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A Supervisor-Based Neural-Adaptive Shift Controller for
Automatic Transmissions Considering Throttle
Opening and Driving Load
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Recently, many passenger cars have adopted automatic transmissions for shifting gears, and
thus the smooth and precise control of gear shifts of passenger car automatic transmissions has
become more and more essential for the riding comfort of vehicles equipped with automatic
transmissions. In this article, a neural network-based supervisor for an automotive shift
controller considering the throttle opening, variations in throttle opening, and the driving load
is presented. For using the driving load information, an observer-based driving load estimation
algorithm is proposed. A proportional-integral-derivative controller along with an open loop
controller is used as a low level controller for controlling the gear shifts, and a supervisory
controller for properly adapting the shift control parameters of the low level shift controller is
designed using ANFIS. To evaluate the control performance of the proposed supervisor-based
shift controller, both simulation studies and experimental studies are performed for various
shifting situations.
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1. Introduction

Nowadays, the use of automatic transmissions
as a tool for shifting gears in passenger cars is
increasing, and in accordance with this trend,
studies on the shift control of automatic transmis-
sions have been extensively carried out to reduce
the shock in shifting gears and to improve shift
characteristics. Lim et al. (1998) used a PID
controller and an engine spark retard controtler
to reduce the shift transient shock. Also, Jung et
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al. (1998) proposed a shift controller that consists
of a PID controller and an open loop controller,
and Hur et al. (1998) adopted this control algor-
ithm to a newly developed hydraulic cluich con-
trol system (CDDC) to improve the shift quality
of automatic transmissions.

However, to guarantee good shift quality over
various gear shifting situations, the control
parameters of a shift controller should be appro-
priately adapted to the driving conditions, In this
article, a PID controller along with an open loop
controller that was suggested by Jung et al
(1998) is used as a low level shift controller. And
a supervisory controller to consider the effect of
various driving conditions, represented by the
throttle opening of an engine and the driving
load, is designed using ANFIS (Jang, 1993) to
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obtain improved shift quality by properly adapt-
ing the control parameters of the low level shift
controller. To prove the performance of the sug-
gested control algorithm, both simulations and
experiments are carried out for various shifting
situations.

2. Dynamic Models of System

The system considered in this study is shown in
Fig. 1, and is composed of an engine, a torque
converter, a power transmission system, a
driveline, and a hydraulic control system which
acts as an actuator for the shift control. The
engine is the power source of the entire system,
and the torque converter transmits the power
generated by the engine to the power transmission
system. The dynamic models of the engine and

torque converter are as follows:

lede=Te— Tp (1)
Tp=CpCl)ez (2)
Tz= TrTP (3)

where [, @, T represent the rotational inertia,
angular velocity, and torque, respectively, and the
subscripts ¢, p, # denote engine, impeller, and
turbine, respectively.

The power transmission system is operated by
the action of the hydraulic contro!l system. Shift-
ing gears occurs in this component, and it also
transmits power to the driveline and wheels.
When a vehicle is in opeation, the driving load
consisting of grade resistance, aerodynamic drag
force, and friction force between the tire and the
road acts on the vehicle as a resistive force. Shin
et al. (1998) established the mathematical model
of the power transmission system considered in
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this study; only the dynamic model of the
driveline is presented in this article. The dynamic
model of the driveline is described in Egs. (4)
~(5):

L.,a')w=RdTb~ TL (4)
szKs(Rt,ia)t_RdC’Jw) (5)

where R, and R, ; denote the final differential
gear ratio and the transmission gear ratio at the i-
th shift position, respectively. The subscripts p
and @ respectively denote the vehicle and wheel,
and K, T,, and T, are the stiffness constant of
the wheel axle, the transmission output torque,
and the driving load torque, respectively. The
dynamic models described here are used in the
subseguent simulation studies.

In general, the driving load in Eq. (4) is expres-
sed as Eq. (6), and the factors affecting the value
of the driving load are the vehicle speed and the
grade:

T[=7‘¢ (Fa+Fg+Ff)
=7 (CaVi4 mogsinf+pum,g)  (6)

where 7, is the radius of the tire, and F,, Fy and
F; denote aerodynamic drag force, grade resis-
tance and friction force; ¥ and & are the longitu-
dinal velocity of a vehicle and the grade of the
road, respectively, and C,, m,, g and y, are
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constants.

To analyze the relative effect of each resistive
force comprising the driving load, the relative
magnitudes of the forces at 2 — 3 shift points are
compared and shown in Fig. 2. As is evident from
Fig. 2, the grade resistance occupies a large
portion of the driving load and should be taken
into account when controlling the shift.

3. Characteristics of Measurement
Signal

To design the low pass filter for the measured
speed signals, the frequency characteristics of the
signal must be known in advance. Based on
experimental data from several sources, the power
spectral densities of the speed signal are plotted;
Fig. 3 shows a typical result. It can be seen from
Fig. 3 that the measurement noise of frequencies
higher than 30Hz can be ignored. The result of
this FFT analysis is used to design low pass
filters for the linear driving load observer.

4. Driving Load Estimator Design

As shown in Fig. 2, the grade resistance is one
of the most dominant factors of vehicular driving
load, and it is necessary to consider its effect when
controlling the gear shifting process. Generally,
there are two alternatives to obtaining the signal
of interest: to measure the signal with a sensor, or
to estimate the signal by some proper estimation
method. To install an additional sensor, however,
may result in increased cost. Instead we propose
an estimation method for vehicular driving load
(Hahn, 1999) using a linear state observer.

To design an observer-based driving load
estimator, the following dynamic model of the
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automotive driveline is considered:

@e=I7 (T —R..: Ts)
Gw=I7"(RaTo— T) (7
szKs(Rt,i(Ut —Rdww)

Assuming that the outputs of the driveline
system are angular velocities of the turbine and
the wheel, and the inputs to the system are the
turbine torque and driving load, Eq. (7) can be
rewritten in the following linear form:

r

o
£ =1 0w
LT
[ o 0 _lt—lRt,i [N
=| 0 0 LRy || ww
|KR.: —~KsRe 0 T
Lt 0
+| 0 —I,! [;i]=Ax+Bu (8)
0 0 ¢
oo “| ra
y={0 | O] Ww +[nw]=Cx+n
T

where n denotes the measurement noise vector.
The conventional linear state observer for the
driveline model in Eq. (8) is designed as

f=Ax+Bua+L(y—Cx) 9

where ¥ and 7 are the estimated values of the
state vector and the input vector, respectively, and
L is the observer gain matrix to be designed.
Because in this case the inputs to the system are
assumed to be torque signals which cannot be
measured, the inputs must be estimated simultane-
ously with the states. The turbine torque can be
estimated using steady-state characteristics of the
torque converter as shown in Fig. 4, and its
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equation is described in Egs. (2)~(3). The
driving load torque can be estimated using the
estimated output torque of the power transmis-
sion system and the wheel acceleration as shown
in Eq. (10).

Tl=—‘Iva')w+RdTb (10)

The scheme of the suggested driving load estima-
tion algorithm is briefly illustrated in Fig. 5.

The error dynamics of the state observer is
given by Eq. (11), and the gain matrix [, can be
determined so that the poles of the matrix F~-LC
are located in the left-half s-plane. According to
Fig. 3, the result of the measurement signal analy-
sis, a low pass filter having 25Hz cut-off fre-
quency is used to suppress the effect of the
measurement noise on the signals used by the
driving load estimator.

é=xi—x

~(A-LOe+B[ T ]-L
0 0 — L7 'Ry
= 0 1] 0 —LCrte
Kth.i '“Kst 0
1.7
+| 0 (T.—T)—Ln=(F—-LC)e
L 0 B
L]
+| 0 (Tv—T)—Ln (11)
0

5. Shift Controller Design

The scheme of the automotive shift controller
proposed in this article is described in Fig. 6. It
consists of a shifting point controller, a low level
shift controller, and a supervisory controller for
properly adjusting the parameters of the low level
shift controller with respect to the throttle angle
and the driving load information. The shifting
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Fig. 6 Shift controller architecture
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Fig. 7 Low level shift control algorithm

point controller, which is not mentioned in this
article, determines the shifting points. The low
level shift controiler consists of an open loop
controller and a PID controller. The supervisor
adapts the parameters of the low level shift con-
troiler based on the throttle angle and the driving
toad information.

5.1 Low level controller

Figure 7 briefly illustrates the clutch pressure
trajectory when shifting gears. When shifting
starts, a high duty ratio is supplied to the clutch
to fill the clutch chamber. After the fill phase
comes the torque phase, where the pressure is
reduced to a certain value and then gradually
raised until the turbine angular velocity begins to
decrease. The inertia phase starts at this point.
During the inertia phase, the turbine speed is
controlled to follow a predetermined reference
trajectory by some constant feedforward duty
ratio plus a PID controller described in Eq. (13):

u=u,+K,,ait+Kifcatdt+Kdiff (13)

Here z, denotes the feedforward duty ratio, K,
K. K, are gains of the PID controller and &,
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denotes the tracking error of the turbine speed.

As is obvious from Fig. 7, the adjustable
parameters of the low level shift controller are the
fill phase duty ratio (A), the fill time (B), the
duty ratio for the start of the torque phase (C),
the duty ratio for the end of the torque phase (D),
and the feedforward duty ratio for the inertia
phase (E).

5.2 Supervisory controller

To achieve good shift quality for various driv-
ing situations, it is necessary that the parameters
for the low level shift controller be adjusted
according to the shifting condition. Current shift
control algorithms are composed of case-by case
control actions, i. e. TCU contains the open-loop
control inputs for several driving conditions
based on the throttle opening, but actually it is
impossible to store the open-loop control inputs
for numerous shift situations. In this article, the
concept of supervisor is introduced to overcome
this limitation and to obtain enhanced shift qual-
ity by appropriately adapting the parameters of
the low level shift controller.

There have been some trials to employ the
supervisor to adjust the shift points, but its appli-
cations to shift quality control problems consid-
ered in this study are very rare. In this article,
three variables - throttle angle, time derivative of
the throttle angle, and driving load - are assumed
to mainly affect the shift quality. The proper
values of the low level shift controller parameters
have been extracted, and the nonlinear relation-
ship between the above three variables and the
desired parameters of the low level shift controller
corresponding to the specific values of the three
variables is modeled using ANFIS (Jang, 1993),
which is a fuzzy inference system based on the
framework of a neural network. The structure of
the supervisor is shown in Fig. 8.

Using ANFIS the models for nonlinear systems
can be effectively established with this fuzzy sys-
tem. It consists of 5 layers as shown in Fig. 8. The
first layer performs a fuzzification operation for
the input variables, while the firing strengths are
calculated in the second layer. The firing
strengths are normalized in the third layer, and
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Fig. 9 Simulation results

the fourth layer performs the fuzzy inference
operation. Finally, the defuzzification operation
is carried out and the overall output of the fuzzy
inference is provided in the fifth layer.

The supervisor considered in this article has 26
tuning parameters, and this neural network has
been trained based on the simulation results and
the experiment results, respectively. The supervi-
sory controller for adjusting the parameters of the
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low level shift controller can be constructed as
described in Fig. 8 for each of the parameters
(A), (B), (C), (D) and (E) to effectively reduce
shift shocks and improve shift qualities under
various driving situations.

6. Simulation and Experiment

To prove the performance of the proposed
driving load estimator based on the state observer
and the supervisor-based shift controller, simula-
tions and experiments are carried out for various
shifting situations. In contrast with the proposed
method, a conventional method uses a PID con-
trol algorithm as a low-level controller and tunes
the parameter of the controller with a throtile
angle only for various driving conditions.

6.1 Shift control simulation

Figure 10 shows the 2 — 3 shift control simula-
tion results for several shifting situations. To
certify the necessity of the supervisory controller
for the shift control, only the feedforward duty
ratio for the inertia phase is considered to be a
parameter that must be adapted in simulation
studies. It can be seen from the simulation results
that the peak-to-peak values of the shift shocks in
the inertia phase are reduced when a supervisor is
used in the shift control. It can be concluded that

Table 1 Comparison of inertia phase shift shocks
(peak-to-peak value)

Conventional Proposed Reduction
Case | 180.97 168.58 6.84%
Case | 173.13 164.37 5.05%
Case [I 181.78 179.2 1.42%
To moaltoring pregram
Contraller
[s]afsls] II |
-l

an.. Coausel

Inverter

Fig. 10 Experimental apparatus

improved shift quality can be achieved by adapt-
ing some controller parameters to various shifting
situations. Since only one parameter, that is, the
constant feedforward duty ratio for the inertia
phase, is considered to be an adaptable parameter
by the supervisor, the reduction of shift shocks
during the inertia phase are compared. The abso-
lute values of the reduction in the inertia phase
shift shocks are described in Table 1.

6.2 Shift control experiment

Figure 11 shows the experimental test setup. An
AC motor is used instead of an engine to drive
the automatic transmission, and it is controlled by
the inverter, which has the percentage of maxi-
mum value (motor torque) as an input. The range
of the driving condition is limited because the
output torque of the AC motor is less than that of
the engine. However, the effect of the motor
during the shifting state is similar to that of the
engine because the inverter controls the motor so
that its output torque is constant.

An inertia mass is installed at the transmission
output shaft as a vehicle inertia. Additional pay-

Time [sec]

Time [sec]

(b) Proposed method

Fig. 11 Experiment result
(Motor torque 80%, Payload 55kg)
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load can be added to the inertia mass to represent
vehicular driving load. The driving load is
assumed to be known in the experiments to verify
the performance of the supervisor-based shift
control method suggested in this article. C, D and
E in Fig. 7 are considered as adjustable parame-
ters by the supervisor.

Experiments are performed for various values
of the motor torque and the payload which are
equivalent to the throttle angles of an engine and
the vehicular driving load. Due to hardware limi-
tations, the effect of the change of the motor
torque has not been considered in the experimen-
tal studies. However, it is insignificant since its
effect on the performance of the controller is not
dominant (Hahn et al., 1998). Several results are
shown in Figs. 12~14.

As is evident from Fig. 12~Fig. 14 and Table
2, through the appropriate adjustment of parame-
ters of the low level controller by the high level
controller for various driving conditions, the
proposed method can reduce the output shaft
torque of the automatic transmission much more

35 4.0 435 50 55

Time [sec)

(a) Conventional method

than the conventional method. Therefore, it can
be seen that the proposed method for controlling
the shift is an effective way to achieve improved
shift quality against various shifting situations
without tuning the parameter of the controller,
which is the case in conventional methods.

The absolute values of the shift shocks during
the gear shift for some experimental results are
shown in Table 2. It can also be seen that the
amount of the reduction of shift shocks can be
larger as the parameters adjusted are increased.

Table 2 Comparison of overall shift shocks (Peak-
to-peak value)

Motor/ Convent- Pro 4 Reducti
Load ional ropose educhion
80/55 51.31 38.39 25.18%
90/55 54.63 45.77 16.21%
90,/50 60.54 50.2 17.08%
70/50 50.2 384 23.51%
90/60 55.74 49.83 10.60%
20
15
2
10 g
s £
0
20 25 3.0 35 40

Time [sec]

(b) Proposed method

Fig. 12 Experiment result
(Motor torque 90%, Payload 55kg)
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(a) Conventional method
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Fig, 13 Experiment tesult
(Motor torque 90%, Payload 50kg)
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7. Conclusions

In this article, a new shift control method for
vehicular automatic transmissions that achieves
good shift quality against various gear shifting
situations is suggested. To use the road torque
information for shift control, a driving load esti-
mation algorithm based upon a state observer is
proposed. A low level shift controller consisting
of an open loop controller and a PID controller
is designed, and a supervisory controller for
properly adjusting the parameters of the low level
shift controller in accordance with the external
shifting conditions interpreted from input signals
such as throttle angle, time derivative of the throt-
tle angle and the driving load is constructed using
ANFIS. Through simulations and experiments
for various shifting situations, the validity of the
proposed shift control method is verified.

In this study, shift control experiments with
estimated road slopes were not performed because
the experimental apparatus is not a real vehicle.
The verification of the performance of the
proposed controller with estimated road slopes
should be carried out for a complete validation of
the control algorithm proposed in this article.
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