FR.pl and FR.p2 mean the
FR mechanisms connected to the planet of PG, while FR.s
means the FR connected to the sun gear of PG.

3 IVT Governing Dynamics

In order to analyze the IVT dynamics, first we suppose that
the MSG operates similar to FR (see Fig. 2). Then one of
FRs is substituted with a MSG, and the dynamic relations
are changed. According to Fig. 2, the rotational speed of
each link considering input rotational speed (wy,) and the
ratio of the IVT components are calculated according to
Egs. (1) and (2). Moreover, speed ratio of the PG is defined
in Eq. (3).
Wpy = Wp3 X (TFR.pz) = Wp2 X (TCVT X TFRAPZ)
= W X (TFR,p1 X Tevr X TFR.pz)
W53 = O X (Ters) (2)
_ @Wout — Wplanet  Wout — Wp4

TpG = = (3)
Wsun — WPlanet Wgy — Wp4

where wy and 7y denote the rotational speed and the speed
ratio of each component, respectively. From Eqs. (1)—(3),
the speed ratio of the IVT as a function of its components’
speed ratio is obtained as follows:

@WOut

TIVT =
In

= TpG X TFR:s T TCVT X (TFR.pl X TER.p2 X (1- TPG))
(4)

In this equation, the changes of IVT speed ratio can be
in proportion or inverse proportion to the changes of the
CVT speed ratio, depending on the sign of the tcyt coef-
ficient (IFR,pl X Trrp2 X (1 — rpG)). Equations (5) and (6)
reveal this relationship.

TIVTmin = TPG X TFRs + TFR.pl X TFRp2 X TCVTmin X (I — G)
TIVTmax = TPG X TFR.s + TFRpl X TFR.p2 X TCVTmax X (1 — TpG)

TIVTmin = TPG X TFR:s + TFRpl X TFR.p2 X TCVTmax X (1 — TPG
TIVTmax = TPG X TFRs 1+ TFR.pl X TFR.p2 X TCVTmin X (1 — TPG

P.powerflow: +1

S.powerflow: —1

P.powerflow: —1
Input PG ‘Output
S.powerflow: +1
P.powerflow: +1
Input PG Output
S.powerflow: —1 I

Fig. 3 Feasible power flow directions in the IVT system

purpose Egs. (7) and (8) should be established among the
IVT ratio ranges.

i1 . .
7'JIJ\;Tmin S TI]VTmax; J= 17 27 s — 1 (7)

1 n
TryTmin < TIVTmin Desired and  TrvTmax Desired < TIVTmax
(8)

In these equations, the index j represents the number of
the IVT ratio ranges and »n denotes the total number of the
MSG’s speeds. The desired speed ratio range of the IVT
([T1vTmin Desired> TIvTmax Desired]) i determined with respect to
the intended performance of the vehicle.

In order to establish the governing dynamics of the
proposed IVT, it is necessary to determine the possible
power flow paths. The power flow direction is determined
with respect to the speed ratio and efficiency of the IVT
components (Bottiglione and Mantriota 2008). There are
three feasible power flow directions shown in Fig. 3.

if TFR.pl X TFR.p2 X (1 — TPG) >0 (5)

; if Terp1 X Trrp2 X (1 — 7pg) <O (6)

If one of FRs is considered as a MSG, each speed of the
MSG results in a definite speed ratio range for the IVT. For
each speed ratio of the MSG and speed ratio range of the
IVT, Eq. (5) or (6) must be satisfied. There should be an
overlap between speed ratio ranges of the IVT, which
eventually cover the overall IVT ratio range. For this

Regarding operating conditions, the power flow direction is
matched to one of the shown directions.

In this system, the input power is split into two separate
power flows in the IVT input, and the power flows will be
unified in the PG after passing through different elements,
and get out of the IVT. As shown in Fig. 3, if the input
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power flows from the input node to the PG, the sign of the
power flow direction (P.power flow or S.power flow) will
be positive and if it flows from the PG to the input node,
the sign of direction will be negative.

To determine the efficiency of the IVT, it is necessary to
derive dynamic relations among IVT elements. Equa-
tions (9) and (10) are obtained regarding the power balance
in the input node and the PG.

T =T, + Ty 9)
TOutpul = TPlanet + TSun = Tp4 + Ts2 (10)

where Ty denotes the torque of links. By multiplying speed
by the torque, the power flow through each element (Py) is
calculated. Due to the equality of the speeds in the input
node, Eq. (11) is established.

Py, =Py + Py (11)

Since the aim is to find an overall equation for all power
flows, we used the power flow direction parameters (i.e.,
S.power flow and P.power flow) in order to obtain a general
equation shown in Egs. (12) and (13).

P.powerflow
Pplanet = Pps = (”IFR,pl X eyt X 'YFR.pz)( powere )XPpl
(12)
PSun _ Ps2 _ (nFR-S)(Spowerﬂow) XPSl (13)

where ny denotes the efficiency of each element. Then the
IVT output power is obtained by:

P.powerflow+|P.powerflow|

Poy = Pp4 X Npg

S.powerflow-+|S.powerflow|

+ Py X fpg
(14)

In Eq. (14), when the sign of power flow is positive (i.e.,
the link is related to the power input of the planetary gear), the
efficiency exponent will be equal to one and when it is neg-
ative (i.e., the link is related to the power output), it is equal to
zero. Therefore, the efficiency of the PG is applied only to the
power of input links. Equation (15) represents this relation:

P.powerflow + [P.powerflow| { 1 if P.powerflow = +1

2 0 if P.powerflow = —1
S.powerflow + |S.powerflow| [ 1 if S.powerflow = +1
2 o if S.powerflow = —1

(15)
Finally, the efficiency of the IVT is obtained by Eq. (16).

(S.powerflow) S.powerflow-+S.powerflow|
. 2
Hrvr = (MFr.s) XMpg
VT M
P.powerflow--|P.powerflow|
2
XNpg )
(16)

) (P.powerflow)

(WFRpl X Nevr X MER p2
+ 1
1+
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The parameter M is calculated by:

(15 ) P S poverflow S powerflow|
FR.s .
(ﬁT) X | Ts.total X Mpg — VT

(’7FR p1 XMevT XMER pZ) (Proverflow) w
Tp.total X | Tivt — Tp.otal X Npg

Equations (16) and (17) are useable for each of the three
types of power flows. Regarding these equations, to cal-
culate the IVT efficiency, it is necessary to determine the
efficiency of its components.

Due to small changes in the efficiency of the FRs and
PG, their efficiencies are assumed 98% as a fixed value
(Mangialardi and Mantriota 1999). A V-belt CVT is used
in this IVT. The efficiency of the V-belt CVT is obtained as
a function of its input torque, rotational speed and the
maximum values of these parameters (Nair and Singh
1992).

In the process of efficiency calculation, at first, the
input torque and speed of the CVT are not known, and
therefore, the IVT efficiency is unknown. Thus, a rough
estimate is considered for the efficiency of the CVT.
After determining the input torque and rotational speed
of the CVT, its efficiency is revised. Again, the trans-
mitting torque of each part is set using the revised
efficiency of the CVT. The procedure will continue until
the IVT efficiency converges.

In this model, the most important outcome is IVT
efficiency, which includes the most complicated param-
eters of the system. Therefore, the model accuracy is
confirmed if the efficiency of the IVT obtained from the
model is approximately equal to the efficiency of the
experimental model. For this purpose, the -efficiency
extracted from the model is compared with Mantriota’s
experimental results (2002a). This comparison is pro-
vided in Fig. 4.

As shown in Fig. 4, the obtained results match the
experimental results (Mantriota 2002a) perfectly. There-
fore, the model can be used to calculate the IVT efficiency.

M =

4 IVT Control Strategy

In order to reduce the vehicle’s FC, the IVT speed ratio
should be controlled to reach this aim. According to this
strategy, the required power of the vehicle is determined at
every moment of the driving with regard to the vehicle
speed and acceleration.

The value of transmission efficiency is needed to cal-
culate the required power of the engine. Since the effi-
ciency of the IVT is unknown, at first a rough estimate is
considered for its efficiency and then the required power of
engine is obtained. Then, the fuel-optimal rpm of the
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Fig. 4 Comparison of calculated IVT efficiency versus its speed
ratio, with experimental data (Mantriota 2002a)

engine in this power is determined from the experimental
data of the engine brake specific fuel consumption (bsfc).

Knowing the engine rpm and power, the input torque
and rpm of the powertrain is determined, and conse-
quently, the IVT speed ratio is defined with respect to
the vehicle speed. In addition, the efficiency of the
powertrain could be specified based on the IVT operating
condition. Following the calculation of the IVT effi-
ciency, the required power of the engine is determined.
This algorithm is repeated until the efficiency of the
powertrain is converged. The block diagram of this
control strategy is presented in Fig. 5.

The FC of the vehicle equipped with this powertrain can
be calculated using the methodology presented in Delkhosh
and Foumani (2013b). In order to calculate the vehicle’s
FC, it is necessary to consider its motion in a driving cycle.
In this paper, NEDC is chosen as the driving schedule. The
overall FC in the NEDC can be obtained by Delkhosh and
Foumani (2013b):

Fig. 5 Block diagram of fuel

control strategy IVT Speed Ratio

of L\ _ /bsfcdet 100
100 km) ~ \J 3600ppyg 10.98
~ ZbeCi(O)i,Pi)XP,’Ati y 100
36005y 10.98
(18)

where bsfc is the engine brake specific fuel consumption
presented by the engine manufacturer. These data are
shown in Fig. 6. In this equation, pg,; is the fuel density,
At is the simulation time step and 10.98 is the overall
distance (in km) traveled in NEDC cycle. Some details of
the considered vehicle are listed in Table 1.

5 The Optimization of IVT

As shown earlier, the IVT efficiency changes due to vari-
ations of the components’ speed ratios, the location and
number of the MSG speed ratios, and also the efficiency of
the CVT. Furthermore, the IVT speed ratio range affects
the performance of the engine. Therefore, the speed ratio
ranges of the IVT and its components can be optimized to
achieve the optimal vehicle’s FC.

For this purpose, particle swarm optimization algorithm
(PSO) is employed. This method is completely described in
Delkhosh et al. (2011).

As noted earlier, MSG can be placed in three different
positions in the proposed IVT. These three different
arrangements will be studied separately. Moreover, the
number of MSG speeds could be variable. It is notable that
the increase in MSG speeds could improve the IVT effi-
ciency and, meanwhile, cause more complexity in the
system. First, the number of MSG speeds is supposed, and
then, the optimization procedure is done. Finally, the
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results of the different arrangements will be compared with
each other.

The optimization parameters and their variation ranges
are presented in Table 2. The variation range of FRs, MSG
and PG are defined considering real cases. Furthermore, the
minimum lower bound and the maximum upper bound of
the CVT ratio range are derived from Gauthier and
Micheau (2010). The maximum lower bound and the
minimum upper bound of the IVT ratio range
([T1vTmin Desired, TIvTmax Desired]) are defined with regard to
the desired dynamic performance of the considered vehicle.

Minimized FC(X)
Subject to:

if'EFR.pl X TFR.p2 X (1 — ’EPG) >0:

{ hi(X) = Ttvtmin — TG X TFRs — TFRpl X TFRp2 X TevTmin X (1 — Tpg) =

ha(X) = TrvTmax — TG X TrR.s — TFRpl X TERp2 X Tevrmax X (1 — Tpg) =

ifTFR.pl X TFRp2 X (1 — TPG) <0:

{h3(X) = TVTmin — TPG X TFR.s — TFRpl X TFRp2 X TcvTmax X (1 — Tpg) =

ha(X) = TrvTmax — TpG X TeRs — TERpl X TFRp2 X Tovmin X (1 — Tpg) =

Table 1 Detailed parameters of the vehicle

Parameters Value

m Vehicle mass 1100 kg
A Frontal area 2.09 m*
Cp Drag coefficient 0.355

I Rolling resistance coefficient 0.013

ng Final drive speed ratio 3.895

R4 Tire dynamic radius 0.3279 m
Na Final drive efficiency 90%
Pengine max Engine max. power 58 kW
Tengine max Engine max. torque 126 N m
Wp max Engine speed at engine max. power 5500 rpm
T max Engine speed at engine max. torque 3500 rpm

The maximum upper bound for the IVT ratio is assumed to
be 3 according to the speed ratio of powertrain which is
currently used in this vehicle. As discussed, the CVT used
in this study is of V-belt type, though its transmitting tor-
que and disk rpm are limited due to the limitation of
friction coefficient and centrifugal forces (Srivastava and
Haque 2008).

It is evident that the conditions of the problems are not
satisfied unless the relationships among parameters are
established. Therefore, these conditions must be considered
as the constraints of the optimization problem. The maxi-
mum torque and transmitting rpm by CVT are set to be,
respectively, Tnax(cvT),,,, = 100 N'm and
Omax(CVT) e — 7000 rpm - regarding the experimental
model (Gauthier and Micheau 2010). The optimization
problem is formulated below:

0
0

0
0

1 . )
gJ(X) = 7’-]I$Tmin - T{VTmax <0; j=12,...,n-1

8n (X) = Tmax(CVT) - Tmax(CVT) <0

allowed —

<
allowed —

8n+1 (X) = Wmax(CVT) — Pmax(CVT)

T
where X = [TFRpl,TFsz, TFRs; TPG; TIVTmin Desired; TIVTmax Desireds TCVTmin; TCVTmax]
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Table 2 Optimization parameters and their variation ranges

Optimization parameters Variation ranges

TFR [0.25-4]

TMSG [0.25-4]

o 538

TCVTmin [0.53-1]

TCVTmax [1—1 7]

TIIVTmin [0 — TIVTmin Desired]
T;’VTmax [TIVTmax Desired — 3]
TiVT(min,max) [TIIVTmin - T;IVTHIHX]

In these equations n denotes the number of MSG speeds.
During the optimization procedure, if a set of opti-
mization parameters violates the mentioned constraints, the
value of the objective function is considered infinite. In this
way, those values for the parameters would be eliminated.

5.1 Optimization Results
In order to minimize the vehicle’s FC, optimization of the

speed ratios is carried out with respect to:

e Different arrangements and number of MSG speeds.
e How the ratios of CVT and IVT are related according to
Egs. (5) and (6).

The optimization results are shown in Fig. 7.
As shown in Fig. 7, the FC decreases when the number

of MSG speeds grows. Moreover, while the CVT
? [ o . FR.pl
B FR.p2
B T]’R.plx TI-’R.pZX (I-TI’(i) >0 4 p
° FR.s
851 0 FR.pl
E B Trrpt™ Trr p2X (I-T]’(i) <0 o FR.p2
5 B o FR.s
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2 =
S 75F
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Fig. 7 Vehicle’s FC in the NEDC cycle in different IVT arrangement
and MSG speeds

coefficient in Eq. (4) (’L’FRApl X Tprp2 X (1 — rpG)) is neg-
ative, lower FC is expected compared to its positive values.

It should be noticed that difference between the optimal
states of IVT through using two-speed and one-speed MSG
in terms of the vehicle’s FC is almost 5%, while this dif-
ference between the case of using two-speed and three-
speed MSG is less than 1%. Consequently, it seems that
more increase in the number of speeds has no significant
effects on the vehicle’s FC. On the other hand, as discussed
above, increasing the speeds of MSG will raise the pow-
ertrain complexity. Due to these facts, the two-speed MSG
is determined as the optimal MSG in the presented IVT.

As stated by the vehicle manufacturer, the FC of the
vehicle equipped with a conventional powertrain (i.e.,
5-speed manual gearbox) is 7.16 L/100 km. It is obvious
that in a mode that all ratios are as one-speed and the
coefficient of CVT ratio is positive, the vehicle’s FC is
greater than the case of using the conventional powertrain
of the vehicle. Therefore, it is imperative to design the IVT
accurately.

As a result, among different arrangements, the minimum
FC will be obtained when MSG is placed between the CVT
and PG. The optimized values of parameters for the men-
tioned condition are provided in Table 3.

As it can be seen, the parameters of the lower limits of the
IVT and the CVT ratio ranges and speed ratios of some other
elements are placed in the boundaries of their variation
ranges. Therefore, the constraints of these parameters are of
active types, and consequently, there is a possibility for
obtaining lower FC by changing the boundaries of the
constraints. However, as mentioned, the IVT ratio range is
defined concerning the expected capabilities of the vehicle,
and therefore, it is not changeable. Furthermore, the ranges
of the PG, FR and CVT ratio are unchangeable, considering
the difficulties of construction. Therefore, the active con-
straints of the optimization problem seem to be of rigid type.

In order to investigate the impact of using different FRs
and MSG in the IVT (shown in Fig. 2), comparison of the
proposed IVT with the typical IVT (shown in Fig. 1) seems
to be essential. However, as discussed above, the IVT
shown in Fig. 1 has no parameters which can be changed to
optimize this transmission. On the other hand, it does not
satisfy the constraints on the maximum rpm and torque of
the CVT. Thus, this powertrain cannot be a benchmark.
Therefore, in the present study, it is compared just with the
optimized form of a 6-speed AT transmission. Hence, the
speed ratios and gear shifting speeds of this transmission
are optimized with the aim of minimizing the vehicle’s FC,
and the results are compared in different driving cycles,
namely Federal Test Procedure (FTP), Urban
Dynamometer Driving Schedule (UDDS) and NEDC.
These values are shown in Table 4.

2
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Table 3 Optimized parameters value when the two-speed MSG placed on the FR.p2’s position

Parameters IVT min IVT max FR.pl FR.p2 FR.s PG CVT

Parameters variation ranges [0-0.2895] [1.2755-3] [1/4-4] [1/4-4] [1/4-4] [1/8-8] [0.53-1.7]

Parameters optimized value 0.2895 1.2802 2.234 0.3932 and 1.1265 1.2478 1.2935 0.53-1.59

Table 4 FC of the vehicle . -

equipped with optimized Powertrain system type Driving cycles and FC (L/100 km)

6-speed AT transmission and FTP UDDS NEDC

the optimized IVT in different

driving cycles Optimized 6-speed AT transmission 6.269 6.577 6.498
Optimized IVT 5.923 6.184 6.094
Percent difference (%) 5.52 5.98 6.22

As shown in Table 4, FC of the vehicle equipped with ~ References

the optimized IVT is less than the optimized 6-speed AT
transmission for all considered driving cycles. Thus, this
powertrain has better performance in different driving
conditions.

6 Conclusion

In the present study, a novel IVT equipped with two FRs
and one MSG was proposed. In the typical IVT, the MSG
transmissions are not used, and also, only one FR mecha-
nism is employed. This modification is proposed to
improve the IVT performance and also decrease the vehi-
cle’s FC. In order to investigate the effectiveness of
modifications, first, the governing equations of the IVT
were extracted in different conditions. Then the control
method of the IVT speed ratio during driving was pre-
sented. It was shown that a forward/backward facing
approach is used to simulate the IVT application in the
vehicle. Also, the method of FC calculation for the IVT-
equipped vehicle was described. By defining the con-
structions of the optimization problem, all the parameters
which impact the vehicle’s FC were optimized. It was
found that through increasing the number of MSG speeds,
the FC decreases. However, the complexity of the system
rises up. Consequently, it was concluded that using the
two-speed MSG is more economical than the three-speed
one. In case of the IVT layout, it was demonstrated that
placing MSG following the CVT makes the best arrange-
ment among possible arrangements. Finally, the optimized
IVT was compared with the optimized 6-speed AT trans-
mission in terms of the vehicle’s FC. It was demonstrated
that the optimized IVT yields better results in different
driving cycles.
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