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PREFACE

‘ Volume IV is a supplement to a three volume document, "A
Computer Program (VEHSIM) for Vehicle Fuel Economy and Performance
simulation (Automobiles and Light Trucks,'" developed at the
Transportation Systems Center. This volume considers implementa-
tion of a simulated split torque transmission into VEHSIM.

The Energy Technology Branch expresses thanks to Mr. Joseph
Burshtein of SDC Integrated Services, Inc. for his invaluable help
in writing the split torque algorithm; and to Mr. Jack Dolan of
SDC Integrated Services, Inc., for assistance in implementing

the source code into VEHSIM,
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1. INTRODUCTION

This report considers the implementation of a simulated
Split Torque Overdrive Transmission into the Transportation
Systems Center computer program, VEHSIM, for automobile and
light duty truck fuel economy and performance.

The presence of the split torque converter within the over-
drive transmission does not allow the use of the existing
""CONVTR" subroutine currently in VEHSIM. The purpose of this
analysis is to modify the current model to accommodate a split

torque overdrive transmission capability.

The split torque transmission covered herein is similar to
Ford Motor Company's Automatic Overdrive (AOD), also referred to as
the Ford Integral Overdrive (FIOD) transmission. The transmis-
sion operates with two paths of power flow: one path uses a
hydrodynamic torque converter and the other path utilizes a
mechanical drive. The two paths converge into a compound planet-
ary gearset that combines the individual power flows. The
transmission has four gears, with the power flow in first and
second gear completely hydrodynamic. The fourth gear uses a
mechanical path and the third gear uses a split torque path. The
majority of the analysis is focused on the third gear power flow

since this is unique to the VEHSIM program.

The approach of this report is first to examine the trans-
mission as an object of modeling and then to look at the applica-
tion of the model to the current version of VEHSIM. A kinematic
analysis of the planetary gear mechanism is also presented.
Finally, an algorithm for the simulation is given along with the

actual software used.

The kinematic scheme of the split torque converter is pre-

sented in Figure 1. The necessity to simulate a split torque
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FIGURE 1. KINEMATIC SCHEME OF A SPLIT TORQUE MECHANISM
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converter involves two groups of problems. The first group
relates to the split torque converter proper and includes a solu-
tion of a nonlinear algebraic equation. The second group is
associated with the adaptation of the split torque transmission
to the VEHSIM program.

1-3/1-4






2. TRANSMISSION DESCRIPTION

The split torque transmission as an object of simulation

has three modes of operation:

o A standard combination of a gear box and a torque con-
verter (at the first and second gear)

o A parallei combination of a direct driveshaft and a
torque converter linked to a propshaft via a planetary
mechanism (at the third gear)

o A direct mechanical overdrive (at the fourth gear).

A summary of transmission characteristics is presented in Table
1.

TABLE 1. TRANSMISSION GEAR CHARACTERISTICS

Gear Gear load Gear Converter
efficiency* - ratio characteristics
I ay = .98 2.4 Standard
(as currently exists in VEHSIM)
II a, = .98 1.467 Same as gear I
ITI ay = 1.0** 1.00** Special, to be derived
IV a4 = ,98 0.667 No converter, direct drive

*
This parameter is introduced into VEHSIM via "GEAR" data sheet.

*%
This coefficient is introduced artificially to use the existing data
sheet.

2-1/2-2






3. PROBLEM FORMULATION

The software and data base format for the modeling of the

split torque transmission involve the following problems:
o Speed equation of the split torque converter
o Torque equation of the split torque converter
o Torque loss calculation
o Drive, coast, and idle modes of operation

o Split torque converter state variables for different

modes of operation
o Implementation into VEHS IM

o Overdrive transmission data base.

3-1/3-2
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4. SPLIT TORQUE CONVERTER ANALYSIS

4.1 SPEED EQUATION

The kinematic scheme of a planetary mechanism of the split
torque converter is displayed in Figure 2. In this scheme, radii
Ry
ring gear, respectively:

and R2 are proportional to the number of teeth of the sun and

1]
[N]

2.4

Designate:

RPMi, RPMl, RPM2 = speed in RPM of the sun, planetary, and

ring gear, respectively.

The planetary mechanism works as a summation device, and

speeds of 1its gears satisfy an equation: :

- 1 -
RPM2 --k1 RPMi + k1 RPM1 (4-1)

If RPM; = RPM,

and from (4-1):

the planetary mechanism in Figure 2 is ''locked,"

RPM2 = RPMi = RPM1
Then:
1 = ki + k1 (4-2)
If RPM1 = 0, from (4-1) obtain:
RPM2 = ki RPMi

Gear ratio ki from the sun gear to the ring gear (planetary gear

frame is fixed) is:






FIGURE 2. KINEMATIC.SCHEME OF THE SPLIT
TORQUE PLANETARY MECHANISM
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ki = R;/R, (4-3)

substitute (4-3) into (4-2) and find klz

kl = (RZ - Rl)/RZ (4-4)

Substituting (4-3) and (4-4) into (4-1) and introducing parameters:

A1 = R1 =1

1}
N
~

A, = R (4-5)

2

the desired speed equation of the split torque planetary mech-

anism 1is:
RPM, = (A)/A,JRPM] + ((A, - A[)/A;)RPM, (4-6)
where:
RPM2 = speed at the output of the split torque converter
RPMi = speed of the converter's turbine
RPM1 = speed of the direct driveshaft
Al’ A2 = coefficients proportional to the number of teeth

of the sun and ring gears, respectively.

4.2 TORQUE EQUATION
The torque equation can be derived by finding the relation
between Ti and Tl:

t
Tl

torque at the sun gear (converter output)

T

1 torque at the planetary gear frame (direct drive

shaft).

For this analysis, a force diagram (based on the kinematic scheme)
is constructed in which levers are substituted for gears (Figure

3).
4-3






R..R .R. = radii of the sun, planetary, and ring gears, respective-

1’70772
ly
Fl’FZ = force of contact between gears: sun/planetary and
planetary/ring
T1 = torque applied to the frame of the planetary gear
Ti = torque applied to the sun gear.

FIGURE 3. FORCE DIAGRAM OF PLANETARY
GEAR MECHANISM
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The system of two planetary gears in Figure 2 is modeled in
Figure 3 by a system of levers AO and OB. These levers are in a
state of dynamic equilibrium, which means that contact forces
(Fl, Fz) acting at points A and B are equal:

F, = F, = F (4-7)

For the system in Figure 3 the torque is:

Tp=T1 * Ty
T2 = F2R2
1 = -
T{ = FiR; (4-8)
where:
T2 = summation torque applied to the ring gear
Ti = torque applied to the sun gear (converter output)
T1 = torque applied to the planetary gear frame (output of

direct drive shaft).

From (4-8) have:

FoRy=FjRy+ T

In correspondence with (4-7), the above equation is:

FR2 = FRl + Tl

Hence,

T, = F(R2 - R (4-9)

1 1)
The desired torque relation follows from (4-8) and (4-9):

Ti : T1 = R1 - (R2 - Rl).






Substituting coefficients A1 And A2 in place of R1 and R2 to get
the torque equation of the split torque converter:

r . = - -
TS 2Ty = Ayt (A - Ap) (4-10)
Where:
Ti = torque at the sun gear (converter output),
T1 = torque at the planetary gear frame (direct drive-
shaft)
Al’AZ = coefficient proportional to the number of teeth of

the sun and ring gear, respectively.

4.3 PROBLEM OF TORQUE LOSSES CALCULATION

Consider a problem of torque losses calculation for the

Split torque Transmission.

At the first and second gear, converter/gearbox interactions
within the split torque transmission corresponds to the standard
scheme modeled by VEHSIM. Accordingly, the scheme of torque loss
calculation within VEHSIM is appropriately modeled at the first

and second gear.

A unique situation occurs for the third gear, i.e., to the
split torque configuration of the transmission. If the torque
losses are generated within the planetary mechanism, then the
existing VEHSIM scheme for the torque losses calculation is valid.
In the opposite case (affirmed by the manufacturer's data), the
balance of torque losses within the split torque version of the
split torque transmission must be calculated along the specially
designed scheme. This will cause changes within the "GOBACK"
subroutine of VEHSIM. As for the fourth gear, the converter

losses are not calculated.







ey

4.4 MODES OF OPERATION

Drive - In this mode, a direct driveshaft and converter
turbine (Figure 1) rotate in the same direction. A 1load torque
is applied to a ring gear, and this causes a slippage in the

converter.

Idle - The ring gear is stemmed by a large resistance torque
at the wheels. The direct driveshaft rotates the planetary gear
frame with the speed of the engine. Accordingly, the outer
planetary gear rolls along the inner perimeter of the ring gear.

"As a result, the inner planetary gear generates the rotation of

a sun gear and the converter turbine into the opposite direction.

Coast - This mode takes place when a negative torque is
applied by the propshaft. Such a condition may occur when a
car rides down a hill or when it moves with the throttle closed.
The planetary gear frame is revolved by a direct driveshaft with
the speed of the engine, and ring gear speed is higher than the
speed of the planetary gear frame. Correspondingly, a sun gear
and converter turbine (Figure 1) have a higher speed than the

engine speed.

4-7/4-8






5. ALGORITHMS OF A SPLIT TORQUE CONVERTER

5.1 DRIVING MODE

Given: RPMZ, TORQ2 = speed and torque at the output of the
split torque converter

T

find SR and TR (speed and torque ratios) of the split torque con-

3 verter
where:
SR = RPMZ/RPM1
TR = TORQZ/(TORQ1 + TORQi/TR)
RPM1 = speed of engine (converter -input)
TORQ1 = torque at direct drive shaft
TORQi = torque at converter output.

The following equations are used:

(Ay/A,) RPMJ + ((Az - Al)/Az) RPM; = RPM,

TORQ{/TORQ; = A;/ (A, - A;)
TORQ{ + TORQ, = TORQ,
RAT = RPM! / V' TORQ;

SR = fgp (RAT)

) 1
RPM1 = RPMI/SR

where:
RPMl, RPMi, RPM2 = speed of engine, converter turbine, and
propshaft, respectively.

5-1






Al’ Az = coefficients proportional to number of teeth
of a sun and ring gear

TORQi, TORQl torque at converter turbine and direct drive-

shaft

RAT = capacity factor of torque converter

SR = speed ratio = RPMi/RPM1

SR = fSR(RAT) = characteristic of a given conver-
ter.

The above system of equations is solved about variable RPMi.. The
solution is organized as a process of minimization of deviation
§:

TORQ'; = (A;7A5) TORQ,

' =
RPM1 RPM2

(a) RAT = RPM!/ VTORQ]

(b) SR = fgp (RAT)
(c) RPM; = RPM;/SR
(d) §; = (A,/A;) RPM} + ((A2 - Al)/Az) RPM; - RPM,.

If § is less then tolerant deviation Do’ the output data are
calculated at steps (g) through (j) below. In the opposite case,

variable RPM!

1 is decremented:

(e) RPMi = RPMi - ARPM

and calculations are repeated starting from step (a) above. The
preceeding step of calculations is paralleled by the following
interpolation operation.

The last two values of deviation 8§ (positive and negative)
are saved together with corresponding values of variable RPMi:

(8 RPMR) and (§,, RPML). At the time when the deviation §

R, L,

5-2
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changes 1its sign, the interpolated value of variable RPMi is then

calculated from equation:

RPM, - RPM

R L
£) RPM! = RPML + — 16 |
( il ISLI 8y L

and calculation cycle is repeated starting from step (a) above.
The goal of the interpolation procedure is to obtain the solution
within the limited number of computing steps.

The following final steps render the desired outputs (SR,

TR) :

(g) SR = RPM,/RPM;

(h) TR = fTR(RAT) from converter characteristic
(i) TORQ, = TORQ, ((A;-A1)/A;)

(3) TORQ,

SE= TORQ; + TORQ}/TR ~ Ay/ ((Ay-A)) + AJ/TR).

5.2 COAST MODE
An algorithm for the coast mode differs from the one pre-

sented above in step (e) and the final step which read:

(e) RPMi = RPMi + ARPM

(g) SR RPMZ/RPM

1

(h-j) TR

[}
—
o

5.3 IDLE MODE

In this mode of operation, the values of coefficients for

the split torque converter are: SR =0, TR = 1.






5.4 TEST OF ALGORITHMS FOR SPLIT TORQUE CONVERTER

Using numerical data from Table 2 -- which is a sample
VEHSIM output of a drive and coast converter table -- and inter-
polation technique previously specified, the offered algorithms
were tested and results are presented below.

(1) Driving Mode

Given: :RPM2 = 1400 RPM

TORQ2 = 400 1b. ft.

Parameters of the split torque planetary mechanism:

The results of the computing cycles for variable RPMi are given
in Table 3.

(2) Coast Mode

Initial conditions are same. Results of computations

of variable RPM!

1 are in Table 4.






TABLE 2. DRIVE AND COAST CONVERTER DATA (CGC1l17)

DRIVE CONVERTER

: inch drive torque converter
diameter = 11.8
pump inertia = 0.142 FT-LB-Sec«2
turbine inertia = 0.083 FT-LB-Sec**2
constant input torque = 250.00 LB-FT

Speed 0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700
Ratio

Torque 2.008 1.916 1.816 1.712 1.628 1.488 1.364 1.240
Ratio .

Input 1640.0 | 1670.0 | 1700.0 | 1745.0 | 1810.0 | 1890.0 | 1990.0 | 2120.0
Speed

K-Factor 0.000 7.630 15.957 | 25.28 35.887 | 48.996 | 64.659 | 84.286

Speed 0.800 0.887 0.923 0.950 0.964 0.975 0.983 0.984

Ratio

Torque 1.120 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Ratio

Input 2300.0 | 2515.0 | 2925.0 | 3475.0 | 4150.0 | 4720. 5290.0 | 6100.0
Speed

K-Factor 109.96 | 141.038| 170.763| 208.71 | 252.98 | 290.93 |328.87 |379.47

COAST CONVERTER

) Inch Coast Torque Converter
diameter = 11.8
pump inertia = 0,192 FT-LB-Sec#2
turbine inertia = 0.083 FT-LB-Sec2

Speed 1.560 1.166 1.103 1.038 1.022 1.019
Ratio

Torque 1.000 1.000 1.000 1.000 1.000 1.000
Ratio

Input 848.0 1324.0 [ 1766.0 | 2626.0 | 3502.0 | 3937.0
Speed

5-5






TABLE 3. DRIVE MODE

Step # 1 2 3 4 5
RPMi 1400 1300 1200 1100 1135.9
RAT 108.5 100.7 93 85.3 88
SR .8 .76 .74 .7 714
RPM1 1750 1710 1621.6 1571.4 1589
8 204 139 45 -25.2 0.2
The desired results:

SR = 555 = 0:89 .

TORQ, = 400 (24

TR = f_,(RAT = 88) = 1.18

TR
400

R - ] - 1.068
(Total) 1.4 1 1 :
4oo(ﬂ)+ 400(?-_—4)&] 8)

5-6
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TABLE 4. COAST MODE
—
Step # 1 2 3 4
RPMi 1400 1500 1600 1548.5
SR 1.42 1.24 1.157 1.19
RPM1 985.5 1209.7 1382.8 1301
8 -242 -69.2 73.4 -1.5

The searched result:

SR =1400/1301 = 1.076

5=7/5-8







6. TRANSMISSION ALGORITHMS IMPLEMENTATION INTO VEHSIM

The presence of the split torque converter at the third gear
of the Overdrive transmission necessitates a construction of a
special procedure within the existing VEHSIM program. In order
to simplify a software effort and evade an introduction of addi-
tional microelements into the existing VEHSIM program, thke following
scheme of reconstruction is offered.

The existing subroutine '"CONVTR" is supplemented by "IF"
statement and a separate block dedicated to the overdrive trans-
mission subroutine (Figure 4).

The structure of the Overdrive transmission subroutine is
displayed in Figure 5.

At the first and second gear, the Overdrive transmission
works as a standard torque converter. Accordingly, the existing
subroutine CONVTR is utilized without any changes. The gear
ratios (Table 1) which take place at the first and second gear
are reflected as parameters of a gear box using the existing data
sheet. The structure of a procedure "Split Torque'" (Figure 5) is
illustrated in Figure 6. The crosshatched boxes in Figure 6 are
segments of a copy of CONVTR subroutine. Of these, segments
"Coast" and "Drive' are used to generate values of variables SR
and TR. The programs within the two clear segments in Figure 6
reproduce algorithms for the split torque converter.

A detailed flow chart for the split torque segment of the
overdrive transmission subroutine is presented in Figure 7, and a
glossary of symbols used in the flow charts is given in Table 5.






From "Goback" Subroutine

S.R. Overdrive
Converter Transmission

a0 $::::;::s¢
Subroutine
7

“TReturn ~Return

.

FIGURE 4. FLOW CHART OF THE OVERDRIVE TRANSMISSION SUBROUTINE
IMPLEMENTATION INTO VEHSIM

Overdrive Transmission

Gear #1, #2 Gear #3
T, //// //
;§§5 éoﬁsgﬁ of the wgw]P;o$edure"
///, Subroutig%jjjjjj pli orque/////////
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FIGURE S. STRUCTURE OF NEW SUBROUTINE
"OVERDRIVE TRANSMISSION"
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FIGURE 7. DETAILED FLOW CHART OF THE SPLIT TORQUE SEGMENT OF THE
OVERDRIVE TRANSMISSION SUBROUTINE
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FIGURE 7. DETAILED FLOW CHART OF THE SPLIT TORQUE SEGMENT OF THE
OVERDRIVE TRANSMISSION SUBROUTINE (Continued)
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TABLE 5. GLOSSARY OF SYMOBLS USED IN FIGURE 7

A, Ay = coefficient proportional to number of teeth of a sun
gear and ring gear of a planetary mechanism

Coast = Logic flag identifying the coast mode

D, = Absolute value of tolerant deviation §

Idle = same for the idle mode

RAT = capacity factor of the torque converter

RPMl = engine speed

RPMi = converter output speed

RPM2 = split-torque converter output

RPML = the last calculated and saved value of variable RPMi
which corresponded to the negative value of deviation
5 .

RPMp = same for the positive value of §

SR = speed ratio of the converter

TORQ1 = torque at the direct driveshaft of the split torque
converter

TORQi = same as the converter output

TORQ2 = same as the split torque converter output

TR = torque ratio of the converter

S = deviation of the calculated value of RPMi from the
given value of RPM;

sL, &R = the last calculated negative and positive values of
deviation §

ARPM = increment/decrement of searched variable RPMi
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7. DATA SHEET FOR TRANSMISSION SIMULATION

The data base relating to the Automatic Overdrive Transmis-
sion is to be read into the computer using the existing set of
data sheets:

#5. GEAR (torque loss characteristic)

#6. SPEED RATIO CONVERTER (torque loss characteristic)
#8. TRANSMISSION

#12. SHIFT LOGIC.

The coefficients Al’ A2 (proportional to teeth number of the sun
and ring gear of the planetary mechanism) must be placed as an
additional information of the data sheet. For this purpose, the
data sheet "S. R. Converter" could be used. The projected posi-
tions for coefficients Al’ A2 are designated at the existing

"S. R. Converter' data sheet turned into "Automatic Overdrive
Transmission'" (Figure 8).

In addition to that, for this data sheet a special code word
must be introduced. This word (OVDRV) must be used within the
CONVTR subroutine to direct the flow of information to the Over-

drive Transmission segment of the named subroutine (see Vol, II).
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APPENDIX A
SHIFT LOGIC LINES DEFINED IN DEGREES OF THROTTLE

The Integrated Overdrive Transmission uses throttle degrees
as a control signal for its shift logic. The value of this
parameter is calculated within the existing version of subroutine
ENGINE. Accordingly, the shift lines determined within the Data
Sheet - SHIFT LOGIC must be defined in degrees of throttle rota-
tion. The capability to read the named segment of the SHIFT LOGIC
Data Sheet expressed in throttle degrees is accomplished by the
changes within the respective subroutines of VEHSIM program. These

changes are summarized in Table A-1.
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