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Shift Characteristics Analysis and Smooth Shift for an Automatic
Power Transmission
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Smooth shift is one of the key issues in automatic power transmission control systems.
However, the torque sensors are too expensive to be used in shift controllers on production
vehicles. In order to provide a basic strategy for smooth shifting by using RPM sensors only and
in order to accomplish the shift within a designated time, this paper studies detailed characteris-
tics of the smooth shift for clutch-to-clutch shift mechanism. A desired trajectory of slip speed
is proposed for smooth acceleration shift defined in this paper. Also the clutch torque needed
to achieve this trajectory is derived, and it may be used as a open loop shift control law.
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1. Introduction

In spite of the lower efficiency and higher cost,
automatic power transmission system has gained
widespread use in most passenger vehicles due to
its easy drive-ability, as well as torque amplifying
and the torsional damping characteristics of tor-
que converter. In shift control, two important
issues are shift point decision and shift quality
control (Jeong, 1993). The former considers the
issue of under what operating condition the shift
should be conducted for greater fuel economy.
The latter is concerned with how to accomplish
gear ratio changes smoothly for passenger com-
fort. This paper concentrates on the shift quality
control.

A conventional automatic transmission uses
planetary gear sets to provide different speed
ranges and over-running sprags to give smooth
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transitions between the speed ranges. If a smooth
clutch-to-clutch shift were possible, this expen-
sive mechanical component can be eliminated and
the overall kinematic arrangement can be signifi-
cantly simplified. This step offers economic
advantages but presents a challenging control
problem. Two primary objectives in shift control
are smooth transients and fast shift completion.
The shift smoothness is related to the vehicle
acceleration, which is proportional to the torque
of the drive axle shaft. The fast shift completion is
related to the clutch energy dissipation and com-
ponents’ longevity. Thus, this paper presents
methods for effecting a smooth shift within a
short time period.

Meanwhile, the sensors currently used for
measuring the shaft torque are too expensive to be
used on production vehicles for control purpose,
but magnetic pick-up speed sensors can be widely
applied for speed checking, shift decision, engine
control and anti-skid braking, etc. Thus, indirect
means for regulating shift torque using speed
information is required.

Recalling a long history and wide popularity of
automatic transmission, there are plenty of experi-
mental results on the shift characteristics and shift
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control design. However, theoretical analysis is
rather rare to find in the literature, Cho and
Hedrick (1989a) developed the power-train
model for control. The modeling effort was direct-
ed to achieving a reasonable trade-off between
the simplicity and the comprehensiveness of the
model comprising three major components, i. e.
engine, transmission and drive-train. Torque esti-
mation of the vehicle axle shafts was studied by
use of inexpensive RPM sensors to facilitate a
nonlinear control algorithm (Masmoudi and He-
drick, 1992) that applied the sliding mode theory
developed for state observation(Slotine, et al.,
1987). A sliding mode control was designed for
clutch~to-clutch shift and an alternative formula-
tion to deal with uncertainties in actuator or
control dynamics was presented (Cho and He-
drick, 1989b). The speed gaps between the desired
and the actual value of reaction carrier and tor-
que converter turbine were set up as two sliding
surfaces. But there was no mention about the
desired speed trajectories, which may be more
important in some sense. Jeong sought an indirect
shift control using speed sensors and suggested
the desired slip speed trajectory (Jeong and Lee,
1994a; 1994b). This paper refines the previous
idea and proposes clutch slip speed for indirect
smooth acceleration shift.

The remainder of this paper is organized as
follows: Section 2 describes the system model of
clutch-to-clutch shift. Under some simplifying
assumptions, Sec. 3 analyzes the shift characteris-
tics and three types of smooth shift are discussed
in Sec. 4. In the following section, methods for
achieving smooth acceleration shift indirectly
without measuring
presented. Conclusions will be followed in the

torque information are

last section.

2. Clutch-to-Clutch Shift Model

A typical clutch-to-clutch shift model of an
automatic transmission may be depicted as in Fig.
1. It changes speed ratio by disengaging the upper
(old) clutch and by engaging the lower (new)
clutch in the figure. The system consists of a
engine, torque converter, gear sets, final drive
gear, drive axle shaft and load torque. Engine
modeling was studied in great depth. Refer to
Cho and Hedrick (1989a) and references
contained therein. A torque converter consists of
three elements such as the pump (driving mem-
ber), turbine (driven member) and stator (reac-
tion member) and it can be modeled with various
complexity. The advantages of the torgue con-
verter in vehicle applications are the damping
characteristics isolating vibrational torque from
engine firing pulses, and the torque amplifying
characteristics at the torque mode desirable for
vehicle acceleration, while its fluid coupling
mode prevents an engine from stalling under
excessive load. Generally, the lock-up clutch
attached inside of a torque converter housing is
disengaged during shift. Thus, the torque con-
verter dynamics should be involved in the shift
analysis. Two-states static model of Kotwicki
(1982) is desirable due to its simplicity and four
-states dynamic model of Hrovat and Tobler
(1985) may be suitable for more detailed studies
of power-~train dynamics.

The drive train includes several planetary gear
sets, wheel inertias, stiffnesses of axle shafts, longi-
tudinal inertias of vehicle, etc. In this paper, the
axle shaft is approximated as a lumped torsional

Fig. 1 Shift model of automatic transmission
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spring as in Eq. (5) (Cho and Hedrick, 1989a)
and the details on the engine, torque converter
and load torque are not included. The above
power transmission can be given in mathematical
form as follows

Jertor=Tevo— T )
Instor =T~ (= Top+——Ten) )
Iutow=Teo+ Ton) —T 3)
Lév=Ti— T @
T=Esau—w), (5)

where subscript ¢ means the old (off-going)
clutch, # the new (up-coming) clutch, and F the
final drive, respectively. And others stand for as
denoted in the figure. Speed relations before and
after the new clutch engagement are

before . wr=rowco=rowu (6
after | wr=rawcn="rnwu

From Egs. (2) and (3), the corresponding
governing equations yield

before : (rilrc+1In) Gu=7oTr— Ts/7r
after . (¥ilrc+1In) du=rTr—Ts/7r
@)
Throughout the paper, the old clutch torque
Tco will be assumed to be cut off instantaneously
as the shift starts. Let us denote the desired shift
completion time by 7 and occasionally denote the
new clutch torque 7y, as # (¢) to emphasize that
it is an external input variable.

3. Shift Characteristics Analysis

In this and the following sections, for analytical
simplicity we assume that the turbine torque and
load are constant during the shift and that the
drive axle shaft is rigid. Then, the system equa-
tions are

Ircwr=Tr— (*r]‘a‘TCo‘f“;,%TCn) (8a)

L= ( Teo+ Ten) ““I“TL,
¥F .

lmv—_—]:w'f’lv/?’;% (Sb)
WM = TVFQv (8¢c)
In the following, we investigate several impor-

tant shift characteristics under the assumptions
mentioned.

3.1 Slip speed ¢,
The slip speed of new clutch ws=wen— war
may be obtained as

(L 1 T __{ L
Cz)s—-< Ynlre Trt Ly 7’F> <7’nfro
1 1 1
) Tt (Gt ) Toof ©

=Q@n— ,Bn Ten— Bna Tco

where the equivalent accelerations g, and g; are
defined as

_ 1 T
=7 Tr T 5o i=on (10)
1 1 1 1

b= T B~ e T

Introducing new notations, the inertia ratio y;
and the torque ratioy,; can be expressed as

i=0, n

(11)
Then, the equivalent accelerations ¢; and 3,
may be given by

2
yu=Telre oy m___lL_/ﬁ_Q
ildT

MV

_1+ iy rilr I+y, 1
o= 7?’,11'?’ I A= 713’ T
Equations (9) ~ (11) shows that the clutch slip
speed depends on the equivalent acceleration term
and the torques applied to the clutches. Initial slip
speed of new clutch w;, at the start of shift can be
given by

Yo~ ¥n Yo~ 7¥n
Wso= Wro= W 12
so rorn 270 oy Mo (12)

Integrating the slip speed Eq. (9), with the
assumption that 7¢,=0 after the shift starts,

ws(f)za)so+&’nt*ﬁnfu(f)dt (13)

Considering that the slip speed becomes zero at
time =1z, one may obtain Eq. (l4a). But in
general, the equivalent acceleration g, is not
constant. Thus, in this case it should be modified
as in Eq. (14b). For the slip speed to decrease
monotonically, note that an additional condition
given by Eq. (14c), should hold.
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ws(D) = e+ ant = [ u()dt=0  (142)

ws(n=mso+[a,,dt—en[u(t>dt=o (14b)
Ton> tn/ Bn (14c)

After the shift is completed, the clutch torque
always satisfies either the conditions (l4a) or
(14b). Thus, Eqs. (14a) and (14b) will be called
the static shift condition and dynamic shift
condition, respectively. And Eq. (14c) will be
called the monotonic shift condition.

3.2 Vehicle acceleration o,
Before or after the shift, the vehicle acceleration
may be derived from Egs. (8a)-(8b) as follows

rilr— TL/VF

VFrQv: = Qi = 7,? -[TG F [MV
___1_77'1' rilr - (15)

= s 1=0, N
V+7y Tuv 0

During shift, note that the vehicle acceleration
depends on the load and clutch torque. It has no
relationship with the turbine torque. From Eq.
(15), one can derive an inequality sign(s,— 7,)
(@vo— ava) >0 with Iy > vu7olre. Usually the
vehicle inertia is much larger than that of other
components. Thus, the inequality shows that the
vehicle acceleration always decreases (increases)
during up-shift (down-shift).

3.3 Engaged clutch torque T

While the clutch torque during the shifting
.period is decided by the frictional force, it was
pointed out that the torque of engaged clutch after
the shift is determined by completely different
principle (Jeong and Lee, 1998). When the clutch
is engaged, the slip speed and its derivative are
both zero. Thus, the following engaged clutch
torque can be obtained from Eq. (9)

rilrcl, 1 1

Tai= r?IrZilzzv vilre TT+7;;—7:1—7_)’
=0, (16)

Using definitions (10) and (11}, the engaged
clutch torque may yield

T.

:—%—z l+"vﬁ Ti . = ;
T 2 ———Z—1+71i »Tr. i=o0on (17)

Note that the engaged clutch torque depends

both on the turbine torque and load torque. Also
note that sign(7,—7,) (Teo— Ten) >0 can be
obtained from Eq. (16) with [,y > »,7,[7c- Thus,
the engaged clutch torque always decreases
(increases) during up-shift (down-shift). Also
the following meaningful inequalities can be
derived

SIgn (7o~ ¥n) (Go— @n) <0,
sign (vo— n) (————-1 2k —-1—+—Z'—")<0

Yio Ym
Sign (vo—17n) (Bo - Bn) <0,
sign(m-—m)( L+ Yior10 1+ Vin72n ><0
Yro Yin

34 Heat dissipation during shift

Heat dissipation is closely related with clutch
wear and oil temperature elevation. Thus, the
amount of the heat dissipated is important for
components’ longevity. The dissipated heat H (¢)
can be obtained from the difference between total
input energy and output energy of the clutch as
follows

H() = [Te(wi—w) di= [Tewdt (18)

Substituting the slip speed Eg.
obtains the following

(13), one

H(t)=a)so/u(t)dt+af,,t u(t) dt

g" [/u(t)dtT*an/fu(f) dtdt

Applying the static shift condition to this equa-
tion,

total dissipated heat during the shift

becomes

H{(r) =(wso+anr)£ru(t)dz‘——%’—

[[umdt]z—an[[umdtdt

Z'Bl:[(CUso+anf) ((l)so‘}‘anf_'—é“)]

—a [ [ tt) drat (19)

Note that the first term of Eq. (19) mainly
depends on the shift completion time 7 and the
second term is a function of the applied clutch
torque. Therefore, the shift should be completed
as soon as possible. Now, let us consider what is
the optimal clutch torque profile in view of the
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Fig. 2 The second heat dissipation term [ (¢)
dissipated energy. Defining a non-decreasing
t
function {J/(¢) :f u () dt and recalling that {J
0

(r) is constant for the static shift condition,
(14a), one can postulate four typical cases of the
clutch torque profile as shown in Fig. 2. In the
figure, Case (1) maximizs U (r) i. e, minimizes
the total heat dissipation H(r). However this
case is unrealistic since it implies a sudden
impulse shift. Case (2) represents a realistic
suboptimal case for minimizing the heat dissipa-
tion. Note that 4 (¢) for this case decreases with
time starting from the high initial value. Case (3)
means a constant clutch torque and (4) is the
worst case in view of the heat dissipation. Unfor-
tunately, the commonly adopted clutch pressure
profile during production is the worst Case (4) in
which the pressure increases with time.

4. Smooth Shift

Following the discussions of the last section,
the system parameters before and after shift are
different. The degree of freedom during shift also
increases by one compared with the degree of
freedom after the shift. Moreover, several vari-
ables such as input turbine torque and load, etc.
can vary with time depending on the operating
conditions.

For the passenger comfort, a smooth transient
during shift is essential. To this end, one has to
enforce the system to progress from the initial
conditions (before shift) to the final states (after
shift) without abrupt variations. During this
process, a dynamic shift condition, Eq. (14b),
should be met. For components’ longevity, shift

must be accomplished within a suitably short
period. Recalling these facts, we seek how to
make smooth transient within a designated shift
completion time r.

4.1 Shift types and smooth curve

One may postulate three kinds of state transi-
tion as follows. Shift is conducted by disengaging
one clutch and by engaging another clutch with
different ratios. Smooth slip (speed) shift occurs
first, which tries to make the slip speed of new
clutch change from its initial speed to zero in a
smooth manner.

During shift, the clutch torque is decided entire-
ly by the applied pressure. However, the engaged
clutch torque is independent of the actuating
pressure. It generally decreases after upshift. So,
changing the clutch torque from old engaged
torque, T, t0 new engaged torque, 7, smooth-
ly while satisfying the shift condition may accom-
plish the shift process. This will be called the
smooth (engaged clutch) torque shift.

Substituting Egs. (8b)-(8¢c) to Eq. (14b), a
dynamic shift condition in terms of the vehicle
acceleration gives

Ji tav(t)dt=m{coso+ [ ptty dt}
(20)

The vehicle acceleration before and after the
shift is given by Eq. (15). It generally decreases
after upshift. Thus, moving the vehicle from its
initial acceleration to the final state smoothly
while satisfying condition (20) will be called the
smooth (vehicle) acceleration shift.

Now, let us consider what is the smooth transi-
tion from one state to another while satisfying the
shift condition. In the context of variational cal-
culus, the problem may be written

find mJi}n f r,/l—}- y”% dt subject to
0
[ywa=a

It is difficult to find the analytical solution for
this problem. As an approximation of a smooth
function solution, cycloidal curve (21) may be
chosen. It is shown in Fig. 3(a) where y, and y,
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Fig. 3(c) Delayed smooth curve y,{¢)

denote two end points.

yo—r(t ——;sir%t),

0<t<s
y()= Yo—2rt+7s, s<t<r=§
yo—r[{t+r—2s) ——f?siﬂ-z;—(t-—r+2s)},r—s<t< g
(21)

The curve parameters must satisfy y,—y,=27r
(r—s). The area under the curve is A= (y,+ y»)
/2. If the required area is bigger or much smaller
than A, two curves may be combined, denoted by
y.(#) in Fig. 3(b). If the required area is moder-
ately smaller than A, delayed smooth curve, y,
(t) shown in Fig. 3(c) can be adopted as a
desired state trajectory.

Fig. 4(c) Smooth acceleration shift

4.2 Simulation results

Following the above discussions, a simple
cycloid curve, ws(¢)=y(¢), was selected as a
desired trajectory for smooth slip shift. From Eq.
(9), the clutch torque for this shift can be given
by u(t)=(an—y"(£))/Bn

Desired clutch torque for smooth torque shift is
chosen so that 7 (#) =y (¢) or % (¢) =ya(t). The
corresponding slip speed and vehicle acceleration
during the shift may be obtained from Eq. (9)
and Eq. (8b), respectively. Desired trajectory for
the smooth acceleration shift will be either gy (¢)
=y,(#) or ay(#) =y.(t) depending on the desir-
ed shift completion time and shift condition. The
clutch torque for effecting this shift can be deter-
mined from Eq. (8b).
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Simulation results of each shift are shown in
Fig. 4 for various curve parameters. A shift com-
pletion time was set at 3 sec. for visualization
purpose. However, short shift time does not sigin-
ficanfly affect the response. Desired curve for
smooth torque and acceleration shift may be
selected according to the area requirement based
on the required shift completion time and the shift
condition. All of the plots in the figure show
smooth transients except for the initial jerk at the
beginning of the smooth slip shift. It is due to the
fact that the initial clutch torque, ¥ (0) =a,/8,=
Ten, of this shift is less than the initial engaged
clutch torque Tj,. Note that the torque shift and
acceleration shift show the same effect even
though their concepts are different. The reason is
that the clutch torque directly drives vehicle iner-
tia, which in turn induces vehicle acceleration.

5. Indirect Smooth Acceleration Shift

Upon inspection of the slip speed and vehicle
acceleration shown in Fig. 4, a possibility that
smooth acceleration shift may be achieved by
adjusting slip speed trajectory is worth investin-
gating. The following equation may be derived
from Egs. (8b) and (9).

1 T

L pe (22
Tr%[rc 7F wS( )

DuyBnreay= Falro T

The slip speeds and derivatives for various shift
completion times are shown in Fig. 5. Thus, the
figure and Eq. (22) justify the above conjecture.

5.1 Desired slip speed for indirect smooth

acceleration shift

Under the simplifying assumptions that the
turbine and load torque is invariant, a smooth
acceleration shift may be carried out by setting
the desired slip acceleration 2(¢) as a smooth
curve with area 4= g,, and with two end points
yn=0s(r)=0 and y,=d@s(0)=—F,(Tr
— Ten), respectively.

However, the turbine torque and load are not
constant during shifting. To compensate these
variations, the desired slip 2 of the invariant
torque case must be modified as

@go

Fig. 5 Slip speed curves for indirect smooth shift

“k___ =0 1 —
Ws =@s+ Falre (TT TTo) ‘
1 (TL_ TLa)
?”r%frc rF (23)

where Ty, and T, are the torques at the
moment the shifting starts. New slip curve ¢?
makes the vehicle acceleration of time varying
torque case the same as that of the constant torque
case.

Moreover, the torsional spring effect of the axle
shaft should be considered. To this end, a slip
speed-vehicle acceleration relationship such as
Eq. (22) may be derived from Eqgs. (2)-(4) and
the modified curve reflecting this effect can be
given by

sk -0 1 _ 1 _
Ws=ws+ Falro (TT TTo) + rrln (Ts— Ts0)
1 1 1 .
(et o (T ) L (e
_(I)Mo)}

In noisy automotive environment however, this
curve is undesirable because it contains the deriv-
ative terms. For the subsequent analysis, it can be
resolved simply by replacing the load torque of
Eq. (23) with the shaft torque

<% __ 0 1 —
ws=ws+ Fulre (TT TTa)
1 (Ts'_ Tso)
v2lrc 7F (24)

Since the acceleration of transmission output
shaft can be given as

1 1T
,BMIMCYM—' 7/” ITG TT 73 ITG r @Ds
1 1
BM_ In + 7’3[1-6
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and, from Egs. (4)-(5), it may be seen that
smooth change of g, implies small variation of
the shaft torque and consequently a small vehicle
jerk. Thus, the curve (24) implies a smooth
change in gy In other words, the shaft torque is
considered to be a load on the transmission gear,
instead of the whole power-train. These facts
explain the validity of the curve (24).

Although the curve (23) or (24) implies a
smooth acceleration change, it doesn’t satisfy the
dynamic shift condition. To satisty the condition,
an equivalent acceleration term should be known.
Generally, the term 7 — T, is positive due to
the torque amplifying effect of the torque con-
verter. The shaft torque depends both on the load
and clutch torque itself. These two terms can not
be predicted in advance. As a result, shifting may
not be accomplished within the designated shift
time. One way to treat this problem is through an
adoption of a self -zero-approaching function
when the slip speed reaches a certain small critical
value, ws .- Examples of such function are con-
structed as follows

Q.)s=d)sa(|(l)sl/(1)s,cr)m (25)
Ws=Wso(1+c0s (7 (1 "Ia)s/ws.crl) m))/z

Another example of a self-zero-approaching
function is the curve (21) whose independent
variable, time, is replaced with |1 — @,/ ws.c|™. At
the termination phase of shifting, these functions
ensure that the desired slip speed approaches zero
eventually.

The clutch torque for the indirect smooth accel-
eration shifting can be given from the relation
(26) which was derived as in Eq. (9)

1

Ynlrc

G TrtrLop 1o 6
M TF

52 Simulation results

The curve (24) serves as a desired reference
trajectory. Supposing that suitable information on
the turbine torque and shaft torque is available,
the relation (26) provides a control input torque
for smooth acceleration shift. Based on Egs.
(24)-(26), an indirect smooth acceleration shift
was simulated as shown in Fig. 6. Here, the effects

of dynamic torque converter and torsional stiff-

Fig. 6 Indirect smooth acceleration shift

ness of the axle shaft (K;==6742 Nm/rad) are
included. The driving torque, 7gve and load
torque, 73, are assumed to be constant. Engine
firing fluctuations were neglected.

As shown in the figure, acceleration of the
transmission output and vehicle vary smoothly. It
means that the jerk is small as expected. Although
the shift completion time was set at 2 sec. for good
visibility, any realistic shift time should not alter
the fundamental resuits. Note that the actual
shifting was completed a little earlier than the
designated time due to the dynamic turbine tor-
que. After 6.5 sec. the response is mainly governed
by the self-zero-approaching curve. In order to
improve the responses, one may try other curves
or tuning the curve parameters. However, there is
a limitation since oscillation is induced from the
torsional spring effect of the axle shaft. In this
view, the axle shaft should be as stiff as possible.

6. Conclusions

In order to provide a basic strategy for a
smooth shift control system of an automatic
power transmission by using RPM sensors only
and to accomplish the shift within designated
time, detailed characteristics of the smooth shift-
ing for clutch-to-clutch shift mechanism were
studied in this paper. Several relationships involv-
ing key variables of the slip speed, vehicle acceler-
ation, engaged clutch torque and heat dissipation
were derived under simplifying assumptions. A
dynamic shift condition to be met for accomplish-
ing the shift process was established. In order to
reduce the heat dissipation, it was shown that
decreasing the pressure with time is more desir-
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able than increasing it with time. Unfortunately,
the latter is generally used in production vehicles.

Three types of smooth shifting, namely the slip
shift, clutch torque shift and acceleration shift
were considered. And smooth curves for these
shifts were analyzed to accomplish the shift proc-
ess within a designated shift completion time.
Finally, the desired slip speed trajectory was
proposed for indirect smooth acceleration shift,
which incorporates a self-zero-approaching
curve to fulfill the dynamic shift condition. The
clutch torque for this shift’ was also provided
under the assumption that the turbine and shaft
information  is Desigining
estimators for obtaining the necessary informa-
tion will be presented in the near future (Jeong
and Lee, 1999).

torque available.
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