KSME International Journal, Vol 13, No. 11, pp. 783~ 790, 1999

783

Estimation of Turbine Torque Using an Adaptive Nonlinear
Observer for Closed-Loop Control of Vehicle
Automatic Transmissions

Kyongsu Yi*, Byung-Kwan Shin** and Kyo-Il Lee***

{Received May 18 1998)

This paper presents an adaptive sliding observer-based method for the estimation of turbine
torque. The estimations of turbine torque can be used in the closed-loop control of vehicle

power train for better shift quality. A sliding observer structure including saturation functions
and boundary layers is applied to adapt torque converter parameters. The proposed method has
been investigated via simulation and laboratory experimental studies. It has been shown via
simulation and experiments that the proposed methodology is promising for the estimations of

turbine torque since it uses only inexpensive angular velocity measurements and is not sensitive

to parametric uncertainties.
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Nomenclature

: Moment inertias of pump. tur-

bine, and stator, including fluid
inertia

: Torque of pump, turbine, and

stator,

. Angular velocities of pump, tur-

bine, and stator,

. Fluid exit radii of pump, turbine,

and stator, when Q>0

. Fluid exit areas of pump, turbine

and stator, when Q>0

: Fluid exit blade angles of pump.

turbine and stator, when Q>0

: Flow rate of torque converter,
. Density of fluid.

: [ R tan{a) dL
CV,bump

f R tanla) dL
CV.turbine
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f R tan(a) dL
CV,§rator

(@) dL

: Arbitrary area and radius per-

pendicular to average flow path
L.

: Infinitesimal of average flow

path L,

: Control volume.

: Effective clutch area,

. Effective clutch radius,

. Hydraulic pressure applied to

clutch,

: Static friction coefficient,
. Dynamic friction coefficient,
: Coupling speed ratio of torque

converter

1. Introduction

The shift quality of automatic transmissions is
very closely concerned with shift torque. and ut

has been well recognized that nonlinear closed-
loop control algorithm can be developed which
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yields better shift quality provided an accurate
information on the shaft torque is available
(Hedrick, 1991; Chung, 1993). Torque sensors for
rotating shafts can not be used on production
vehicles because they are expensive and not swa-
ble in the environment of the automotive system.
Because the speed sensors of automatic transmis-
sion are inexpensive, they are already applied in
vehicle control such as the electronic control of
automatic transmission, brake control, eg., Anti
~skid Brake Systems {ABS). and traction control
etc. The operating torque of torque converter
depends both on the impeller speed and on the
turbine speed.

The steady-state pump and turbine torques of
torque converters can be represented as nonlinear
functions of pump and turbine angular velocities
(Hedrick, 1991; Chung, 1993). Although the
nonlinear functions may be obtained from the
experimental characteristic curves of a torque
converter, they are not useful in the implementa-
tion of feedback control of vehicle powertrain
since they do provide only the steady-state infor-
mation and not the dynamic torque information.
The estimation of turbine torque is feasible by the
use of nonlinear observers which needs only the
impeller and turbine speeds of the torque con-
verter.

The theory of adaptive observers is well
documented in the literature (Kudva, 1973; Bas-
tin, et al. 1988:Marino, 1990;Teel, 1993). In this
paper, we use the adaptive sliding observer tech-
nique. It offers easy application to a large class of
linearly parametrized nonlinear systems. An
adaptive sliding observer-based method for the
estimation of the turbine torques of an automatic
transmission will be proposed. The goal of the
proposed observer-based method is to obtain
good estimations of the turbine torques using
only angular velocity measurements which can be
obtained by inexpensive pickup sensors and a
timer.

2. Vehicle/Transmission Model

The vehicle/transmission model has been

developed for simulation, and a simplified model

Transmission

. Tarque .
Engine i
g Con.vem Pranctary Drivetrain
©, |Pump ! Turbine Gear Traln
(=) :

D, Q O O Do Dpuy Ou:
Fig. 1 Two-mass-spring-damping system with dis-

turbance.

for observer design has been obtained from the
complete model. Figure | shows a schematic of
the nonlinear vehicle/transmission model whose
states are:

wp . angular velocity of torque converter
pump shaft

w. . angular velocity of torque converter tur-
bine shaft

ws . angular velocity of torque converter
staor shaft

Q : flow rate of torque converter inside

wsun . angular velocity of Rear & FWD sun
gear

wewp - angular velocity of Rear & FWD carrier

wong - angulat velocity of Under Drive carrier
wse . angular velocity of brake shaft

The equations of motion for torque converter
are written as follows{Chung, 1993):

[ p+ pSpQ = — Q[ (Riw,+ Rpo( Q >tanapo)
—<mes+fem( /? Jranaon) )+ T

Jyw,TpS,Q-~pQr(Rmcut+Rm(AQ )tanaw)
(R,,owme,m( f Jenau 1+ 7y

Fsrs+ pSsQ=— pQ[ RsocuswLRso( g )tanaso)
~ (Rt Ree )tanum) + T

LQ + SPQ.)P +Sroe+ Ssths= po(Up'LRwU;"‘Rw(us
+ R%o(/)pa)t + R%oﬂ)tCUs‘l” Rs)d)p(()s

[( ﬁpo )tan oo™ ( fﬁ; )tan aso} Qu»p
{( ﬁ: )tan o™ <§z: >tan aso] Qu:
Pross

+ [( }?{; )tan asr(%)tan Clw] chr—p-r@‘

The Simplified torque converter model can be

8y
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written as follows[Chung, 1993]:

1Per1d)p: Te—Tw—Tr

Iregre=—Tr+ Tov—Ri{Tu+ Te) (2}
where [peq, [, are equivalent inertias of pump
and turbine, respectively, Ty is engine torgue,
Tru is Lock-up clutch torque, R, is gear ratio, T
T Teo are the torques on the off-going and on
-coming cluiches, and 7, 77 are pump and
turbine torques. Depending on the turbine and
pump angular velocily ratio, the pump and tur-
bine torques are represented by!Hedrick, 1991;
Chung, 1993]:

A high torque transfer phase (converter mode
01/ e < Vegupie)
T = C10p+ Catwptws + Catw}
Tr=cih+ cswpw: + cof (3)
Fluid coupling mode (w,/wp= Veounie)
Tr= Tr= Crp=+ Cspw: + Cowi {4)
The clutch torques Te,. T are related to the
applied hydraulic pressures by:
TC!‘: AciRciPi#; (5)
where the friction coefficient includes both
static and dynamic friction as follows:
== (,Ms “f“/ld’ a)sm:xD Sign(cusup)

We
Wstip™ W™ ‘Rcr

R

where ., i1s carrier speed and R, is gear ratio.

3. An Adaptive Sliding Observer for
Nonlinear Systems

The theory of adaptive observers is well
documented in the literature (Kudva, 1973, Kreis-
selmeier, 1977; Bastin. et al. 1988; Teel, 1993).
Adaptive observers for linear systerns have been
developed by Kudva et al.(1973) The first
adaptive observer for a nonlinear system was
presented by Bastin and Gevers. (1988) It is based
on certain coordinate transformations and an
auxiliary filter. A simple but restricted observer
based on the satisfaction of a certain SPR condi-
tion was proposed by Marino (1990). An observer
based identifier for nonlinear systems has been
discussed by Teel, et al. (1993).

In this paper., we use the adaptive sliding
observer technique. It offers easy of application to
a large class of linearly parametrized nonlinear
systems.

Consider a nonlinear system of the following
form:

FO= Mz, 8, D) +glx 1) ult)

y=Cx

where Y& R". n&ER™, y& R are state, measure-
ments and input, respectively, & R?is a vector of
unknown puarameters, f and g are vectors of
nonlinear functions. It is assumed that f{x, 4, #)
can be parametrized linearly in the unknown
parameters as follows:

e g =F{x,
where F{y. Y& R"".

Define a Lyapunov function candidate V by:
1 T
V=5dS'dS+56"RY
where R is px p positive definite matrix and,

N =[sl - fzﬁlsat(%‘*)s T Sm T qu\\_a,(,%n;)]?

s=gimye—ge =L 2 m

G=6-4.
7. and 4 are the estimated values of y, and 4,
respectively. ¢, is thickness of boundary layer and
sat ( +) represents the saturation functions.

I if x>l
sat () =4 x if lzf<l
-1 i rpg—1

S will approach zero ift
V=ASTdS+ §TRE <0 for all nonzero 4S. (6)

{f the inequality (6) holds, then [s|=|7]< ¢, is
guaranteed.

To guarantee that the inequality (6) holds, the
observer of the following structure is used.

F=FE 00+8(F Hu+KAy— PV +K sate (7)

where hat x is the estimated value of x
hat F, ~ hat g are our model of F and g
Kf, K are ntimes m observer gain matrices

to be determined and  satl
of saturation functions,

sat=]sat( 22 - sar( Bm T

represents the vector
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The resulting error dynamics can be written:
F=AF+F(2)0+dg u—K5—K sati (8)
where
AF=F(z, ) —F(&. 1)
Adg=glx, ) —g{x. 1}
The values of 4F and Jg depend both on the
modeling complexity and on the observation
error. In this paper, we assume that dynamic

uncertainties 4F, Jg are explicitly bounded.
Since

i, = :,md.[ s (L)}
Asi=§; p7 ¢ sat ry
:{C;f if 152‘] >y
and, under the assumption that g is slowly vary-
ing, e, §=x0,
==4.

V along the trajectory of (8) is written as fol-

lows:
I'/(a)zds":C({IFﬁﬂhdg u—Kj — Ksat}
+ 8T{F(Z)TC745—~ R} {9
If we choose the observer gains as follows;
g {CK)za B
0j(K}2ﬂlmax+—EI;x”ﬁ(—CT dogj=loom (10)
where g; (M) 1s ;-th singular value of matrix M,

7 is a positive constants. ¢, # and y are constants
satisfying:

MF!(‘aiffl
tol<p
ldgl<y

and prescribe the following adaptation law:
§=R"F(£)7C74S. (1

then TV, is expressed as follows:

<~U§f'3]ms£;<o if |5 > 6, for some |
0 if |s|> ¢, for all ¢

Vo= (12)
and we can achieve attractiveness of the boundary
layers.

It should be noted that convergence of the
parameter estimates is not guaranteed. but the
parametric error magnitude, | 4|, is bounded and
the error bound can be represented. when {5,/ < ¢,

for all i, as follows:
51 Ox+ 0.
|gl<fcoe (13)
where
«=max|QTC (K@ + K[ D]
Ss=max!QTC(JF 0+ g u)|
§:=min|@TCF (%)

@y OT — ¢ l or —1

¢ o — ¢y lor —1
Q= ,[1]: '

¢n OT —n lor'wl

As can be seen in Eq. {13) the parametric error
bound is proportional to JF, Jg, @ and the
observer gains, Ky, K. The values of JF=F (.
H—F(Z, 1), dg=glz. 1)—g(&. #) depend
on the modelling effort and the computational
complexity allowable to the observer. The thick-
ness of the boundary layer, @, and the observer
gains, K. K. are the design parameters. There-
fore the observer gains should be chosen to be as
small as possible while satisfying the condition
(10) . In the following simulations and experimen-
tal study, it was found that the adaptive observer
was able to provide a good approximation of 7
{x. 8, 1) by adapting the parameter estimates
even if the parameter estimates did not converge
to the true values. The thickness of the boundary
layer, @, and the observer gains. K, K., were
tuned to obtain the acceptable results in the simu-
lations, and the tuned values were successfully
used in the experimental studies.

4. Estimation of the Turbine Torque
Using an Adaptive Sliding Observer

4.1 Turbine torque observer design

Using the simplified model described in section
2. a nonlinear observer based on adaptive sliding
observer theory is designed to estimate the turbine
torque 7. In order to estimate the turbine torque
with the engine and turbine speed measurements,
we{=wp), w:. firstly. the turbine speed is first
estimated using an observer of the following form:

b= A Tr=R(Tut+ T 1+ K (0~ 0)

Teq
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+hSA T(%i”——> (14)

where 75, 7. are the estimated turbine torgue
and clutch torque, K, 4 are the gains to be
determined, ¢ is the boundary layer thickness
and SA T ( - ) represents the saturation functions.

. (x if <l
SAT@={] et
The clutch torques are calculated from the
applied pressure command using Eq.(5}.
The turbine torque 7% is estimated by the
following algebraic equation.

Tr=0'G (15)
where 4 and @ omega
ter estimates and measurements. They are re-
presented as follows:

are the vectors of parame-

if, w./wp,<0.9

- [E4 &5 &5

T . 16
g {[57 8y Ga) IR wi/wp<09 (16)
a7 =0} wew: o] ()

The parameter adaptation law is studied first.
The observer error dynamics is given by,

5=7;‘;{TT~RL<TCI+ Tod |- K &

—kaAT(%> (18)

where 7 is the difference between the true and
estimated value ofx.
Define a sliding surface S as the error g,

between the measurement ¢, and estimated value

Des
S=CUt’ Wi

and 4S5 by:
AS=S~¢-SAT<%>.

Consider the Lyapunov function candidate, V/,
V=g dSt 4 07RE
where R is a 3 X 3 positive definite matrix. Differ-
entiation of V' yields:
V=45 4S + JRE. (19)
Since

4S=S. for | 51> 4.
f=—4 (20)

IV along the trajectory of (18) can be rewritten as
follows:

V(m=ds[~ ffe‘q (Tort Tea) ~ K/S—kiSA T(-%)]
+5"T(JSIi @~Ré> @

In order to achieve attractiveness of the bound-
ary layer we choose the sliding observer gain %, as
follows:

k i y+ 7 (22)

" Trea
where
723 Tc‘max:l Tcl + Tcz*max»
7 >0,
and prescribe the following adaptation law.

]

Ireq

O=R4AS+a (23)

Then V4 is expressed as follows:
< —p|4S]-45-SK<0, |§|>¢
0, IS]<¢
1t can be shown that the turbine torque estima-
tion error is bounded when |s{< ¢ as follows:
| Trlmax < Ril Telmar + Ireq (B0 + fa)
:2R!} Tr:lmax + [Teq (Kfm + 77) .
The adaptive sliding observer for the estimation

of the turbine torque can be summarized as fol-
fows:

Viim=] (24)

1

d):z-——' [TT”Rx(Tc1+Ta)]+[{;‘(wt'@t)
Ireq
W By
+k15AT( . )
f=R"4S 1@
N . Teg
Tr:HT(Z)_-

5. Simulations

The adaptive sliding observer is tested with the
complete eight state vehicle/transmission model
described in Sec. 2. Figure 2 shows the observer
simulation results. The “actual” wurbine torque is
the value calculated by the complete model. The
“estimated” one is the value calculated by the
adaptive sliding observer based on the simplified
model, Simulation has been performed during the
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- Agtual
- -~ Bstimated

Turbine Torque {Nm}

B T T S v R M
Time [sec]
Fig. 2 Comparison of actual and estimated turbine

torgue.

100, T

‘Turbine Anguiar Velocity {rad/sec)

53 i T3 % 75
Thime [sec)

Fig. 3 Comparison of actual and estimated turbine

angular velocities.

shift from first gear to second gear. As cun be
seen, the turbine torque estimation is accurate
after 1.5 seconds and during the shift (2.0-2.5
seconds). Large estimation error between 3. 75-4.
S seconds is due to the lockup of the torque
converter. In this simulation, lockup is not con-
sidered.

Figure 3 compares the actual and the estimated
turbine angular velocity. The estimation error is
quite small after | second.

Figures 4 and 35 show time histories of adapted
torque converter parameters. The parameter adap-
tation is executed when the turbine velocity esti-
mation error is greater than the boundary layer.
The parameters ¢y, ¢s, ¢ and ¢y, ¢s, o are adapt-
ed only when the turbine and pump velocity ratio
we/wp 1s less than or greater than yesype(0.9),
respectively. Both parameters are constants after 5
second. It should be noted that the fact that both
parameters are constants does not imply that the
parameter values have converged to correct val-

Byung- Kwan Shin and Kyo-Il Lee
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Fig. 4 Adaptation of torque converter parameters c,,
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Fig. 5 Adaptation of torque converter parameters ;.
Cps (e

Fig. 6 Experimental test setup.

ues.

6. Experimental Studies

Experimental studies using a transmission test
setup were conducted to test the proposed turbine
torque estimation method. A photograph of the
experimental test setup is shown in Fig. 6. Also, a
schematic diagram depicting the test setup is
shown in Fig. 7. The experimental setup consists
of an AC motor, 4 motor drive, an automatic
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Fig. 7 Schematic diagram of experimental test setup.

300 e * Measured

-~ - Estimated

Time {sec)

Fig. 8 Comparison of measured and estimated tur-
bine torgue.

transmission, a gear box, an inertia equivalent to
a automotive vehicle mass, sensors. and an elec-
tronic control system. The test setup is equipped
with various sensors for measuring the important
states of automatic transmission such as shaft
torques, pump angular speeds, turbine angular
speeds and vehicle speeds.

Figure 8 shows a test result comparing the
“measured” and “estimated” turbine torques. The
“measured” turbine torque is obtained using
strain gauges and a slip ring. The “estimated”
turbine torque is the value calculated by the
adaptive sliding observer based on the simplified

180

150} e : Measured

-- - Estmatsg

Angular Velocity {rad/sec]

Time [sec]

Fig. 9 Comparison of measured and estimated tur-
bine angular velocity.

model. Tests have been performed during the shift
from first gear to fourth. As can be seen, the
turbine torque estimation is close to the measured
values. Actual turbine inertia in the test setup is
not exactly known and an assumed values are
used. The turbine torque estimation is accurate
despite the fact that the turbine inertia was not
exactly known.

A comparison of the measured and estimated
turbine angular velocities is shown in Fig. 9. The
measurement is obtained using @ pickup sensor
and timer which indicate the number of teeth
that passed by during a given length of time and
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the absolute time, respectively. 1t is possible to
obtain quite accurate angular velocities using
both the number of pulses and the time period
between the first and last pulses. As can be seen in
Fig. 9, time
increases.

estimation error decreases as

7. Conclusions

An adaptive sliding observer-based method for
the turbine torque estimations of an automatic
transmission was presented. It has been recog-
nized that an accurate estimate of the shaft tor-
ques can be very useful for closed-loop vehicle
powertrain control. The goal of the proposed
observer-based method is to obtain good esti-
mates of the turbine torques using only angular
velocity measurements which can be obtained by
inexpensive pickup sensors and timer.

The performance of the proposed turbine tor-
que observer methodology was investigated via
simulations and laboratory experimental studies.
The observer gains have been tuned to obtain
good observer performance in simulations and the
tuned gains have been used successfully in the
experimental studies. The simulation and experi-
mental studies have shown that the turbine torque
estimation is accurate despite the uncertainty of
the turbine inertia. The closed-loop automatic
transmission control using the estimated torques
is the topic of our current research.
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