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Abstract 

Researchers face difficulties in studying the effects of driveline efficiency on car fuel economy via bench and road 
tests because of long working periods, high costs, and heavy workloads. To simplify the study process and shorten 
test cycles, a car fuel economy simulation forecast method for combining computer simulation forecasting with 
bench tests is proposed. Taking a continuously variable transmission (CVT) as the research object, a transmission effi‑
ciency model based on a bench test is constructed. An optimal economic variogram based on the original CVT vari‑
ogram, the boundary conditions of vehicle performance, the road conditions and the driving behavior of the driver is 
generated in the Gear Shift Program (GSP)-Generation module in AVL Cruise. And on this basis a driveline simulation 
model that can calculate the fuel consumption based on the driveline data of a test car is built. The model is used to 
forecast fuel consumption and calculate real-time CVT efficiency under different conditions. Contrastive analyses on 
simulation results and real car drum test results are made. The largest error between simulation results and drum test 
results in driving cycles is 4.099%, which is 5.449% under constant velocity condition in driver control mode and 4.2% 
under constant velocity condition in automatic cruise mode. The results confirm the feasibility of the method and the 
good performance of the driveline simulation model in accurately forecasting fuel consumption. The method can 
efficiently investigate the effects of driveline efficiency on car fuel economy. Moreover, this research provides instruc‑
tion for accurately forecasting fuel economy as well as references for studies on the effects of drivelines on car fuel 
economy.
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1  Introduction
Driveline efficiency can significantly affect car fuel econ-
omy, and studying this relationship through bench and 
road tests requires long working periods, high costs, 
and heavy workloads. Such tests can also lead to certain 
blindness for the determination of vehicle and various 
assembly schemes, the selection of structural parameters 
and the matching of driveline parameters with an engine, 
all of which can affect the creation of a better match-
ing program, result in an unsatisfactory product perfor-
mance, and wastage of resources [1]. Therefore, various 

computer simulation forecasting methods assisted by 
bench tests have been widely adopted to optimize drive-
line matching and study transmission efficiency. Such 
methods can improve design quality, shorten the devel-
opment cycle, and reduce costs [2]. Numerous studies 
on the efficiency of CVT and gearbox have been con-
ducted through bench tests in China and abroad. Ake-
hurst et al. [3–5] used bench tests to study torque losses 
in a metal belt CVT, which were caused by the relative 
sliding motion between belt segments and bands. They 
then forecasted and studied torque losses between belt 
segments and bands caused by the bending and deforma-
tion of the pulley based on experimental observations of 
pulley deflections. Furthermore, they studied the sliding 
speed of belt segments relative to the primary and sec-
ondary pulleys and its effects on torque loss, after which 
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they proposed a model for the effects. They validated 
their proposed model using a number of experimental 
data. Meanwhile, various transmission power losses of 
CVT have been analyzed, and the transmission efficien-
cies of metal belts have been measured through bench 
tests [6]. However, the effects of CVT efficiency on car 
fuel economy have not yet been studied through real car 
tests. Huang et al. [7] conducted a CVT efficiency bench 
test using an electronically controlled gasoline engine 
as the power source, in which ratio, torque, and torque 
transmission ranges with high efficiency were measured. 
However, they did not validate the results using a real car 
test. In addition, researchers have investigated the influ-
ences of gear precision, bearing fit quality, and gear oil 
in the gearbox on transmission efficiency. Wang et  al. 
[8] selected manual transmission as the research object 
to determine the influence of different gear precisions 
on transmission drive efficiency under various working 
conditions through bench tests. The results showed that 
a high-precision gear with a grinding process could evi-
dently improve transmission drive efficiency. Gear preci-
sion mainly influences mesh precision and transmission 
dynamic stability. Considerable work has been done 
to analyze the influence of different types of gear oil on 
transmission efficiency under various working conditions 
through bench tests [9–11]. Similarly, Zhu et  al. [12] 
studied the power loss of CVTs, including torque loss 
and speed loss, based on the transmission mechanism 
of CVTs, and experiments on CVT efficiency were con-
ducted on a specific CVT test bench. Furthermore, they 
provided optimal structural parameters to serve as refer-
ences for designing and tuning CVTs.

Numerous studies on CVT efficiency have been con-
ducted using computer simulation forecasting. Luo 
et  al. [13] developed an optimum economic control 
strategy considering both engine and CVT efficiencies 
to compensate for the deficiencies of traditional opti-
mum economic matching strategies, and this method 
was validated through simulations and bench tests. Cai 
[14] built one loss model for the hydraulic pump and 
the metal belt and another model for CVT pressure and 
ratio based on experimental data. In addition, driving 
cycle simulations based on these models and real car 
tests have been conducted to validate the models and 
analyze the effects of hydraulic pump and metal belt 
losses. Wang [15] developed efficiency models of drive-
line components based on the analytical method. After-
ward, contrastive simulations of driving cycles and 
constant velocity conditions based on fixed transmis-
sion efficiencies and efficiency models was conducted. 
The simulation results showed that the simulation of 
fuel consumption based on the efficiency models was 

close to the actual results, which were measured in real 
car tests. However, difficulties in high-precision ana-
lytical models and a substantial number of calculations 
have been encountered in using these efficiency mod-
els. Yan et  al. [16] studied the sensitivity of the effect 
of driveline efficiency on the car fuel economy of a step 
transmission car through fuel economy simulation pro-
grams. Huang [17] proposed a forecast program based 
on the establishment of engine universal characteristic 
forecast models and the calculation methods for fuel 
economy, this program was subsequently validated via 
real bus tests. A fuel economy forecast method was 
also proposed based on the test procedure established 
by the United States Federal Environmental Protection 
Agency; this method was validated through simulation 
analyses [18].

To facilitate data development and reference match-
ing, simplify calculation models, and ensure the accu-
racy of simulation models without performing a real car 
test, the transmission efficiency data of various compo-
nents and losses of driveline measured through bench 
tests are used as assistant data and inputted into com-
puter simulation software to forecast car fuel economy. 
In this research, a method for combining computer 
simulation forecast with CVT efficiency bench test is 
proposed based on the study results above. A driveline 
simulation model based on CVT efficiencies is subse-
quently built to forecast car fuel consumption. In Sec-
tion  2, the driveline simulation model considering the 
fuel consumption calculation and the input interface 
of the CVT efficiency model is modeled. Then in Sec-
tion 3, the CVT efficiency is tested through bench tests, 
and a function of the piecewise programming lookup 
is proposed, CVT efficiency model based on this func-
tion is connected with the input interface of the drive-
line simulation model. Driveline simulation system 
structure is presented in Section  4, and the optimal 
economic variogram assisting in improving torque con-
verter (TC) efficiency and transmission efficiency [19] 
is generated to achieve ratio control. Test cycles and 
conditions are presented in Section  5, the simulation 
model and the real car drum tests in Section 6 are run 
to follow the conditions. Real car drum tests, contras-
tive analysis and discussions of simulation and drum 
test results are presented in Section 6, followed by con-
clusions. The results of the contrastive fuel consump-
tion simulations and the real car drum tests show that 
the car driveline simulation model based on CVT effi-
ciencies measured from a bench test and the driveline 
data of a test car provides good accuracy in forecasting 
values, thereby providing effective references for future 
studies on the effects of driveline on car fuel economy.
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2 � Car Driveline Modeling
In this study, a simplified model for a driveline equipped 
with a CVT is built using the lumped mass method [20], 
which is based on a real CVT car (Figure 1).

The following assumptions are made in this model.

(1)	 The dynamic response process of the engine output 
torque is not considered when the throttle opening 
is changed transiently.

(2)	 The torsional stiffness and viscous damping of the 
driveline are not considered.

(3)	 The dynamic characteristic effects of the CVT 
hydraulic actuators are not considered, and the rela-
tionship between CVT ratio and ratio change rate 
is described using a simple integral. The effects of 
lockup clutch oil charge and discharge character-
istics on the locking and unlocking processes are 
disregarded. Moreover, the effect of temperature on 
transmission efficiency is also not considered.

2.1 � Engine Modeling
The engine model is built using the interpolation lookup 
method based on data measured through engine bench 
tests. Engine output torque and power are expressed as Te 
(N·m) and Pe (kW), respectively.

where α is the throttle opening (%), ne is the engine out-
put speed (r/min).

The engine model considers engine braking torque, 
which is expressed as TM (N·m):

Engine speed ne (r/min) is calculated using the following 
equation:

(1)Te = Te(α, ne),

(2)Pe = Pe(α, ne),

(3)TM = TM(ne).

(4)ne =
uai0i

0.377rwiTC
,

where ua is the vehicle speed (km/h), i0 is the Total final 
drive ratio (product of intermediate ratio and final drive 
ratio), i is the CVT speed ratio, rw is the wheel rolling 
radius (m), iTC is the TC speed ratio.

Engine fuel consumption per unit time (L/h) is obtained 
from the lookup table based on engine output speed ne and 
output torque Te , which is expressed as Qt (L/h):

Engine cumulative fuel consumption (L) is expressed as 
Q (L):

Fuel consumption per hundred kilometers Qs (L/100 km) 
is calculated using

Transient and cumulative fuel consumption can be 
worked out based on the Eqs. (5)–(7).

2.2 � Car Driveline Modeling
2.2.1 � TC Equipped with a Lockup Clutch Modeling
CVT is connected with a planetary gear set, which is used 
to make a switch from the drive gear to the reverse gear. In 
this study, only the drive gear is considered; thus, the drive 
gear clutch is engaged, whereas the reverse gear clutch is 
released. The planetary gear set rotates as a whole with a 
ratio of 1.0. The planetary gear set is considered as a com-
ponent of the CVT input terminal. This terminal is con-
nected with the TC, which is connected with the engine 
output terminal and is also equipped with a lockup clutch 
called torque converter clutch (TCC). The relationship 
between TC pump torque and engine output torque is 
expressed as [21]

where JB is the inertia moment of engine flywheel, pump, 
and primary part of lockup clutch, (kg·m2), ωe is the 
engine output angular speed (rad/s), Tloss is the torque 
losses of other components equivalent to the output 
terminal of the engine, except engine–CVT box drive-
line, (N·m), TB is the pump torque (N·m), Tk is the TCC 
torque, (N·m).

The turbine-to-pump speed ratio is expressed as iTC:

(5)Qt = Qt(ne,Te).

(6)Q =

∫

Qtdt.

(7)Qs =
100

∫

Qtdt
∫

uadt
.

(8)JBω̇e = Te − Tloss − TB − Tk,

(9)iTC =
ωp

ωe
,

Figure 1  Simplified model of the driveline with a CVT
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where ωp is the angular speed of CVT primary pulley 
(rad/s).

The turbine-to-pump torque ratio is expressed as K:

where TT is the turbine torque (N·m).
The efficiency of the TC equipped with a lockup clutch 

is expressed as ηTC [22]:

The relationship between torque ratio and speed ratio 
is expressed as

The relationship between TC turbine and CVT input 
shaft is expressed as [21]

where ωT is the turbine angular speed, rad/s.

where Jp is the inertia moment of CVT input terminal 
(including CVT primary pulley, planetary gear set, tur-
bine, and the secondary component of TCC) (kg·m2), 
Tp is the primary pulley torque acted on by metal band 
(N·m).

In practical calculation, the slipping of TCC is not con-
sidered, and TCC is directly controlled by the locking 
and unlocking signals.

2.2.2 � Dynamic CVT Modeling Based on Efficiency [23]
CVT speed ratio is expressed as

where ωs is the angular speed of CVT secondary pul-
ley (rad/s), Ts is the secondary pulley torque acted on 
by metal band (N·m), η is the CVT efficiency (total effi-
ciency of CVT mechanism, intermediate gears, final 
drive, differential, and drive shaft), which is calculated 
based on torque losses of CVT measured from a bench 
test in the subsequent discussion, and a input interface 
of the CVT efficiency model is reserved in this driveline 
simulation model.

CVT ratio range is expressed as

(10)K =
TT

TB
,

(11)ηTC =
[K (Te − Tloss − Tk)+ Tk]iTC

Te − Tloss
.

(12)K = K (iTC).

(13)ωT = ωp,

(14)Jpω̇p = TT + Tk − Tp,

(15)i =
ωp

ωs
=

Ts

Tpη
,

(16)imin < i < imax,

where imin is the CVT minimum ratio, imax is the CVT 
maximum ratio.

The dynamic model for CVT is established based on 
Figure 1 and is given by

Tin is expressed as the following based on Eq. (14):

where Tin is the CVT input torque (N·m).

where Js is the Inertia moment of the CVT output termi-
nal (including CVT secondary pulley, intermediate gears, 
final drive, and drive shaft) (kg·m2); Td is the drive torque 
of the car (N·m).

The relationship among Eqs. (15), (17), (19), and (20) can 
be derived using

where Tout is the output torque of secondary pulley 
(N·m).

2.2.3 � Modeling of Torque Acting on the Drive Wheel
Without considering corners and tire sliding, the rela-
tionship between the drive torque acting on the drive 
wheels and car resistance torque is expressed as

where Ja is the inertia moments of car body and wheels 
equivalent to drive shaft (kg·m2), ωw is the drive wheel 
angular speed (rad/s), Tl is the outside resistance torque 
acting on the car (including rolling resistance torque, 
ramp resistance torque, acceleration resistance torque, 
and air resistance torque) (N·m), Fj is the acceleration 
resistance (N), W is the normal load on wheels (N), g is 

(17)Jpω̇p = Tin − Tp.

(18)Tin = TT + Tk ,

(19)Jsω̇s = Ts −
Td

i0
,

(20)ω̇p =
di

dt
ωs + iω̇s,

(21)Jpi
2ω̇s +

Jsω̇s

η
= iTin − Jp

di

dt
ωsi −

Td

ηi0
,

(22)Tout =
Td

i0
,

(23)Jaω̇w = Td − (Tl − Fjrw),

(24)Ja =
W

g
r2w +

∑

Jw,
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the gravity acceleration, g = 9.8 m/s2, Jwh is the inertia 
moments of one wheel (kg·m2).

The relationship between the outside resistance torque 
and outside resistance is expressed using the equation

where Ff is the rolling resistance (N), Fw is the air resist-
ance (N), Fi is the ramp resistance (N), lc is the height of 
car centroid (m).

2.3 � Driving Resistances Modeling [24]
2.3.1 � Rolling Resistance Modeling
Rolling resistance is expressed as Ff

where f is the rolling resistance coefficient; β is the ramp 
angle. In this study, the rolling resistance coefficient is 
fitted and calculated based on the drive resistance of the 
drum test. This coefficient is expressed as

2.3.2 � Air Resistance Modeling
Without considering winds, air resistance acting on a car is 
expressed as Fw (N):

where CD is the air resistance coefficient, A is the frontal 
area.

2.3.3 � Ramp Resistance Modeling
Ramp resistance, which is defined as the component force 
of gravity along the ramp when a car is running uphill, is 
expressed as Fi (N):

When ramp angle is small, ramp resistance can be 
approximately calculated using the equation:

where G is the gravity acting on car (N), iR is the road 
gradient (%).

2.3.4 � Acceleration Resistance Modeling
Acceleration resistance is defined as the mass inertia force 
of a car that should be overcome when the car is acceler-
ating. The acceleration resistance of a car equipped with a 
CVT box is expressed as

(25)Tl = (Fj + Ff)rw + (Fw + Fi)(lc − rw),

(26)Ff = Wf cosβ ,

(27)f = 4 × 10−5u2a + 2× 10−16ua + 0.8753.

(28)FW =
CDAu

2
a

21.15
,

(29)Fi = G sin β .

(30)Fi ≈ G tan β = GiR,

(31)Fj = δ1
diTC

dt
+ δ2

du

dt
+ δ3

di

dt
,

where

where ηT is the driveline efficiency, ηT = η , u is the vehi-
cle speed (m/s).

However, TCC is locked up at 20 km/h and unlocked 
at 15 km/h in practical application, which indicates that 
the period during which TC works in a hydraulic drive 
mode is short. Hence, we only consider the period of a 
mechanical drive mode in the calculation to simplify the 
model, and acceleration resistance can be approximately 
expressed as ( K = 1 , iTC = 1):

where JTC  is the inertia moment of TC (kg∙m2), 
JTC = Jp + JB.

2.4 � Torque Losses of Other Components
Engine power is transferred to the wheels through vari-
ous driveline components, such as the transmission. 
Except for the engine–CVT box driveline, the other com-
ponents of the driveline, such as the water pump and the 
generator, also suffer from mechanical losses. Losses are 
equivalent to the output terminal of the engine, which is 
expressed as Tloss:

All parameters above are based on a test car, which was 
also used to run drum tests.

3 � Bench Test for CVT Efficiency
The bench test setup (Figure  2) includes two electric 
motors: an input motor and an output load motor. The 
CVT box was fixed on the mounting plate, and the 
input terminal of the CVT box was connected with 
the output terminal of the input motor through the 

(32)
δ1 = m+

∑

Jwh

r2w
+

JBi
2i20

r2wiTC
+

Jpi
2i20
r2w

+
Jsi

2
0

r2w

−
(JBK + iTCJp)(1− ηT)i

2i20
r2wiTC

,

(33)

δ2 =
JBi

2i20u

r2wi
3
TC

−
(JBK + iTCJp)(1− ηT)i

2i20u

r2wi
2
TC

−
Jpi

2i20(1− ηT)

rwiTC
,

(34)

δ3 =
JBii

2
0u

r2wi
2
TC

+
Jpii

2
0u

r2w
−

(JBK + iTCJp)(1− ηT)ii
2
0u

r2wiTC
,

(35)

Fj =

(

m+

∑

Jwh

r2w
+

JTCi
2i20ηT

r2w
+

Jsi
2
0

r2w

)

du

dt
+

JTCii
2
0ηTu

r2w

di

dt
,

(36)Tloss = Tloss(ne).
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input coupling. The differential of the test CVT box 
was welded, which indicated that the planet gears of 
the differential were also welded; therefore, the differ-
ential function would not work. Only one drive axle 
generated output torques during the test. Moreover, 
TCC was engaged. Consequently, the engine angular 
speed and the angular speed of the CVT primary pulley 
exhibited the following relationship: ωe = ωp. The test 
conditions were achieved by adjusting the input speed 
of the input motor and the loads of the output motor. 
During the bench test, the output speed of the input 
motor was continuously adjusted by adjusting the con-
trol signal until the speed measured by the input shaft 
speed sensor fulfilled our requirement. Thereafter, the 
loads were gradually increased by adjusting the output 
load motor to enable the input torques to fulfill the test 
condition requirements. In the way where the input 
speed is divided by the ratio of CVT can the output 
speed be worked out.

3.1 � Loss Measurements of Bench Test Input Equipment
The losses of input equipment, such as the loss of bear-
ings in the bearing seat and the loss of input coupling, 
are defined as the torque losses between the input 
torque sensor and the input terminal of CVT with-
out mounting the CVT box. The data of the input ter-
minal were measured by using the input torque and 
speed sensor when the input motor worked at different 
speeds (1000, 1500, 2000, 2500,…max). Each test condi-
tion was repeated thrice, and the average of the results 
measured from these three tests was recorded as the 
torque loss of input equipment.

3.2 � Loss Measurements of Bench Test Output Equipment
The losses of output equipment are defined as the torque 
losses of the output load motor. The torque losses of out-
put equipment exhibited fluctuations based on the meas-
urement data of different output speeds (200, 400, 600, …, 
1600 r/min). Considerable errors of the measured results 
would occur if we took the average of the multiple meas-
urements as the torque loss of output equipment. In the 
actual measurement process, we measured multi-group 
data at every speed, and a statistical analysis of these data 
was conducted. Then, we set the upper and lower limits 
of the torque losses, which were shown in Figure 3.

Lower limit of the torque losses is expressed as TLower 
(N∙m):

where np is the CVT primary pulley speed, which is the 
input speed of CVT box (r/min); Tdc,loss is the torque loss 
of output load motor (N∙m).

Upper limit of the torque losses is expressed as TUpper 
(N∙m):

3.3 � Bench Test Performance and CVT Efficiency Calculation
Bench test was performed with an existing CVT. Oil tem-
perature was controlled within the range of 80±2 °C and 
monitored with a temperature sensor in real time while 
running the test. Cooling fans controlled by the temper-
ature sensor were used to dissipate heat from the CVT 
and run the test at appropriate temperatures. Each test 
condition must be measured thrice to reduce test errors. 
Each measurement lasted for 10 s with a sampling period 
of 0.05  s. Five ratio points, namely, 2.631, 1.5, 1.05, 0.7, 
and 0.378, were evenly selected to run the bench test. 
The input torque was set at 20 N∙m to 200 N∙m, with an 

(37)TLower = 2.8035e7×10−5np ,

(38)TUpper = 1.4704e5×10−5np .

Figure 2  Wiring diagram of the CVT efficiency bench test. 1. Input 
motor, 2. Input torque and speed sensor, 3. Input coupling, 4. 
Mounting plate of CVT and bearing seat, 5. TCU of test CVT, 6. Test 
CVT box, 7. Output universal joint and axle, 8. Cooling fan, 9. Output 
torque and speed sensor, 10. Output load motor, 11. Torque and 
speed sensor control cabinet, 12. Cooling fan controller, 13. Data 
collection equipment, 14. Motor control computer, 15. CVT control 
computer, 16. Motor control cabinet

Figure 3  Upper and lower limits of the torque losses of output 
equipment
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interval of 20 N∙m. The input speed was set at 1000 r/min 
to 3000 r/min, with an interval of 500 r/min.

The torque loss measured from the bench test is 
expressed as TH,loss (N∙m):

where Tinc is the input torque of input equipment (N∙m), 
Tinc,loss is the torque loss of input equipment (N∙m), Tdc is 
the output torque measured by output torque and speed 
sensor (N∙m).

The output torque of the CVT output terminal was 
converted to the input terminal of CVT and then com-
pared with the input torque. The difference between 
them represented the torque loss of CVT, which was con-
verted to the input terminal of CVT.

The input and output torques of CVT exhibit a rela-
tionship with the torque loss of input and output equip-
ment as expressed by

where TH,in is the input torque of CVT box (N∙m), TH,d is 
the output torque of CVT box (N∙m).

The equation for CVT efficiencies ηH,act , which were 
measured from the bench test, could be derived from 
Eqs. (39)–(41). The derived equation is given as

The torque loss maps of CVT were obtained based 
on the data calculated using Eq. (39). The torque losses 
of CVT also have upper and lower limits because of the 
corresponding limits of output equipment torque losses. 
Accordingly, the torque loss maps of the average, as well 
as the upper and lower limits, were constructed. The 
average, upper limits and lower limits of the torque loss 
map at a ratio of 0.378 is shown in Figure 4. The contour 
lines in the figures represent the torque loss lines of dif-
ferent input torques and input speeds at the same ratio.

CVT efficiency maps were constructed based on the 
data calculated using Eq. (42), which was based on the 
average values of CVT torque losses. Previous studies 
[3–5, 14] have shown that the efficiency of metal belt 
CVT can be expressed as a function of ratio and input 
torque, which is expressed as η = η(i,Tin). The CVT effi-
ciency map that changes with ratio and input torque at 
ηp = 2000 r/min is shown in Figure 5. As shown in the fig-
ure, CVT efficiency changes between 62% and 92%. Fig-
ure 5 also shows that a high CVT efficiency is maintained 

(39)TH,loss = (Tinc − Tinc,loss)−
(Tdc + Tdc,loss)

ii0
,

(40)TH,in = Tinc − Tinc,loss,

(41)TH,d = Tdc − Tdc,loss,

(42)ηH,act =
Tdc + Tdc,loss

(Tinc − Tinc,loss)ii0
= 1−

TH,loss

TH,in
.

both within the ratio range of 0.7 to 1.05 and the input 
torque range of 120 N·m to 200 N·m. CVT efficiency can 
also be expressed as a function of input speed and input 
torque, which is given by η = η(i,Tin). The CVT efficiency 
map that changes with input speed and input torque at 
a ratio of 0.7 is shown in Figure 6. As shown in the fig-
ure, CVT efficiency gradually increases when input speed 
and input torque change from low to high. Figure 6 also 
shows that high CVT efficiency is maintained when input 
torque reaches over 100 N·m.

Figure 4  Torque loss map at 0.378. (a) Average of the torque loss 
map at 0.378, (b) Upper limits of the torque loss map at 0.378, (c) 
Lower limits of the torque loss map at 0.378
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The actual torque loss at a certain temperature should 
be a function that changes with the current ratio, the 
input speed of CVT, and the input torque. The actual 
CVT efficiency at a certain temperature should also be 
a function that changes with the current ratio, the input 
speed of CVT, and the input torque. The functions are 
respectively expressed as

(43)TH,loss = TH,loss(i, np,Tin),

(44)η = 1−
TH,loss

Tin
= η(i, np,Tin).

3.4 � CVT Efficiency Modeling
The average efficiency of the test CVT will be 87.71% if 
CVT efficiency is evaluated based on the arithmetic aver-
age of different ratios. However, such an evaluation can-
not determine the changes in CVT efficiency and will 
reduce the accuracy of the simulation model. Therefore, 
we used CVT efficiency maps as the efficiency model of 
the driveline simulation model in this study. Real-time 
CVT efficiency was obtained based on the piecewise pro-
gramming lookup method.

CVT efficiency insignificantly changes with an increase 
input speed when input torque is over 60 N∙m, as shown 
in Figures  5 and 6. Therefore, CVT efficiency can be 
approximately expressed as a single-variable function 
of input torque. However, CVT efficiency significantly 
changed with a decrease in ratio. In the practical CVT 
control process, we can maintain a constant engine speed 
and adjust vehicle speed by adjusting the ratio. Ratio 
change is the main factor that causes a change in CVT 
efficiency in the control process. An independent vari-
able that affects CVT efficiency should be selected in the 
real-time efficiency simulation model. Therefore, select-
ing ratio and input torque as the independent variables of 
CVT efficiency can improve accuracy. The speed inter-
vals of the piecewise programming lookup were divided 
based on input speed. Real-time CVT efficiency can be 
obtained from the efficiency map at a certain speed inter-
val based on current ratio, input speed, and input torque.

The upper and lower limits of the preceding speed 
intervals are the intermediate values of the test speeds, 
including 1000, 1500, 2000, 2500, and 3000  r/min. The 
function of the piecewise programming lookup is given 
by

CVT efficiency model based on Eq. (45) is connected 
with the input interface of the driveline simulation 
model.

4 � Driveline Simulation System Structure and CVT 
Variogram Generation

4.1 � Driveline Simulation System Structure
CVT ratio and throttle opening must be synthetically 
controlled to track the target vehicle speed accurately 
under different conditions [13, 25], and thus, satisfy the 
need of engine torques and speeds under different target 
vehicle speeds. The simulation system structure is shown 
in Figure  7. As shown in the figure, the driver model 

(45)

η(i, np,Tin) =



















η(i, 3000,Tin), np > 2750,
η(i, 2500,Tin), 2250 < np ≤ 2750,
η(i, 2000,Tin), 1750 < np ≤ 2250,
η(i, 1500,Tin), 1250 < np ≤ 1750,
η(i, 1000,Tin), np ≤ 1250.

Figure 5  CVT efficiency map that changes with ratio and input 
torque

Figure 6  CVT efficiency map that changes with input speed and 
input torque
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outputs the acceleration pedal opening θ or the braking 
force Fb based on the difference between target vehicle 
speed vd and actual vehicle speed v. Then, the throttle 
opening controller determines target throttle opening α 
and controls the electronic throttle based on accelera-
tion pedal opening and the actual vehicle speed. Subse-
quently, the CVT variogram table determines the target 
ratio id based on electronic throttle opening and actual 
vehicle speed. The CVT controller controls CVT ratio 
change rate and the unlock/lock signal of TCC based 
on actual vehicle speed and actual CVT ratio i, which 
assist in tracking target vehicle speed and target ratio to 
achieve the change in TC transmission modes at a certain 
vehicle speed. Finally, the fuel consumption calculation 
model calculates transient fuel consumption and cumula-
tive fuel consumption of driving cycle simulations based 
on the actual demand engine speed ne and the actual 
demand engine output torque Te of the driveline simula-
tion model.

4.2 � CVT Variogram Generation
In this study, the CVT variogram is generated based on 
the original CVT variogram at incomplete throttle open-
ings provided by the transmission factory. The CVT 
variogram was obtained at all throttle openings by auto-
matically generating the entire CVT variogram using the 
optimization simulation software. We used the GSP–
Generation module in AVL Cruise, which could automat-
ically generate and optimize the shift schedule of the step 
automatic transmission and CVT variogram. The GSP–
Generation module can also generate the required CVT 
variogram based on the original CVT variogram, the 
boundary conditions of vehicle performance, road condi-
tions, and the driving behavior of the driver. The calcula-
tion process of the CVT variogram in GSP is shown in 
Figure 8.

The basic parameters of a car simulation model should 
be inputted into AVL Cruise before running simulations; 
physical connections and signal circuits should also be 
established [26]. We inputted the original CVT vari-
ogram of the test CVT shown in Figure 9 into the desired 
input speed tab of the CVT control module. The original 
CVT variogram is defined in this study as the CVT input 

speed variation curve that changes with vehicle speed ua 
(km/h) and throttle opening α (%). The contour lines in 
the figures represent different throttle openings.

The CVT variogram generated by using GSP in the 
simulation is shown in Figure 10, which is the variation 
curve of the CVT ratio that changes with vehicle speed 
and throttle opening. This is expressed as

The region of the CVT variogram shown in Figure 10 
is surrounded by the maximum ratio curve, the varia-
tion curve of the CVT ratio that changes with vehicle 
speed, the maximum vehicle speed curve and throttle 
opening at 0% and 100%, and the minimum ratio curve.

The CVT variogram such as the one shown in Fig-
ure  10 is the optimal economic variogram that can be 
generated by using optimization software tools and an 
optimization algorithm. The quantity of calibration test 
works via bench tests and road tests can be decreased 
because of this feature [27].

5 � Test Cycles and Conditions
Numerous researchers have studied transmission effi-
ciency and fuel economy by conducting powertrain 
bench tests using a real gasoline engine as the power 
source and dynamometers as the load sources in addi-
tion to a gearbox and drive axles [7, 13]. Achieving 
driving cycles in bench tests are relatively more com-
plicated than that in simulation models. Bench tests 
that use gasoline engines and dynamometers can be 
displaced by the forecast simulation model. In addition, 
matching system parameters with existing test data of 
powertrain components using the simulation model is 
more convenient than bench tests.

The simulation test aims to verify the forecast accu-
racy of the car driveline simulation model based on 
CVT efficiencies measured from a bench test. The fuel 
consumption tests include driving cycles and constant 
velocity condition.

(46)i = i(ua,α).

Figure 7  Driveline simulation system structure

Figure 8  Calculation process of the CVT variogram in GSP
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5.1 � Driving Cycle
Driving cycles in the world mainly include those found 
in Europe, the United States, and Japan. The model driv-
ing cycle exemplified by ECE-15 cycle, which is a part of 
vehicle regulations of Economic Commission for Europe 
(ECE), and the transient driving cycle exemplified by the 
Federal Test Program (FTP) are extensively used world-
wide [28]. ECE-15 cycle is also called urban driving cycle 
(UDC). In fact, numerous researchers have analyzed 
the aforementioned driving cycles [29–31]. Therefore, 
we selected the New European Driving Cycle (NEDC) 
in this study, which included four repeated UDCs and 
one Extra-Urban driving cycle (EUDC), and the United 
States’ Highway Fuel Economy Test (HWFET) (Fig-
ures 11, 12, 13, 14) to run fuel consumption simulations. 
NEDC, including urban and suburban conditions, was 
used to simulate actual urban and suburban road con-
ditions, whereas HWFET was used to simulate highway 
conditions.

5.2 � Constant Velocity Condition
Constant velocity tests should include 90  km/h and 
120  km/h constant velocity tests according to the 
China National Standard GB/T12545.1-2008 [32]. In 
this study, we ran constant velocity simulation tests at 
speeds of 60, 90 and 120 km/h in the car driveline sim-
ulation model.

Likewise, driving cycles and constant velocity condi-
tions were run in real car drum tests in Section 6.

The car driveline simulation model was set with a 
load of 100 kg. Corners, ramps, and tire sliding were 
not considered while running the simulations. The 
velocity–time curves under different driving conditions 
were inputted into the driver model. The driveline sim-
ulation model tracked target vehicle speed according 
to the process shown in Figure 7. Transient and cumu-
lative fuel consumptions in the current period were 
calculated according to the actual demands of engine 
speed and output torque. calculated in the simulation.

6 � Results of the Contrastive Analysis of the Real 
Car Drum Test and the Simulation

6.1 � Real Car Drum Test
6.1.1 � Parameters of Chassis Dynamometer and Test Car
The drum tests were conducted on a four-drum chas-
sis dynamometer (Figure  15). The power performance 
tests of two-wheel and four-wheel drive cars, fuel econ-
omy tests, and reliability tests can be conducted on the 
chassis dynamometer. The vehicle emission test sys-
tem comprises the four-drum chassis dynamometer, a 
programmable computer, a constant volume sampling 
system, a gasoline dilution pipeline, a gasoline particle 
sampling unit, and an emission analysis system. The 
parameters of the four-drum chassis dynamometer are 
listed in Table 1. Fuel emission test data were collected 
from controller area network (CAN) signals and the 
emission test system (Table 2).

The test car is a particular model equipped with a 
CVT gearbox that has been launched in the market. 
The parameters of the car are listed in Table  3. The 
chassis dynamometer was set according to the car 
parameters.

Figure 9  Original CVT variogram

Figure 10  CVT variogram in practical application

Figure 11  NEDC of Europe
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6.1.2 � Driving Resistance Setting and Drum Test
The chassis dynamometer was calibrated before the test 
according to the China National Standard GB/T12545.1-
2008. The inertia moments of the drums were set to simu-
late the inertia moments of the car. The power absorbing 
and loading device was set to simulate the driving resist-
ance. The driving resistance is expressed as

(47)F = 3.71u2a + 5× 10−13ua + 144.2.

The rear wheels of the test car were fixed and electronic 
stability control (ESC) was turned off. Hence, the test car 
could be driven in a front-wheel drive mode. An experi-
enced driver and a front passenger, whose weights were 
approximately 100 kg, were asked to ride the test car.

Drum tests were conducted based on the velocity–
time curves of the driving cycles. The driver controlled 
the acceleration and brake pedals to maintain actual 
vehicle speed between the upper and lower limits of the 
velocity–time curve. Each driving cycle was run twice. 
The data recorded by the emission test system of the 
dynamometer were used as the test result. The cumula-
tive fuel consumption at the end of each driving cycle 
was recorded, and the average fuel consumption of each 
cycle was considered as the effective test value.

Constant velocity tests were conducted at 60, 90, and 
120 km/h according to the China National Standard GB/
T12545.1-2008. The constant velocity test at each vehi-
cle speed, which included a driver control mode and an 
automatic cruise mode, was run twice. The average fuel 
consumption in the two test modes was recorded.

6.1.3 � Results of Real Car Drum Test
The results of the real car drum test are listed in Table 4.

All the test results of each condition in the two tests are 
sufficiently effective. All the results are listed as the aver-
age value of each condition to simplify the comparison 
and analysis processes.

6.2 � Contrastive Analysis and Discussion
The CVT efficiencies of the driving cycles obtained 
in the simulations are shown in Figures 16, 17, 18, 19, 
20, 21, 22, 23. The CVT efficiency curves in the fig-
ures indicate the changing trend of CVT efficiency, 
which changes with the CVT ratio, input speed, and 
input torque. When vehicle speed is 0 km/h, the input 
speed of CVT is 0  r/min and CVT efficiency is 100%. 
When the driver model outputted braking force, the 
car decelerated and the engine generated braking tor-
ques, which are negatively shown in the Figures Urban 
driving cycles are characterized by complex road con-
ditions. The CVT box changes the ratio frequently and 
drastically, thereby leading to a drastic change in CVT 
efficiency, as shown in Figures 16, 17, 18, 19. The engine 
mostly operates in uneconomical areas at relatively low 
output torques, whereas the CVT works at high ratios. 
Consequently, low CVT efficiencies are produced, 
which lead to a high CVT torque loss and increase fuel 
consumption. Thus, fuel consumption in urban driving 
cycles is higher than that in suburban or highway driv-
ing cycles. The ratios in the EUDC and HWFET test 
cycles are more stable than those shown in NEDC and 
UDC test cycles. Although the input torques shown in 

Figure 12  UDC

Figure 13  EUDC

Figure 14  HWFET of the United States

Figure 15  Four-drum chassis dynamometer
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EUDC after 200 s (a high-speed period) and in HWFET 
drastically change, the CVT input torques remain suf-
ficiently high. The engine operates at points that are 
mostly economical, where ratios are sufficiently low 
to maintain high CVT efficiency for a relatively long 
period and decrease CVT torque loss, thereby leading 
to reduced fuel consumption.

One set of the effective drum test results is compared 
with the simulation results (Figures 16, 17, 18, 19, 20, 21, 
22, 23). The figures also show the changes in real input 
torque, input speed, and real ratio in the bench test. The 
simulation results agree well with the real values, which 
indicates that the simulation forecast model is suffi-
ciently specific to forecast fuel economy. However, errors 
between the simulation results and drum test results still 
exist, which can lead to errors in fuel economy forecast.

The fuel consumption of the driving cycles (calculated 
using the driveline simulation model based on CVT effi-
ciencies measured from the bench tests) and the aver-
age fuel consumption of the drum tests are compared 
in Table 5. The simulation results have the largest abso-
lute value of errors at 4.099% compared with the average 
drum test results of each cycle, thereby indicating that 
the simulation results are accurate and the driveline sim-
ulation model can effectively forecast fuel consumption.

CVT efficiencies obtained in the simulations under 
constant velocity condition are presented in Figure 24. As 
shown in the figure, CVT efficiency gradually increases 
with a decrease in ratio and an increase in vehicle speed, 
which requires increasing input torque.

Figure 25 shows the ratios, input speeds, and input tor-
ques of the simulation results and the bench test results 
in every mode. The fuel consumption values under con-
stant velocity condition, which are obtained from the 
simulations and drum tests, are also compared in Fig-
ure  26. The average values of the bench test results in 
every mode are calculated to compare with the simula-
tion results. The simulation model exhibits more accu-
rate forecasts of the driver control mode below 90 km/h 
under constant velocity condition. Furthermore, the 
simulation results under constant velocity condition at 
vehicle speeds of 60 km/h and 90 km/h have 0.353% and 
3.273% absolute values of errors, respectively, compared 
with the average results of the driver control mode drum 
tests (Figure 26). The accuracy of the simulation model is 
reduced at a vehicle speed of 120 km/h, and the simula-
tion result has a 5.449% absolute value of error compared 
with the average results of the driver control mode drum 
tests, which is still acceptable in the engineering point of 
view. Moreover, the errors between the simulation results 
and the average results of the automatic cruise drum tests 
are stable. The absolute values of errors at 60, 90, and 
120 km/h are 4.2%, 4.07%, and 4.197 respectively, which 
have minimal fluctuations, thereby confirming that the 
simulation model is effective under constant veloc-
ity condition. Figure 25 shows that errors exist between 
the simulation results and the drum tests. However, the 
results in Figure  26 also indicate that the errors do not 
significantly influence the forecast accuracy of fuel econ-
omy under constant velocity condition.

Table 1  Parameters of four-drum chassis dynamometer

Parameter Value

Specification and model Burke E. Porter Machinery 
Company U.S.A, Model 
3260

Drum diameter (mm) 1219.2 ± 0.3

Range of axle base (mm) 2000–3600

Absorbing power (kW) ≥ 140 × 2

Measure range of torque (N·m) 6519

Driving model FWD/RWD; 4WD

Maximum speed (km/h) 220

Maximum load (kg) 2000

Inertia mass simulation range (kg) 454–5448

Inertia mass simulation accuracy ≤ ± 1%

Table 2  Data to be collected in drum tests

Measure parameter Data source

Engine speed CAN signal

Engine output torque CAN signal

Real-time fuel consumption calculated 
by ECU

CAN signal

Throttle opening degree CAN signal

CVT ratio CAN signal

Vehicle speed CAN signal

Driving time Vehicle emission test system

Distance Vehicle emission test system

Real-time fuel consumption Vehicle emission test system

Table 3  Parameters of test car

Parameter Value

Maximum power of engine (kW) 249

Length (mm) 5003

Width (mm) 1830

Height (mm) 1490

Axle base (mm) 2768

Front wheel base (mm) 1585

Rear wheel base (mm) 1585

Curb weight (kg) 1581

Maximum speed (km/h) 207
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Compared with the results under constant velocity 
condition, a larger error in fuel economy forecast occurs 
under high-speed condition with a low ratio, such as 
120 km/h, thereby resulting in a larger error of over 5% 
in fuel economy forecast in driver control mode. Less 
periods of high-speed condition close to 120 km/h occur 

in driving cycles, and thus, high-speed errors that can 
cause larger forecast errors do not significantly influence 
the simulation. The car mostly runs at a vehicle speed 
below 100 km/h, and the simulation model can maintain 
good accuracy with errors smaller than 4.2%. Therefore, 
the simulation results of the driving cycles exhibit better 
accuracy.

Assumptions and ideal simplifications of simulation 
model can cause the simulation errors. In addition, the 
errors between the simulation results and the real car 
drum test are simultaneously attributed to the CVT vari-
ogram and CVT efficiency model. The variogram used 
for the simulation of fuel economy should be an opti-
mal economic variogram. In this study, such variogram 
is generated based on the original CVT variogram at 
incomplete throttle openings. However, the variograms 
used in the Transmission Control Unit (TCU) of the real 
car calibrated by the transmission factory are more com-
plicated and consider more driving conditions, tempera-
ture conditions, and altitude conditions. The variogram 
used in the simulation is optimized based on the bound-
ary conditions of vehicle performance, road conditions 
and the driving behavior of the driver, but numerous ele-
ments such as temperatures and altitudes are not fully 
considered. Consequently, the errors between the vari-
ogram generated in this study and the variogram used in 
the TCU are unavoidable. The contrastive results shown 
in Figures 16, 17, 18, 19, 20, 21, 22, 23 indicate that the 
simulation ratio does not completely follow the real ratio, 
thereby resulting in errors in input torques and input 
speeds between the simulations and the real car drum 
tests, which can lead to fuel economy calculation errors. 
Similarly, the contrastive results of the ratios, input tor-
ques, and input speeds under constant velocity condi-
tion shown in Figures 25, 26 indicate that the errors are 
attributed to the same reason. Moreover, the ratio errors 
between the simulation results and drum test results 
affect fuel economy forecast more evidently, particu-
larly at 90 km/h and 120 km/h in driver control mode. In 
addition, the CVT efficiency model is based on the effi-
ciency bench test within an ideal oil temperature range 
of 80±2 °C and the effects of temperatures on transmis-
sion efficiency are also not considered in the preceding 
assumption. The oil temperatures collected from CAN 
signals in the real car drum test are between 69  °C and 
109  °C, which are influenced by working time and con-
ditions. The longer the time and the higher the speed of 
CVT runs, the higher the oil temperature is. Therefore, 
the errors between the temperatures of the simulations 
and drum tests lead to the errors in real-time CVT effi-
ciencies, which affect fuel economy forecast. To decrease 
errors, a better optimization algorithm that considers 
more conditions should be used to generate a better CVT 

Table 4  Results of real car drum test

Working condition Number of measurement Result Qs 
(L/100 km)

NEDC 2 7.18

UDC 2 9.05

EUDC 2 6.06

HWFET 2 5.17

60 km/h

 Cruise 2 4.38

 Driver control 2 4.18

90 km/h

 Cruise 2 5.10

 Driver control 2 5.06

120 km/h

 Cruise 2 6.81

 Driver control 2 6.73

Figure 16  Simulation results of NEDC (a)

Figure 17  Simulation results of NEDC (b)
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variogram and a better CVT efficiency model that con-
siders more temperature conditions should be built in 
future works.

7 � Conclusions

(1)	 A method for combining computer simulation fore-
casts with bench tests is proposed. A car driveline 
simulation model based on CVT efficiencies meas-
ured from a bench test and the driveline data of 

Figure 18  Simulation results of UDC (a)

Figure 19  Simulation results of UDC (b)

Figure 20  Simulation results of EUDC (a)

Figure 21  Simulation results of EUDC (b)

Figure 22  Simulation results of HWFET (a)

Figure 23  Simulation results of HWFET (b)

Table 5  Fuel consumption in different driving cycle

Driving cycle Drum test result 
(L/100 km)

Simulation result 
(L/100 km)

Error (%)

NEDC 7.18 7.324 1.987

UDC 9.05 9.421 4.099

EUDC 6.06 6.100 0.660

HWFET 5.17 5.005 3.191
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a real CVT car is constructed to forecast the fuel 
economy of a car equipped with a CVT box. The 
proposed method and model can simplify the pro-

cess of studying the effects of CVT efficiency on car 
fuel economy compared with that through bench 
and road tests.

(2)	 A CVT efficiency model based on the function of 
the piecewise programming lookup derived out 
from bench test data is developed. The car driveline 
simulation model can calculate the changing value 
of CVT efficiency in real time based on real-time 
ratio, input speed, and input torque.

(3)	 An optimal economic variogram based on the orig-
inal CVT variogram, the boundary conditions of 
vehicle performance, road conditions, and the driv-
ing behavior of the driver is generated and inputted 
into the simulation model as the CVT control strat-
egy. The variogram exhibits good performance in 
the simulations.

(4)	 Driving cycles and constant velocity condition 
are compared between the simulation results and 
the drum test results. The car driveline simula-
tion model demonstrates better accuracy in terms 
of driving cycles and constant velocity condition 
at speeds below 120 km/h. The largest error of the 
results between the car driveline simulations and 
the real car drum tests for driving cycles is 4.099%, 
which is 5.449% under constant velocity condition 
in driver control mode and 4.2% under constant 
velocity condition in automatic cruise mode. Good 
agreements among the ratios, input speeds, and 
input torques are found between simulation results 
and the real car drum test results. The contrastive 
results confirm that the car driveline simulation 
model based on CVT efficiencies, which are meas-
ured from a bench test, exhibits good performance 
and can accurately forecast fuel consumption under 
different driving conditions.
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