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Control strategy of power performance and fuel economy for
CVT vehicle on long uphill highway
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Abstract;: The control strategy of CVT transmission ratio, the power performance and fuel
economy of vehicle on long uphill highway were analyzed. Multiple work points between the best
dynamic and best economical rotational speeds of engine at equal interval were selected, and the
influence of transmission ratio of every working point on the power performance and the fuel
economy was studied. The optimal control strategy of CVT transmission ratio under considering
the two properties was found by Simulink simulation. Simulation result indicates that the
acceleration response time of the optimal control strategy decreases by 1.2 s compared with the
best dynamic control strategy, the fuel consumption rate of the optimal control strategy decreases
by 7.9% compared with the best economical control strategy, and the acceleration curve is
smooth. Therefore, the two performances of vehicle on long uphill highway can be effectively
improved by using the optimal control strategy of transmission ratio. 3 tabs, 12 figs, 14 refs.
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0 Introduction

The high automation and continuity of shift
process are the pursuit goals of automobile
CVT

changes continuous, which must make engine

transmission design. transmission ratio

running  condition  match vehicle  power
performance more reasonable, so that engine
works at the more ideal performance points, and
has better fuel economy, emission performance and
power performance'. At the same time, CVT
transmission may change automatically according
intention and  vehicle

to driver’s running

resistance, which makes vehicle have better
steering stability and ride comfort. The control of
CVT transmission ratio is the key factor to reach
the above objectives.

However, in normal conditions, driver only
choose E-economical mode or S-sport mode.
Especially, in order to ensure the power
performance, when vehicle is climbing up long
uphill section, driver generally directly chooses the
sport mode and ignores fuel efficiency. Therefore,
we should discuss a control strategy to consider
both power performance and fuel economy under
also pay

CVT

long wuphill section condition, and

attention to the smooth change of
transmission ratio.

In order to improve the work efficiency of
torque converter and the fuel economy of CVT
vehicle, He et al designed a PID controller, so that
engine and torque converter can work in the
optimal economy region by the adjusting function

27 In order to study

of CVT transmission ratio
the CVT control strategies for engine brake of
CVT vehicle on long downhill section, Dong et al
established the comprehensive control strategy
between engine and CVT on long downhill section
which

correctness of the control strategy for engine brake

with dynamic simulation, verifies the

of CVT vehicle on long downhill section, and

improves the fuel economy and safety of vehiclet!.

Zhang et al set up a fuel economy model of engine,
studied the matching strategy between CVT and
engine, and determined the relationship between
engine goal speed and vehicle speed. At the same
time, they formulated the comprehensive control
strategy from the demand of vehicle power
performance under transient operating conditions
and from fuel economy under steady operating
conditions, so as to improve vehicle fuel economy
] CVT hybrid

steady condition”.  For
electrical vehicle, Zhang et al proposed a new

under

algorithm of motor torque according to the control
rules of CVT

simulation result showed that the algorithm can

transmission ratio, and the

achieve the smoothness of mode switching of

1] Zhang et al determined

hybrid electrical vehicle
the fuel consumptions at different transmission
ratios under various slope-road conditions through
a large number of simulation experiments, and
made the fuel consumption reasonably match the
power performance, so as to obtain the optimal
control goals of CVT transmission ratiot™. Lee et
al proposed the theories of speed envelope
strategy'” , the departure from practice strategy'®
and so on, which was aiming at the control of
dynamic response speed for CVT vehicle. Ryu et al
researched how to improve vehicle fuel economy by
the methods to reduce the energy loss of CVTMI,
From the aspects of CVT structure, Liu et al
researched the influence of the change of
transmission ratio on CVT, the power performance
and fuel economy of vehiclel™. Yet all the theories
do not precisely give the target control quantities
and control methods of transmission ratio. The
researches on the control strategies of CVT
transmission ratio consideing both power performance
and fuel economy on long uphill section are scarce.

control CVT

transmission ratio under common working conditions

They almost researched how to
for a single goal, and paid attention to the precision of
transmission ratio control, but did not integratively

consider the power performance, fule economy and ride
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comfort of vehicle.

In view of the above questions, this paper
proposes CVT transmission ratio control strategy
integrative considering the power performance,
fuel economy and ride comfort of vehicle on long
uphill section, and uses vehicle dynamic simulation
established in MATLAB/Simulink to
precisely give the determination method of CVT

models

transmission ratio control strategy considering
both the power performance and the fuel economy
on long uphill section and the method to calculate

transmission ratio MAP chart.

1 CVT target transmission ratio

This paper sets engine rotational speed as n,
(r *» min '), the output rotational speed of CVT as
n,,,(r * min~ '), then the real transmission ratio of
CVT is

n

i = — (D
77()1”
Due to
25, 2501,
= = v 2
Pout 3nry 37 2
Pog=nT.p=n,T, (3)
the target transmission ratio of CVT is
3nT
_ w 1
" 25T, “

where v is vehicle speed (km « h™'); ¢, is the

transmission ratio of vehicle main reducing gear;

rq is the rolling radius of wheel (m); n, is the
rotational speed of wheel (r « min ') ; P. is the output
power of engine (kW); 5 is the transmission
efficiency of drive system (%); T. is the output
torque of engine (N em); T, is the resisting
torque of wheel(N ¢ m).

At the same throttle opening degree a., the
working points of vehicle optimal fuel economy and
optimal power performance are (1., Te.s i) and
(ne» Tes i) respectively, which correspond to the
working point(n., T., i,). Therefore, at present
condition, the optimal economy transmission ratio

of CVT ist”

. 3xT,

LT T Sl
The optimal dynamic transmission ratio of CVT is

. 3xT,

T 25yl )

When the throttle opening degree continuously
changes from small to large, engine has the
optimal economy target speed and the optimal
dynamic target speed at every throttle opening
degree. For example, the engine is assembled in
Nissan TIIDA, the optimal economy target speed
and the optimal dynamic target speed at every
throttle opening degree are shown in Tab. 1. With
the interpolation method, the optimal economy
working curve and optimal dynamic working curve

of engine can be drawn and shown in Fig. 1.

Tab.1 Optimal economical and dynamic speeds of engine

a/ % 10 20 30 40 50 60 70 80 90 100
nee/(r » min~—1) 1297 1458 1804 2411 3022 3521 3989 4197 4308 4 405
Nee/(r» min~1) 1 343 1754 2 799 3497 3992 4 498 4 876 5078 5156 5189

2  Control strategy of CVT on long
uphill section

2.1 Driving conditions of long uphill section

Generally, the range of long uphill gradient is 4 %<
j<<10%, and slope length is more than 100 m.
When vehicle runs on long uphill section, slope
resistance increases, wheel resistance torque
increases to T', and makes vehicle speed decrease.
satisfied with the

However, driver 1is not

decreasing speed, so driver treads accelerator pedal

at a certain rate to an objective position, making «
increase to o', until the speed is stable at a
satisfying value. Now, vehicle’s best economical
working point is (#7'es T ws i) » and the optimal
dynamic working point is (n'«, T ws i) they
correspond to the working point (n., T., 7). so
the optimal economical target transmission ratio of
CVT is

g 371‘T/W

P 25i()7]T/cu

The optimal dynamic target transmission ratio is

7
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5400 - speeds as engine target speeds at equal interval

between engine optimal dynamic and economical

4200 S e speeds, then to put them into Eq. (4) and vehicle

TQ simulation model to simulate, so as to obtain the

i 3000 - change curves of vehicle acceleration, fuel

B consumption and CVT transmission ratio at each
o 7 MELEEE Optimum economy curve(E) simulation point,

—— Optimum dynamic curve(S)

600 , , ) . | During that vehicle starts to climb and throttle

0 20 40 o 60 80 100 change completes till vehicle speed reaches

o stability, vehicle’s dynamic response, smooth

Fig. 1 Engine speed’s adjustment characteristics

P 3xT’,,
" 257',07]’[‘/“

If the slope changes continuously, driver will

8)

continuously tread the throttle pedal, therefore,

the optimal economical and dynamic target
transmission ratios constantly change.

2.2 Optimal control strategy

When vehicle climbs slope, because of the increase
of vehicle resistance and ensuring good dynamic
response and certain back-up power at o', vehicle
shouldn’t entirely work at the optimal economical
point. At the same time, in order to ensure the
ride comfort and the fuel economy, vehicle
shouldn’t entirely work at the optimal dynamic
point. Therefore, when vehicle is climbing up long
uphill section, the control principle to CVT is to
guarantee the necessary power and simultaneously
take fuel economy and smoothness into account. In
the control method, the ideal working point (n

em 2

Tews 1,,) between point (n’ T .., i) and point

ce ?
(n' ., T'.., i) must be found. Furthermore, it
should meet the conditions: T .. <<T.,<<T . and
i’ i, <<i'.. At the point, vehicle can meet the
dynamic requirement, it also can make vehicle run
near the economical working point as much as
possible.

2.3 Implementation of control strategy

In order to find a more ideal working point (7, »
Tens 1) s the method in this paper is taking the
same throttle opening and slope as input signals,
and choosing four engine working points with equal
. T

The method of selecting engine

interval between point (n ., i’.) and point

'y T s i’ D).

es ? s

ee ee

working points is to choose four engine rotational

acceleration and lower fuel consumption are taken
T

i) climbing up a certain slope at a certain « is

as targets, vehicle’s ideal working point (n

em ? em ?

gotten by the simulation method. If the working
point is used for CVT transmission ratio control
during  vehicle climbing, vehicle dynamic
performance will be better than that at the optimal
economical working point, and vehicle will have
stronger back-up power and the fuel consumption
will be less. The ratio at the ideal working point is
CVT ideal ratio when vehicle is climbing up long
uphill section.

With the repeated simulation at different ¢ and
j» the best CVT transmission ratio control MAP is
obtained, which is the optimal climbing control
strategy. Therefore, vehicle simulation model is

established firstly in this paper.
3 Simulation models

3.1 Engine model

According to the test bench experiment data of
output torque and fuel consumption for Nissan
TIIDA engine in Tab. 1, engine power performance
and fuel economy are gotten by the 3-spline
interpolation method and shown in Fig. 2 and Fig. 3
respectively. According to the experiment data,
engine torque simulation model and fuel
consumption(g,.) simulation model are established
by the 2-dimension numerical table interpolation
method in MATLAB/Simulink™", and shown in
Fig. 4 and Fig. 5 respectively.

3.2 Drive system model

The torque output by CVT is transmitted to drive

system, simulation vehicle in this paper is front-
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Fig. 2 Engine power performance
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Fig. 3 Engine fuel economy
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Fig. 4 Simulation model of engine torque

:
T.

n-T-g.

Fig.5 Simulation model of fuel consumption
wheel drive, so its main reducer gear and CVT
become an integral structure, and the drive shaft is
differential shaft too. Considering the torsional
rigidity and viscous damping of differential shaft,

the torque transmitted by it is

Tow = K.0,0+ C.0,1 (9
@:ﬁM—% (10)

where K, is the torsional rigidity of differential

shaft(N « m « rad™

1); C, is the viscous damping of

differential shaft(N « m « (rad *« s7')7'); 6, is the
torsion angle of differential shaft (rad); [ is the
length of differential shaft (m); w,, is the

rotational speed of CVT output shaft(rad « s ');
w, is the rotational speed of wheel(rad * s™').
3.3 Control method of CVT transmission ratio
Here, the specific implementation procedure of
CVT transmission ratio control system is not
considered, but CVT is thought as an ideal system
that can achieve its own control goalt®. PID
control strategy is adopted in CVT control system,
and the change rate of CVT transmission ratio is
di K, G+ K[ —d
a p (i —1 1J i, —o)dt +
di, — 1)
dr

where ¢ is time; K, ., K;. K, are the proportional

K, (11D

control parameter, the integral control parameter
and the differential control parameter in the PID
controller respectively. After simulation tests, the
proper control parameters are given as: K, =25,
K,=0.11 and K, =0.02. According to Eq. (11)
and the three control parameters, PID control

model of CVT transmission ratio established in

MATLAB/Simulink is shown in Fig. 6.

Add 1
0.11 LA
s
- Gain2 Integrator
i
> ¥ ()
i di/dt
+ Gain 1
il
0.02 duldt ==+

Gain  Derivative Add1
Fig. 6 PID controller of CVT transmission ratio
3.4 Whole vehicle model
The resisting torque of vehicle during climbing
slope is

(/dA‘Z) rq +

T, =Gfra+Gjra+ —7—=— 2115

8mrd L Liitiq di (12
d rq dt

where G is vehicle gravity (N); m is vehicle quality

(kg); f is the rolling resistance coefficient, C, is

the aerodynamic resistance coefficient of vehicle; A
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is vehicle windward acreage (m®); § is the rotating
quality conversion coefficient of vehicle; I; is the
sum of engine rotational inertia and flywheel
rotational inertia(kg « m”).

According to Egs. (9)-(12), whole vehicle
model established in MATLAB/Simulink is shown
in Fig. 7. Nissan 1.6 L TIIDA CVT vehicle is
taken as an

example, and the simulation

parameters are shown in Tab. 2.

i
n-T-8 &
L
Lot di/dt .
s T. i L dildt
PID
Signal 3 Engine e
= e . T. B E
a v h -
Signal 1 - j
- i " av/de E
; Model of drive system and CVT 9V/d
Fig. 7 Vehicle simulation model
Tab. 2 Vehicle simulation parameters
m/kg 1 300
iy 5.2
ra/m 0. 325
7 0.9
7 0.42-3. 30
Cq 0.3
A/m? 1.99
0 1.2
S 0.15
I;/(kg « m?*) 0.2
K./(N+m=+rad 1) 10 000
C,/INem=+ (rades 1) 1] 150

4 Simulation analysis of control strategy

4.1 Simulation of optimal dynamic and economical
control strategy
The simulation time is 100 s, in which the front 18 s
is the period of start-up and acceleration. Since the
18" s, the gradient j rapidly increases from 0 to
6% , which is shown in Fig. 8. After the 21" s, the
throttle opening « changes from 35% to 80%, and
keeps at 80% , which is shown in Fig. 9. The whole

climbing period is from the 18" s to the 78" s,

0.08 -

0.06 -

0.04

0.02

~0.02 ! ! ! ! |
0 20 40 60 80 100
tls
Fig. 8 Signal j

100 -

80

60 -

al%

401

20

1 1 1 1 1
0 20 40 60 80 100

t/s

Fig. 9 Signal

The simulation result is shown in Fig. 10. In
Fig.10(a), when the optimal dynamic control
strategy (curve S) is adopted, vehicle acceleration
curve has saltatorial inflection points and the
rangeability is large, which shows that the ride
comfort of vehicle is poor. However, the change
time of acceleration from negative to positive is
short, which shows that vehicle have better power
performance under climbing condition. In
Fig. 10(b), When the optimal dynamic control
strategy is adopted, fuel consumption increases by
more than 20%. In Fig.10(c), when the optimal
dynamic control strategy is adopted, the
transmission ratio is larger than the optimal
economy transmission ratio, and has apparent
saltatorial inflection points, which will result in

higher

mechanism of CVT. Furthermore, the saltatorial

demand on the hydraulic actuating
inflection points of transmission ratio curve will
have some influences on the service life of CVT.

When the optimal economy control strategy(curve E)
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(c) Comparison of transmission ratios

Fig. 10 Simulation result comparison of control strategies

is adopted, the acceleration change of vehicle is
smooth and the rangeability is very small, but
vehicle has poor power performance under climbing
condition, and its back-up power is not enough,
only it is obviously better than the optimal dynamic
control strategy in fuel economy aspect. So the
above analysis shows that it is necessary to find out
the more ideal control strategy under climbing
condition.

4.2 Determine optimal control strategy

Different drivers have different dynamic demands
on the sections with the same gradient, which
shows the throttle opening « treaded by the drivers
are different. So, in order to find the optimal
control strategy on long uphill section, it is

necessary to do simulation tests at different ¢ and

different j, so as to find more ideal working point
(Mems Tem» im)» and to conduct it as the control
strategy of CVT transmission ratio, thus the
climbing ability, fuel economy and ride comfort of
vehicle can be satisfied’®!*. Taking Fig.8 and
Fig. 9 as input signals, simulation tests are carried
out by the method in 2.3 section, and the
simulation results are shown in Fig.11 during

climbing slope.

334
Tm
g 1.67
|
2
S 0
O
F:
Q
<
2 -1.67
2
3
>

-3.34 L L !
18 21 24 27
tls
(a) Acceleration curves
420
400 | E

- Point 1
----"Point2

g/lg* (kW *h)"]

(c) Transmission ratio curves

Fig. 11  Comparison of simulation results
In Fig. 11(a), the curve at simulation point 4
is smoother and has no obvious inflection points
compared to the optimal dynamic control strategy,
so the power performance and ride comfort of

acceleration response can be ensured when vehicle
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is climbing slope. Moreover, the acceleration time
decreases by 1.2 s compared to the optimal
economical control strategy.

In Fig.11(b), the fuel consumption rate at
simulation point 4 is 366.4 g « (kW « h) ' and
decreases by 7. 9% compared to 399.0 g« (kW « h) !
of the optimal dynamic control strategy at uniform
speed.

In Fig. 11(c), the

stabilized at 1.14 at uniform speed, simulation

transmission ratio is

point 4 can be selected as the optimal control
strategy of CVT transmission ratio under the
working condition, thus the power performance,
fuel economy and ride comfort of vehicle can be

balanced during climbing slope. So the optimal

control strategy of transmission ratio can be
expressed as j=0.06, ¢=80%, i=1. 14.

With the above method, simulation tests are
carried out at different points selected from the
boundary of 4% <;<C10% and 40% <a<<100%,
the optimal control strategies of transmission ratio
at different j and « are obtained, and the
transmission ratio precise values are shown in

Tab. 3. With the

method, the optimal control MAP of transmission

cubic spline interpolation
ratio is obtained and shown in Fig. 12 when vehicle
runs on long uphill section. The MAP can be used
to control CVT transmission ratio on long uphill
section, and can be embeded beforehand in the

control unit of CVT, so as to be called.

Tab.3 CVT transmission ratios of optimal control strategies

a/ % !

0. 04 0.05 0.06 0.07 0.08 0.09 0.10
40 1.17 1.26 1.32 1.52 1.78 2.13 2.54
50 1.16 1.17 1.25 1.38 1.61 1.88 2.14
60 1.15 1.16 1.18 1.31 1.49 1.72 1.94
70 1. 14 1. 14 1.17 1.27 1.38 1.59 1.79
80 1.14 1. 14 1.14 1.22 1.33 1.48 1.68
90 1.11 1.15 1.15 1.18 1.25 1.37 1.54
100 1.01 1. 11 1. 14 1.16 1.22 1.29 1.44

40 0.04

Fig. 12 MAP of transmission ratio

5 Conclusions

In this paper, whole vehicle simulation model in
Simulink is set up by using engine test bench
experiment data, vehicle transmission system model
and vehicle parameters. Simulation result indicates that

when power performance or economy control strategy

is only thought, the intercoordination among the
timeliness of dynamic response, ride comfort and
fuel economy is not achieved during climbing
slope. The best calculation method of transmission
ratio control strategy is proposed based on optimal
matching the factors under long uphill condition.
The MAP of optimal CVT transmission ratio
control strategy under long uphill condition is
obtained by simulation at different ¢ and j. The
control strategy proposed in this paper can be used
MAP of CVT

transmission ratio control strategy, and to optimize

to accurately determine the

the power performance, fuel economy and ride

comfort of vehicle under long uphill condition.
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