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SUMMARY

The research described here was concerned with designing
a control system for a vehicle with a heat engine and a con-
tinuously variable transmission. The objectives of control
were to minimize fuel consumption and to achieve satisfactory
dynamic response of vehicle variables as the vehicle was driven
over a standard driving cycle. This is the first time that a
control system design and evaluation has been attempted for
this overall vehicle system. Even though the vehicle system
was highly nonlinear, attention was restricted to linear control
algorithms which could be easily understood and implemented on-
board using a microcomputer. The effectiveness of these con-
trollers in producing good dynamic behavior of the vehicle as
well as minimum fuel consumption was demonstrated by simulation.
Simulation results also revealed that the vehicle could exhibit
unexpected dynamic behavior which must be taken into account in

any control system design.
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1.0 INTRODUCTION

An important current area of research involves the design
and development of vehicles and vehicle components which will
reduce the nation's unduly high dependence on imported petroleum.
The Continuously Variable Transmission (CVT), whose ratio may
take on any value within a certain range, is one component which
may be used to ensure that the vehicle's engine is operated
efficiently with respect to fuel consumption. The research de-
scribed here was directed toward investigating the control
problems associated with controlling the throttle and trans-
mission ratio of a vehicle containing a CVT so that acceptable
stable dynamic resronses for all important vehicle variables are
obtained while minimizing fuel consumption.

The vehicle under consideration is a 1,500 Kg conventional
sedan with a six cylinder engine and a continuously variable
transmission. The system is inherently nonlinear because the
torque and speed.relacionships include the transmission ratio
in a multiplicative form, the relationships among engine vari-
ables are nonlinear, and the vehicle aerodynamic drag and rol-
ling resistance are functions of the square of the velocity.

The presence of these nonlinearities significantly complicates
the control system analysis and design. The work described

here involves development of simplified models for the components
of the system, the design of control svstems to achieve the
desired objectives and analysis of the closed-loop performance

using digital simulation.
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1.1 Previous Work

Several researchers have investigated ways to minimize
energy consumption or meximize efficiency in a vehicle propulsion
system (1,2,3,4,6,7,8,9]. Some of this work considered energy
savings for the combination of a power plant and CVT (2,4,6]
with little regard for overall control considerations, and some
work focused on the design of control systems for this com-
figuration when augmented by a flywheel (5,7,8]. In fact, there
is little previous work which was directed toward the design of
control systems for configurations which include a CVT but not
a flywheel (4,8,9]), and none of this work considered the com-
plete vehicle system including drive train and road losses with

evaluation of the control systems for a standard driving cycle.

1.2 Study OCbjectives

The objective of this research was to investigate control
problems associated with the control of a vehicle containing a
heat engine and a continuously variable transmission. The
objective was to design control systems which would operate the
vehicle so that (i) the heat engine is operated at the minimum
energy consumption point for any particular demanded torque and
speed, and (ii) the overall system is operated with minimum
energy consumption for a standard driving cycle.

It is important to note that this investigation, for the
first time, had the objective of considering the overall problem

of controlling a vehicle with CVT while the vehicle is subject

to a driving regime prescribed by a standard driving cycle; all



of the major elements of vehicle dynamics were included so that

the control of the entire vehicle system was examined.

An important aspect of the objectives for this work was a

determination to take an approach which would lead to easily

implementable controllers. Some considerations leading to this

approach are:

1.

It is not possible to derive control algorithms
for this system without undue simplifications
because of its high degree of system nonlinearity.

It is also not desirable to derive such controls

- because, in general, they would be in a form which

would be difficult to implement.

Any derivation and calculation of optimal con-
trols would necessarily be tied to a particular
driving cycle, and the controls would be open
loop. The results desired here (although to be
evaluated with respect to a particular driving
cycle) were not to be dependent upon any parti-

cular cycle.

It was desirable to devise control algorithms for
this system which would be in a relatively simple,
feedback form so that they cculd be implemented
easily in a small, inexpensive, onboard micro-

computer.

As a result of taking this approach, it was decided to use

a control approach which was directed toward designing linear



control loops (or algorithms) which use signals obtainable from
vehicie sensors. As a result of this decision, more specific
control objectives were defined. These objectiver were to
determine the appropriate types of linear controllers for three
control loops which control the engine speed, throttle, and CVT
ratio, and to optimize the parameters of these controllers.
Section 2 deals with a description of the vehicle and
development of its models while Section 3 describes the details
of the approach used to design the control system. An overview
of the simulation is given in Section 4, with simulation results
discussed in Section 5. Conclusions and future work are dis-

cussed in Section 6.



2.0 VEHICLE DESCRIPTION

The vehicle used in this study is a conventional sedan with
a 8ix cylinder engine. However, the transmission employed is
a continuously variable transmission (CVT). 1In the subsections
below, we outline the methods used to model the vehicle and
the drive train components, and we present the equations which
describe the dynamic behavior of the overall system. A more
detailed description of these models and a detailed derivation
of the system state equations are given in Appendix A.

2.1 Vehicle Modeling

The propulsion system of the vehicle consists of an internal
combustion or heat engine (HE) coupled to a continuously variable
transmission; the CVT, in turn, delivers power to a differential
which connects the drive shaft to the rear axle. The overall
arrangement is shown in Figure 2.1. The method of modeling
each component in the drive train is discussed in the para-

graphs below.

Figure 2.1 Drive Train Configuraticn

-5-
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Heat Engine (HE) Model: The HE is modeled as a rotating

inertia with an applied torque. The applied engine torque is
the output of a first order low pass system whose input is a
torque determined from an engine map. For a given engine

speed and throttle setting, the engine map determines a steady
state engine torque. This torque in turn is the input to the
first order system whose output is the engine torque actually
developed. The first order system (with a time constant of

1.0 second) approximates the dynamics of the throttle linkages
and engine combustion characteristics (a step change in throttle
does not produce a step change in developed engine torque).

See Figure 2.2.

Torque to
Accelerate
Engine Inertia
Engine Speed
Engine Torque Low Pass System | ;. e10ped +
‘e Map ' Ty 1 Torque -
s+l
Throttle
Load
Torque

Figure 2.2 Heat Engiue Configuration

Continuously Variable Transmission: The CVT is modeled
as a ratio (which is defined to be the ratio of drive shaft

speed to engine speed, and this is allowed to vary continuously

from zero to infinity), an inertia and a fixed efficiency as
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shown in Figure 2.3. The inertia is defined to be the equivalent
CVT inertia as seen on the drive shaft side of the transmission.
It was also assumed that there are second order dynamic effects
associated with changing the ratio, i.e. if there is a step
change in the variable which controlled the ratio, the actual
ratio will respond with a second order response. This is also
shown in Figure 2.3. Finally, we note that since the CVT ratio
can be set to zero, no clutch is required between the HE and

CVT.

Differential: The differential is modeled in exactly the

same way as the CVT except that the ratio is fixed. The ratio

is defined as the ratio of axle speed to drive shaft speed.

Vehicle Body: The model of the vehicle body and wheels

takes into account the weight of the vehicle and payload,
aerodynamic drag, rolling resistance and grade.

A detailed description of all the above models and how
they are used to derive the differential equations which de-
scribe the overall vehicle dynamics is given in Appendix A.
Appendix B contains the actual parameter values employed when

simulating the system.

2.2 System Differential Equations

As described in Appendix A, there are four states which

characterize the dynamic behavior of the overall vehicle system:
X, = Engine speed.

X, = Developed engine torque.
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Ratio Control
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x3 = CVT ratio.

x, = Rate of change of CVT ratio (-i3).

-

Signal, u

Second
Order

Dynamics

Engine
Torque

CcvT
Interia

Iy

aﬁ

Ratio

Ry

CcvT
Efficiency

K

Torque to

load 3

Figure 2.3 CVT Model

Since there is essentially no slippage between the engine and

the rear wheels, the speed of the drive shaft and rear axle,

as well as the vehicle velocity, can be computed from the engine

speed, x;.

Also, since there is assumed to be a first order dy-

namic between a change in throttle setting and the corresponding

change in developed engine torque, the latter, x,, is also a
state. Finally, since the CVT model includes a second order

ok e e D AR Ut A3 > B




response of ratio to a change in the variable which controls

the ratio, x4 and x, are required states from the CVT model.

The four state equations which descfibe the vehicle dy-

namics are derived in Appendix A and are given as

x

32'

where

[xy - Mpxg (01 + ¢y + RyRyx1x,)1 /(g + MpRy Ryxy®)

'[32 - ¢3(x1,u1)] /TL

X4

C184 +C2 83 + C3 u2

¢1(31.x3) = RyRy [D(x;,x3) + R(x;,X3)] /M‘I'KA Kp
¢5 = R,(Tg + RyWsin )/M‘I’KAKT

Mp = /Ry Ry + Ry Jp/KpRyp) + (R RyyMy/K,Kp)

My = (W/g) + JyR.C

(2.2)

(2.3)

(2.4)

(2.5)

and where u; is throttle setting, ¢3(xpu1) is the steady state

engine torque determined from the engine map (a function of

throttle setting and engine speed), 11, 1s the time constant of

the throttle linkage/engine dynamic response, W is the vehicle
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weight, g is the acceleration of gravity, D and R are the
aerodynamic drag and rolling resistance forces, respectively
(both functions of x;), 8 is the grade angle, Ry is the wheel
:adius. TB is the braking torque, Jg» Jwe JI7 and JA are the
rotating inertias of the engine, all four wheels, the CVT and
the differential, respectively, K, and Ky are the efficiencies
of the differential and the CVT, respectively, R, is the dif-
ferential ratio, C;, Cyand C, are constants used to characterize
the second order dynamic response of the ratio changing mechanism,
and uy is the variable used to produce a change in the ratio
(this variable will be generated by a ratio controller which is
discussed in the next section). The vehicle velocity, v, can

be computed from the above states by

v = Ry R X X4 (2.6)

|———— x, (engine speed)

u, (throttle)

ﬂ ) x, (engine torque)
VEHICLE —— x5 (CVT ratio)
SYSTEM
u, (ratio actuator)
ﬁ)J X, (rate of charge

of CVT ratio)

Figure 2.4 Block Diagram of Vehicle System
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We note that two of the above state equations are highly
nonlinear ((2.2) and (2.3)), thus complicating the control
system design. A block diagram of the overall vehicle system
showing the states and inputs is shown in Figure 2.4. The
control inputs, u; and uy, will be generated by the vehicle
control system. Having described the characteristics of the
system to be controlled, we now turn to a discussion of the

design of the control system.



3.0 CONTROL SYSTEM DESIGN

The purpose of this section is to present the overall con-
trol philosophy for the vehicle system described in Section 2.0
and Appendix A, and to discuss the details of the control sys-
tem designed to achieve the objectives which follow from this
philosophy.

3.1 Control Objectives and Approach

The overall control objective is to manipulate throttle
setting and CVT ratio changing input so that the vehicle achieves
minimum fuel consumption while being ‘ven over a standard
driving cycle. An examination of a typical engine map shows
that for each throttle setting there is an engine speed which
achieves minimum fuel consumption for that throttle setting.

In particular, a Minimum Fuel Curve can be develoved from such
a map which plots minimum fuel consumption engine speed against
throttle setting. Such a curve (which is the one actually used
in this study) is shown in Figure 3.1.

The existence of a minimm fuel consumption engine speed
for each throttle setting suggests a specific control approach
to achieve minimum fuel consumption: manipulate the throttle
so that the vehicle follows the velocity requirements of the
driving cycle, and, for each throttle setting, manipulate the
CVT ratio so that the engine runs at a minimum fuel consumption

speed for that throttle setting. The primary objective of

-12-
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this study was to explore the feasibility of controlling the

vehicle system in this manner.

approach is shown in Figure 3.2.

3.2. Control System Design

A block diagram of the control

In designing a control system to accomplish the task de-

scribed above, an emphasis was placed on using simple, standard

controllers which could be easily implemented. The use of

linear control design methods for the design of these control-

lers was ruled out because of the highly nonlinear nature of

the vehicle dynamics (see equations (2.2), (2.3), (2.6)).

An

additional nonlinearity is introduced by the minimum fuel curve

which determines the engine speed set point for each throttle

Desired

Velocity

Throttle
Controller

Throttle, u)

—3

L—

Minimum
Fuel
Curve

Vehicle Velocity

Ratio Engine

t or
uat and

Signal | paeto
.__JL.-;AChanging
' Dynamics

Figure 3.4

Ratio X,

Engine

Specd,x!

En;ipe Speed

Desired
Engine
Speed
Engine
Speed
Controller
Multiplier [¢

Ratio

Vehicle Control Approach
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setting (see Figures 3.1 and 3.2). This curve is a nonlinear
function of throttle setting, thus introducing a significant
nonlinearity in the vehicle velocity control loop.

An additional important factor in the design of the con-
trollers is that they should use only easily measured system
variables in a feedback configuration. For a given driving cycle,
it is conceivable that using optimal control theory, open-loop
trajectories for throttle setting and the ratio changing input
could be generated to achieve minimum fuel consumption. However,
they would not be practical to implement because of inaccuracies
in the vehicle models used to generate ﬁhem. and because in
practice a vehicle would not be driven over the specific driving
cycle they were designed for. Thus, some form of feedback con-
trol is required in an actual vehicle; hence the use of feedback
control in this study.

The control system employes two primary control loops: one
to control vehicle velocity by manipulating throttle, and the
other to control engine speed by manipulating CVT ratio. This is
shown in Figure 3.3. It is assumed that the operator of the
vehicle genevates a signal (by manipulating a pedal or some
other device) which represents the desired vehicle velocity.

This signal is the set point to the velocity control loop as
shown in Figure 3.3. Based on the velocity error, the velocity
controller generates a throttle setting and a braking torque to
make the vehicle velocity equal the set point (idle throttle

during braking and zero braking torque when throttle is above idle).
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For the given throttle setting, Uy, the minimum fuel curve
generates an engine speed set point (for minimum fuel con-
sumption) which is enforced by the engine speed controller mani-
pulating the CVT ratio.

There are two possible ways of envisioning how the engine
speed controller can change the CVT ratio. First, the output of
the controller could be u,, the variable which drives the ratio
changing mechanism. Alternatively, the output of the engine
speed controller could be a ratio set point which drives a ratio
control loop; the ratio controller compares actual ratio to de-
sired ratio and generates the input, uy, to the ratio actuator
(see Figure 3.3). This alternative allows the ratio controller
to be selected to speed up, if necessary, a sluggish ratio
changing mechanism. This second approach was the approach adopted
in the present study.

The overall control system thus consists of three control
loops: a velocity loop, an engine speed loop and a ratio loop.
In addition, simulation runs showed that an improvement in con-
trol could be obtained by placing two low pass filters in the
system; one to smooth out throttle changes and the other to
smooth out changes in desired engine speed. The next three
subsections describe the design of the controllers for each of the
three control loops and the placement and design of the two low

pass filters.
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3.3 Vehicle Velocity Controller Design
The job of the vehicle velocity controller is to manipulate

the throttle and brakes so that the vehicle velocity equals the
velocity set point (driving cycle velocity). The input to the
controller is the velocity error and, in keeping with the design
objective of using simple, standard controllers, the controller
is assumed to be a proportional plus integral (PI) controller.
This is a natural choice because it represents how an actual
operator would manipulate the chrottle in response to a velocity
error. In particular, an operator would depress the throttle
in proportion to the velocity error; as the vehicle came up to
speed and the error decreased, the operator would back off on the
throttle, hence the need for the proportional term. An integral
term is also needed to keep the throttle depressed at the value
necessary to achieve zero steady state velocity error; without
the integral term the throttle would approach idle position as
the velocity error approached zero and a nonzero steady state
velocity error would result.

Since the controller contains an integral term, and the
actuator it is driving can limit (throttle has an upper limit
of 100%), it is necessary to incorporate an antiwindup feature
in the controller. The antiwindup feature essentially inhibits
addirional corrections to the throttle if the throttle is at
its limit, and prevents the integrator in the PI controller
from saturating or "winding up". The details of tnis feature

are discussed in Appendix D.
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Finally, later simulation runs revealed that rapid changes
in the throttle at start-up (more rapid than an actual driver
could produce) could cause instability in the vehicle velocity.
It was found that smoothing of the throttle controller output
reduces this possibility; hence a first order low pass filter
was added at the output of the throttle controller.

A block diagram of the throttle controller is shown in
Figure 3.4. The PI control algorithm, the antiwindup logic and
the filter generate what might be considered a pedal position, P.
A pedal position of K, (see blocks labeled throttle and brake
limiter in Figure 3.4) corresponds to idle throttle. If the pedal
is below K; the throttle limiter sets the throttle at idle
position and the brake limiter generates a braking torque pro-
portional to pedal position. For a pedal position between Kl
and loofthe braking torque is zero and the throttle equals the

pedal position. For a pedal position above 100, the throttle

is limited to 100%. The braking torque and throttle position

are inputs to the vehicle dynamic simulation and the throttle

setting u; is also an input to the minimum fuel curve (see

Figure 3.3). This curve generates a set point for the engine

speed control loop such that the engine runs at its minimum

fuel consumption speed for tte particular throttle setting.
Referring to Figure 3.4, the transfer function for the PI

algorithm can be expressed as (ignoring the effects of the anti-

windup logic).

ey | Svpt * K (3.1)
Vg(s) S
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vhere K p and Kyp are the proportional and integral gains,
respectively. If we define the controller state as (x5 is used

in conjunction with the engine speed controller)

Xg =M - KVP(VD-V) (3.2)

Then using (2.6) the controller state and output equations can

be expressed as

Xg = Kyp(vp = Ry Byx) Xq) 3.3)

and
m = xc + KVP(VD - Ry Rux x3) (3.4)

The transfer function of the throttle filter can be written

as

P(s) . _1
M(s) ~ Tge¥l (3.3

where Tp is the filter time constant. If we define the filter
state as

x, = P (3.6)

then using (3.4) and (3.5) the filter state equation is
.1 Kvp
X, EI’- (xg - x-,) + T(VD - Ry Ryxg x3) (3.7)

Equations (3.3), (3.6) and (3.7) describe the overall dynamic

behavior of the throttle controller. It is important to note,
however, that these equations only apply to the case where the
actuator is not at a limit and the antiwindup logic has no

effect on the controller output.
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3.4 Engine Speed Controller Design
The job of the engine speed controller is to change the CVT

ratio so that for a given throttle setting, the engine runs at
its minimum fuel consumption speed. This is shown in Figure 3.5.
The control algorithm was chosen to be a PI algorithm (the
integral term is used to produce zero steady state error to a
constant desired engine speed) with an antiwindup feature (the
ratio has a lower limit of zero and the controller contains

an integral term. See Section 3.2 and Appendix D). As discussed
in Section 3.1, the output of the engine speed controller is a
ratio set point Ry, which is implemented by the ratio control
loop.

Simulation studies showed that the nonlinearity of the
minimum fuel curve could produce instabilities in the control
system. In particular, the curve (Figure 3.1) changes to a
steep slope (large gain) for throttle settings above 45%; it
was found that when the throttle made the transition from the
low to high gain portions of the curve, the vehicle velocity
could begin to oscillate. This instability was due, in part,
to a rapid change in the engine speed set point. To slow
down this rapid change, a low pass filter was placed irmediately
after the minimum fuel curve as shown in Figure 3.5. With the
addition of this filter, the engine speed controller does not
control to exactly the minimum fuel engine speed. However, it
is unrealistic to expect the engine speed controller to follow
rapid variations in desired engine speed; what is desirable is
to track more gradual changes in optimum engine speed. Hence,

the control loop controls to wp rather than wp.

SPUNPRPEX VTSNP

g SR 2 ORI e R
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Desired
Engine
| atmam p o Lov Speed, W *+ PI Algorithm R
Fuel Pass with  ——
Curve Filter - Anti-windup

Throttle, uy
Eagine Speed, x

- Figure 3.5 Engine Speed Controller

The transfer function for the PI algorithm can be expressed

as (ignoring the effects of the antiwindup logic)

Rp () Kgps + Kgp

wp(®) - x (8 T s -8

where and K,, are the proportional and integral gains,
P EI

respectively. If we define the controller state as

x5 = Ry = Keplup = xp) (3.9)

then the controller state and output equations can be expressed

as

Xg = Kgp(uy = %) (3.10)

and

RD = Xg + KEP(“A - xl) (3.11)



The actual output Ry is then modified by the antiwindup logic
to produce the final desired ratio. The low pass filter trans-

fer function is given as

wp(8)

wp(s)  Tgs+l (3.12)
where T; is the filter time constant and wp is the minimum
fuel engine speed corresponding to the current throttle
setting. If we define the filter state as

Xg = Wy (3.13)

then from (3.12)

xg = - 1—13- xg + % wp (1) (3.14)
where the dependence of wp On uy is shown explicity. Using
(3.13) in (3.10) and (3.11) we have

Rp = xg + Kep(xg - %;) (3.16)

The state and output equations for the engine speed controller

are thus given by (3.14), (3.15) and (3.16).

3.5 Ratio Control Loop

The ratio control loop is shown in Figure 3.6. In designing
the ratio controller it is important to note that it is not

necessary for the actual ratio, Xq, to equal the desired ratio,

D Ahd el e tine
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Ry, in steady state. The ratio is being changed so that the

engine speed equals the engine speed set point; the actual,

final value of ratio which achieves this is unimportant.

the ratio controller need not contain an integral term for

zero steady state error. This controller is therefore chosen

to be a proportional controller only. Thus, from Figure 3.6,

uy = Kgp(Rp - x3)

where Kpp 1s the proportiocnal gain of the ratio contrxoller.

Using (3.16) in (3.17) we have

uy = Kpp [xg + Kgp(xg

- xl) - x3]

Hence

(3.17)

(3.18)



The second order dynamics relating X, and u; are given by (2.4)
and (2.5).

The value of Kgpp can be chosen to speed up the second order
response of the ratio changing mechanism. In fact, this is the
only reason for using a ratio control loop rather than having
the engine speed controller generate u, and directly drive the
ratio changing mechanism. It is important to note, however,
that with a propértional ratio controller there is a second
order system between the output of the engine speed controller
and X3, independent of whether the engine speed controller
generates a set point for a ratio loop or generates the actuator

input u, directly.

3.6 Summary of Closed-Loop State Equations

Since the closed loop-system state equations are spread
throughout Section 2.0 and this section, it is useful to sum-
marize them here for easy reference. First, the closed-loop

system states are defined as
x) = engine speed.
X, = developed engine torque
Xy = CVT ratio.
x, = %
X5, Xg = states characterizing throttle controller.
X¢, Xy = states characterizing engine speed controller.

The states Xg through Xg are not easily associated with physical

variables because both controllers contain numerator dynamics.
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The state equations are listed below usiﬁg the equation number

from previous sections.

Xy = MpXy (09 (%),%9) + ¢y + Ry Ryxy X))

x, = (2.2)
Jg + MpRy Rw"§
xp = - (% - ey(xpupl/Ty, (2.3)
Xy = X, (2.4)
x, = CyXy + Cyx, + Cqu, (2.5)
X = Kgp(xg - x;) (3.15)
xg = Kyp(Vp = Ry Ryx; X3) (3.3
fc7 = %(1% - x7) + I:-—ZE(VD - ‘ARWXIXS) 3.7)
xg = % [-xg + ap(u))] (3.14)

where vp is the driving cycle velocity, wD(ul) is the

minimum fuel engine speed as a function of throttle setting
(minimum fuel curve), uy is the throttle input, u, is the ratio
actuator input, ¢4 is the steady state torque from the engine

map, ¢, reflects the effects of road load losses on engine
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speed and ¢, reflects the effects of braking torque and grade
on engine speed. The rest of the entries in the above equations
are constants. Reference should be made to the appropriate
prior section (determined by the equation number) for more

details. The control inputs u; and u, are generated from the

states by
100, x4 > 100 .
u; = x,, Ky < xy <100
Kl, xq < Kl
and
u, = KRP [x5 + KEP(xa-xl) - x3] (3.18)

Here, Kl represents idle throttle (see Figure 3.4).

Having described the control approach and the details of
the control system, we conclude this section with a brief
discussion of how the control system might be implemented in an

actual vehicle.

3.7 Control System Implementation

The control system is envisioned as being implemented with
an on-board microcomputer-based system. The control algorithms
discussed in the previous subsections are easily programmed on
such a system, and the measurements required for control are
all easily generated from standard sensors.

A block diagram of the control syvstem showing the operator,

control computer and vehicle is given in Figure 3.7. To

k. v ————— i ¢
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implement the control algorithms, the control computer requires

measurements of vehicle velocity, engine speed and ratio.

the ratio is not measurable directly from the CVT, it can be

If

calculated from engine speed and vehicle velocity (see Equation

(2.6)). The control algorithms implemented by the computer are
discrete time versions of equations (3.3), (3.7), (3.14), (3.15)

and (3.18) (See Section 4.1 for the sampling time) which are

given at the end of Section 3.6.

implemented and do not require the use of component maps and

interpolation.

trol
Vehicle Desired Contro
Velocity > Computer
Vehicle
Velocity

Operator

Throttle Setting

These algorithms are easily

‘ Ratio Actuator Input

Control Braking Signal *

N

Ratio

Engi

Vehicle Veloci ‘

Operator Brake Pedal Position

.
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Figure 3.7 Computer Implemented Control System

Vehicle




It is assumed that the operator manipulates some sort of
device (e.g. a pedal) to indicate desired velocity. Based on
this demand, the control computer generates a throttle setting
and a signal to change the ratio so that the desired velocity
is achieved and the engine is running most efficiently. The
computer also displays vehicle velocity to the operator. The
brake pedal is assumed to be under the control of the operator.
However, it is conceivable that the control computer could also
generate braking actions to make the vehicle achieve a desired
velocity. In fact, this approach was adopted in this study
(see Figure 3.5). Having described the control system and the
vehicle dynamics in this and the previous section, respectively,
we now turn to a description of how the overall system was
simulated in order to tune the controllers and study the dynamic

behavior of the overall closed-loop system.



4.0 SYSTEM SIMULATION

The performance of the closed-loop system was evaluated
using a digital computer simulation of the vehicle dynamics
and the control algorithms. The vehicle was made to follow
a specific velocity vs. time profile or driving cycle
(SAE J227a, schedule D (modified)) as shown in Figure 4.1.

The driving cycle velocity provided the command input to the
throttle controller. In effect, the simulation solved the
eight state equations describing the vehicle and controller
dynamics for given initial conditions and the given driving
cycle. The equations actually solved are given in Section
3.6; equations (2.2) through (2.5) describe the vehicle dy-
namics, while equations (3.3), (3.7), (3.14), (3.15) and
(3.18) describe the controller dynamics and outputs. The
simulation results are trajectories of vehicle and controller
states and outputs (as the vehicle traverses the driving cycle)
as well as vehicle energy consumption.

In the actual simulation, two different time scales were
used for integrating the vehicle and controller state equations.
The controller state equations were approximated with discrete
time equivalents with a basic sampling period or time step
size of 0.1 seconds. Hence the control inputs to the vehicle
dynamics were updated every 0.1 seconds and held constant be-
tween updates. Tuis was felt to be quite acceptable because
it simulated what an on-board computer would actually do; the

computer would generate piecewise constant controls updated
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only at sampling instances. On the otﬁer hand, the vehicle
state equations were integrated using a variable step size
Runge-Kutta integration scheme which produced an average step
size which was orders of magnitude smaller than 0.1 second.
This, of course, makes sense since the vehicle is a continuous
system and not piecewise constant as are the controller outputs.
The simulation program was organized into several Fortran
subroutines whose primary purposes are listed in Table 4.1.
Subroutines PHI3, PHI4 and PHI6 use steady-state engine
characteristics, in the form of table or '"maps", and inter-
polate as necessary to yield the desired results. A detailed

listing of the simulation program is given in Appendix C.
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Subroutine Purpose
MAIN Inputs data, coordinates simulation of system for
driving cycle, computes control inputs, outputs
results.
NIN Numerically integrates state equations using 4th
order Runge-Kutta method.
RHS Computes right hand side of state egquations for NIN,
PHI1 Computes drag and rolling resistance.
PHI2 Computes braking torque and effect of grade angle on
vehicle.
PHI3 Computes steady state engine torcue for given throttle
and engine speed.
PHI14 Computes most fuel-efficient steady state engine
speed for given throttle position.
PHIS Limits the CVT ratio within pre-defined bounds.
PHI6 Computes steady state fuel rate for given engine
speed and throttle.
VSP Calculates driving cycle velocity for any time.

Table 4.1 Sioulation Program Subroutines



5.0 SIMULATION RESULTS

" The overall objective of the simulation was to study the
feasibility of the control approach described in the preceeding
sections. In particular, the simulation revealed the degree to
which the controllers described in Section 3.0 can control the
propulsion system, the ease or difficulty of tuning the con-
trollers, and the nature of the resulting dynamic behavior of
the vehicle. We ~onsider these results in the subsections

below.

5.1 Controller Tuning

The controllers were tuned so that the vehicle satisfactorily
followed the specific driving cycle shown in Figure 4.1. The
driving cycle consisted of an acceleration phase followed by
a cruise phase and, finally, a braking phase. Two different
(but constant) decelerations were assumed for the braking phase.
The driving cycle served as a velocity command input to the
propulsion control system.

Three controllers required tuning: the vehicle velocity
or throttle controller, the engine speed controller and the ratio
controller. In addition, the time constants of the twe smoothing
filters (one after tie minimum fuel curve and one after the
velocity PI controller) had to be selected. Specifically, it
was necessary to select values for the proportional and integral
gains, Kyp and Kyp, respectively, of the throttle controller,

the proportional and integral gains, Kgp and Kgy, respectively,

-35-
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of the engine speed controller, the proportional gain, KRP' of
the ratio controller, and the two filter time constants, TE
and tq.

Since the ratio.control loop (see Figure 3.6) consists
of the proportional control of a known, second order system,
the gain, Kpp, was determined analytically; the particular value
was chosen so that the ratio loop responded as a critically
damped second order system to a step change in the ratio set
point. Furthermore, it was found from repeated runs of the
simulation that a time constant of 1.0 seconds for both filters
provided adequate smoothing. o

Generally speaking, an iterative process was used to select
the gains for the throttle and engine speed PI controllers.
The throttle controller was first tuned to obtain as close a
match as possible between driving cycle velocity and vehicle
actual velocity ("close'" was measured by a combination of
velocity mean square error and visual examination of the
velocity profile). Then the engine speed controller was ad-
Justed to obtain as close a match as possible between actual
and desired engine speed (''cluse' measured by mean square error).
Each time any of the four gains was changed, a resimulation of
the complete driving cycle was required to evaluate the effects
of the gain change. The process was repeated until no signi-
ficant overall improvement in either the velocity error or
engine speed error was obtained; although time consuming, the

procedure did converge to a set of gain values which gave
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reasonably good dynamic response of the vehicle. The specific
values for the controller gains are given in Appegdix B. An
example of responses which are representative of the best re-
sponses are given in Figures 5.1 through 5.4. These are dis-

cussed in detail in the next subsection.

5.2 Closed Loop Dynamic Response of the Vehicle

The dynamic responses of interest for the closed loop
system are those of vehicle wvelocity, CVT ratio, engine speed
and throttle setting.

Figures 5.1 through 5.4 show examples of the best responses
obtained. In interpreting these curves, it should be remembered
that for a given vehicle velocity, an increase in ratio is
required to produce a decrease in engine speed. The basic re-
sponse of the vehicle is summarized as follows: Initally the
vehicle is at rest with an idle throttle, an idle engine speed
and a zero ratio. As the driving cycle starts, the velocity
error causes the throttle to increase. This in turn causes
both the engine speed and its set point (via the minimum fuel
curve) to increase. The engine speed is actually above the
set point, so the ratio increases to bring this speed down.

At about 457 throttle there is a rapid increase in engine speed
set point (due to the nonlinear minimum fuel curve) which causes
the ratio to drop to bring up the engine speed. This type of
dynam -~ behavior continues (with the ratio slowly increasing
again as the engine speed overshoots the set point) until the

cruise part of the driving cycle is reached. At this point the
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velocity error rapidly decreases causing the throttle to drop
off sharply. This, in turn, causes a rapid drop in desired
engine speed via the minimum fuel curve to bring the engine
speed down the ratio therefore increases to about 2.3. When
the cruise period is complete, it is necessary to apply various
amounts of braking torque to make the vehicle follow the driving
cycle from cruise down to a stopped condition. During this
time, the throttle is constant at idle position and the engine
speed makes small excursions below the idle speed desired.
Finaily, the vehicle comes to a stop as a result of sufficient
braking torque and the ratio approaching zero.

The responses demonstrate that the control system is
capable of making the vehicle follow the driving cycle velocity
profile while at the same time keeping the engine at the minimum
fuel consumption engine speed; Figure 5.2 shows that there is
very little error between desired and actual engine speed.
Although the vehicles actual velocity is quite close to the
driving cycle velocity, there is some error during the acceleration
phase and at the start of the cruise phase. To a large extent,
this is due to the classical tradeoff in control system design
between tracking error and transient response. If the velocity
controller gain is increased so that the vehicle tracks the
velocity ramp in the acceleration phase more closely, the
transient response will be made more oscillatory and there will
be a larger overshoot when the cruise phase is reached. 1In

addition, as discussed later, increasing this gain to reduce
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the tracking error can also introduce instabilities when the
vehicle first begins to accelerate.

In tuning the controllers to produce the above responses
a number of observations were made concerning the sensitivity
of the responses to controller gain values, and instabilities
and unexpected dynamic behavior of the closed loop system. These
observations are given below.

With regard to controller tuning, it was found that the
responses of the vehicle variables were rather sensitive to
choices for the controller gain values. This was due in large
part to the nonlinearities of the vehicle and, particularly,
the nonlinear minimum fuel curve. Examination of Figure 3.1
shows that the minimum fuel engine speed is a highly nonlinear
function of throttle setting; examination of Figure 3.3 re-
veals that this nonlinearity acts as a nonlinear gain in the
loop which is controlling engine speed by manipulating the ratio.
The presence of a nonlinear gain makes it particularly dif-
ficult to come up with one set of controller gains which will
give good transient response over a wide range of vehicle
operation. If the controller gains are selected to give good
transient response for thrcttle settings below 457 (the low
gain region on the curve), then during acceleration when the
throttle moves into the region above 45% (high gain region)
the loop gain goes up markedly and the response will tend to

be oscillatory. In fact, complete instability of all four



-42-

variables during the acceleration phase of the drive cycle was
often observed in the process of tuning the controllers. The
final method used to deal with this nonlinear gain was a worst
case approach: choose controller gains so that good performance
was achieved in the high gain region of the minimum fuel curve;
the closed-loop system would then be a little sluggish in the
low gain region of the curve, but it would not produce oscil-
lations in ratio, throttle and vehicle velocity.

Two other approaches to deal with this nonlinear gain which
were considered but ultimately discarded are outlined below.
First, with reference to Figure 3.3, a nonlinear gain was
introduced &t the output of the throttle controller; the output
of this nonlinear gain was the throttle setting, u;. The new
nonlinearity was chosen to exactly compensate for the minimum
fuel curve nonlinearity; in effect the gain in the engine
speed control loop was made to be linear and the nonlinearity
of the minimum fuel curve was shifted to the vehicle velocity
control loop. It was felt that the performance of this latter
loop might be less sensitive to the presence of a nonlinear
gain. However, this did not turn out to be the case and the
approach was abandoned. The second approach was similar to
the first: the gains of the velocity PI controller were made
to depend on the throttle position. In effect, the gains were
decreased if the system was operating on the high gain portion
of the minimum fuel curve. This approach exhibited instabilities
as the system was passing from one gain region to the next, and

so was also abandoned.
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As mentioned above, an approach which gives satisfactory
results is to tune the controller for the worst case where the
system is operating on the steep part of the minimum fuel curve.
Alternatively, consideration should be given to using an
approximate, linear minimum fuel curve. It is not practical
to control the engine speed to exactly the minimum fuel con-
sumption engine speed for each throttle setting; the throttle
is continually changing and there is always lag in the engine
speed control loop. It would appear that the use of an approxi-
mate, linear minimum fuel curve will lead to both good fuel
consumption characteristics and good dynamic response of the
vehicle.

We now discuss the actual dynamic responses observed for
the vehicle velocity, engine speed, ratio and throttle setting;
instabilities and unusual dynamic responses observed during the
simulation runs are discussed. We begin this discussion by
first noting that the control loop on vehicle velocity and the
one on engine speed are highly interacting. Throttle is used
to control velocity, while ratio is used to control engine
speed. This can be viewed as a two input/two output system
as shown in Figure 5.5. The strong interaction between the
loops comes about because a change in throttle (with ratio
constant) will cause a change in both vehicle velocity and
engine speed; similarly, a change in ratio (with throttle
constant) will produce a change in both velocity and engine

speed. Furthermore, the throttle setting (control input for
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the top loop Figure 5.5) determines the set point for the bottom
loop. Hence a change in throttle forces achange in ratio. This
strong and unusual type of interaction (the set point of one
loop determined from the control input to another loop) makes

this system very difficult to control.

Desired Throttle “‘”““J Veloelty
elocity A Controller
VEHICLE
~Desired Minimum
Engine Speed™ Fuel I
Curve STSTEM
Engine
+
Engine Ratio > Speed 3

ﬁ)r Speed
Controller

Figure 5.5 Two Input/Output Model of Control System

A typical instability in all four variables observed
during the simulation runs was at start-up when the vehicle
first begins to traverse the uriving cycle (see Figure 5.5).
The sequence of events is as follows. The desired velocity
increases above zero, causing the throttle setting to increase

above idle throttle. The vehicle will not move, however,
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until the ratio comes off zero. This will begin to occur in
this instance because as the throttle setting increases, the
desired engine speed also increases; this produces an engine
speed error which causes the ratio to increase from zero.

The instability begins to show up if either or both of the pro-
portional gains of the controllers are too large. In this
case, as the desired velocity initially increases there is a
large throttle increase for the essentially unlocaded engine
(ratio is still close to zero). This causes the engine speed
to increase rapidly and become much larger than the desired
minimum fuel engine speed set point corresponding to the throt-
tle setting. This large engine speed error, in turn, causes

a large increase in the ratio in an attempt to bring the engine
speed down. The increased ratio and large throttle setting
cause the vehicle to accelerate rapidly, resulting in a vehicle
velocity which is much greater than the desired velocity cor-
responding to the driving cycle. Also, the engine speed has
now dropped below the set point due to the load placed on the
engine. At this point the sequence of events is reversed: to
counteract the large velocity error the throttle is set back

to almost idle; the desired engine speed corresponding to this
lower throttle is still above the actual engine speed, hence
the ratio drops to almost zero. This causes the wvehicle to
come to a standstill, causing the throttle in turn to once

again increase by a large amount. The cycle is then repeated.
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The gains which cause the above instability are not un-
reasonable. For example, the instability was initially ob-
served while attempting to tune the controllers by increasing
the proportional gains so that the vehicle would more closely
follow the ramp of desired velocity during the acceleration
phase of the driving cycle. The start-up instability described
above was the determining factor in how large the proportional
gains could be made; keeping the gains low to avoid the in-
stability produced a noticeable velocity error during the ac-
celeration phase of the driving cycle (see Figure 5.1). This
error could not be reduced by increasing the integral gain
of the velocity controller because such an increase would pro-
duce too much velocity overshoot when the cruise phase of the
driving cycle was reached (again, see Figure 5.1). The integral
gain finally selected represented a tradeoff between velocity
error during the acceleration phase and velocity overshoot
when the cruise phase is reached.

A second, and quite dramatic, instability occurred during
either the acceleration or cruise phase of the driving cycle.
As with the start-up instability described above, this in-
stability is a consequence of the pronounced interactions in
the system, i.e. throttle changes and ratio changes each have
a strong effect on both vehicle velocity and engine speed. If
the controllers are not tuned properly, this interaction can
cause the vehicle to actually speed up as that throttle is
decreased during either the acceleration or cruise phase of the

driving cycle. Responses of the system variables showing this



instability are given in Figures 5.6 through 5.8. It must be
remembered in examining these responses that they represent
the case of improperly tuned controllers; they are included
only because of the interacting instability they reveal.

Between about 15 seconds and 30 seconds the throttle is
decreasing dramatically, yet the vehicle velocity continues to
increase. Similarly, from 40 seconds to about 50 seconds the
throttle increases while the vehicle velocity decreases. This
phenomenm is due to the strong etfect that both ratio and
throttle have on vehicle velocity; the behavior from 15 to 30
seconds is explained as follows (the behavior from 40 to 50
seconds is explained by just the opposite reasoning). As the
throttle is decreased to slow down the vehicle, the desired
engine speed also decreases; this causes the ratio to increase
in an attempt to bring the engine speed down. However, in-
creasing the ratio also speeds up the vehicle, resulting in
a further decrease in the throttle. 1If the ratio chaage has
a greater effect on the vehicle velocity than the throttle
change (which can occur in certain operating regions) then the
above sequence of events will cause the vehicle to speed up as
the throttle is decreased.

This type of behavior would, of course, be unacceptable
to a human driver; less throttle means the vehicle must, with-
i~ a short time, slow down, not speed up. In effect, what is
occurring above is that the vehicle is being driven by the ratio,

i.e. the ratio rather than the throttle is having the dominant
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effect on vehicle velocity and it is being manipulated in a way
to maintain the vehicle velocity at the driving cycle set point
velocity. The problem is avoided by proper tuning of both

controllers.

5.3 Conclusions

The experience gained from numerous simulations and from
working with the controllers has led to a number of conclusions
regarding the feasibility of the control philosophy and approach
described in the preceeding pages of this report. To reiterate,
the control philosophy is to minimize fuel consumption by
manipulating throttle to achieve vehicle desired velocity and
by manipulating ratio so that, for each throttle setting, the
engine is operated at its minimum fuel consumption point. The
simulation results demonstrate that it is feasible to control
a vehicle in such a manner, and it is possible to do it with
relatively simple controllers (PI controllers with anti-windup
logic) which use easily measured system variables (CVT ratio,
engine speed and vehicle velocity). Furthermore, there would
be no difficulty in implementing the control system with an
on-board microcomputer.

The simulation results also demonstrate that the vehicle
nonlinearities and the minimum fuel curve nonlinearity can
cause instabilities in vehicle operation both at start up and
during the acceleration and cruise phases of the driving cycle.

These instabilities can be avoided by proper tuning of the
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controllers. To simplify the job of tuning the controllers, and
to minimize the possibility of producing an instability, con-
sideration should be given to replacing the nonlinear minimum
fuel curve with a straight line approximation, i.e. minimum

fuel engine speed should be approximated by a linear function

of throttle setting.



6.0 CONCLUSIONS AND FUTURE WORK

This project has demonstrated, for the first time, that it
is possible to achieve satisfactory, stable control of all
significant dynamic variables of a heat engine-CVT vehicle pro-
pulsion system by designing linear control loops for control
of engine speed, throttle position and CVT ratio. The system
simulation has illustrated the difficulty of controlling this
nonlinear system which exhibits strong interaction between the
input variables (CVT ratio and throttle) and output variables
(engine speed and vehicle speed).

The feasibility of controlling the propulsion system so that
the vehicle followed the modified SAE driving cycle was demon-
strated by the simulation. Satisfactory dynamic responses of
the variables were accompanied by a low average deviation of
the engine speed from its desired, low fuel consumption value.

The control algorithms developed were in a simple, linear
form which could easily be implemented on-board a vehicle using
a microcomputer.

Future work could be concerned with adding a flywheel for
energy storage to the system as investigated to date, and then
to investigate the resultant control problems. Before such
an investigation could be started, it would be necessary to define
decision rules or strategies for using two sources of on-board
energv, the engine and the flywheel. Thus, a prime candidate
for near term future work is an investigation of power flow

strategies for a vehicle with two (or more) on-board power
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sources. This should be followed by investigations into imple-

menting these strategies using control systems.



10.

7.0 REFERENCES

Dunn, H.S. and Wojciechowski, P.H. "Energy Storage and
Conversion Efficiency in a Hydraulic/Gas-Turbine Hybrid,"
ASME Paper No. 74-GT-107, March 1974,

Orshansky, E., Huntley, P. and Weseloh, W. "Automobile Fuel
Economy with Hydromechanical Transmission by Simulation
Studies,' SAE Paper No. 740308, February, 1974.

Prabhaker, R., Citron, S.J. and Goodson, R.E., "Optimization
of Automobile Engine Fuel Economy and Emissions,' Journal of
Dynamic Systems, Measurement and Control, ASME Transactions,
Series G, Vol. 99, No. 2, June 1977.

Reid, K.N. and Woods, R.L., "Fluid Control of a Hydrostatic
Transmission in a Vehicle Propulsion System,' Journal of
Dynamic Systems, Measurement and Control, ASME Transactioms,
Series G, Vol. 95, No. 2, June 1973.

Sweet, L.M. and Anhalt, D.A."Optimal Control of Flywheel
Hybrid Transmissions,' Journal of Dynamic Systems, Measure-
ment and Control, ASME Transactions, Series G, Vol. 100,
No. 1, March 1978.

Christenson, B.C., Frank, A.A. and Beachley, N.H., "The
Fuel-Saving Potential of Cars with Continuously Variable
Transmissions and an Cptimal Control Algorithm," ASME
Paper No. 75-WA/Aut-20, August, 1975.

Chang, M.C., "Computer Simulation of an Advanced Hybrid
Electric-Powered Vehicle,' SAE Paper No. 780217, March, 1978.

Mechanical Technology Inc. and Bendix Corporation,
"Feasibility Analysis of the Transmission for a Flywheel/
Heat Engine Hybrid Propulsion System,' NTIS Report No.
PB-212-097, Springfield, Virginia, November, 1971.

Beachley, N.H. and Frank, A.A., "Increased Fuel Economy in
Transportation Systems by Use of Energy Management-Second
Year's Program,' Department of Transportation Report No.
DOT-TST-76-57, Washington, D.C., December, 1975.

Burghart, J.H. and Donoghue, J.F., "Control of a Vehicle
with a Continuously Variable Transmission,' Proceedings of

§3§OZ3rd Midwest Symposium on Circuits and Systems, August,

-54 -



APPENDIX A
VEHICLE MODEL

Section 2.0 of the report presents an overview of the
methods used to model the vehicle and the resulting state
equa. .ons which describe the vehicle dynamics. This Appendix
is devoted to a detailed presentation of this material. 1In
developing the vehicle model, the following variables will be
used (Appendix B contains a complete list of all variables

and parameters used in the vehicle model):

D = vehicle drag force.
JEQ = equivalent load inertia as seen by the CVT.

R = vehicle rolling resistance force.
RT = CVT ratio.

T, = torque required at rear axle.

Ty = braking torque.

Tg = actual torque developed by the engine.

T, = equivalent load torque as seen by the CVT.
T, = steady state engine torque.

T, = load torque seen by the engine.

u, = throttle setting.

u, = ratio actuator imput.

v = vehicle velocity
v,, = wind velocity

X, = vehicle first state (= wg) .
X, = vehicle second state (= Tg) .
X3 = vehicle third state (= Rp).
X, = vehicle fourth state (= RT)‘

=55~
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B = grade angle.
wg = engine speed.

wp = drive shaft speed.

The drive train of the vehicle is shown in Figure Al and
consists of a heat engine (HE), a continuously variable trans-
mission (CVT), and a differential to transmit power from the
drive shaft to the rear axle and wheels. Before deriving the
equations which govern the overall dynamics of the vehicle,
we first present the methods used to model each of the

individual components.

Hest
Differential 3 Power to
Engine pre—y CcvT _.__# wer
(HE) Wheels

Figure Al Drive Train Configurations

Heat Engine: The heat engine model is shown in Figure A2

and consists of a steady state engine map (which determines a
steady state engine torque, T, for a given throttle setting,
u;, and engine speed.wE). a first order lag which models the
throttle linkage and engine combustion dynamics (see Section 2.1

under heat engine model), and a rotating inertia.



Torque
‘e Tm 1 T + Available
Engine Map 1)H ot 1 i to Spin
Engine
Y1
B

Figure A2 Engine Model

Continuously Variable Transmission: The CVT is modeled as

shown in Figure A3 and consists of an inertia Jg, an efficiency
KT and a ratio, RT’ which is allowed to vary continuously from
zero to infinity. The inertia is defined to be the equivalent
CVT inertia as seen on the drive shaft side of the CVI. It

is also assumed that there are second order dynamic effects
associated with changing the ratio, i.e. if there is a step
change in the variable, uj, which controls the ratio, then the

actual ratio will respond with a second order response.

Second Order
Ry Dynamics of RatiolControl
Ratio Actuator guai, uy
and CVT

I“g“:tl;r:—-—)1 RT I JT i KT Pmr

Input (inertia) (eff iciency1 Output

Figure A3 CVT Model



Differential: The differentiai is modeled in exactly the

same way as the CVT, except that the ratio is fixed; hence

there is a differential inertia, J, (defined to be the inertia
of the differential as seen on the axle side of the differential),
an efficiency, K,, and a ratio, RA (defined to be the ratio

of axle speed to drive shaft speed).

Vehicle Body: The vehicle body is assumed to consist of

a mass to be accelerated (up or down a grade, as necessary)
which is subject to uzerodynamic drag and rolling resistance
forces and braking torque.

In deriving the equations which describe the dynamic be-
havior of the drive train and vehicle body, we combine all of
the inertias downstream of the CVT with the CVT inertia to form
an equivalent load inertia; we also develop an expression for
an equivalent CVT load torque which includes the combined
effects of the aerodynamic drag and rolling resistance forces,
the braking torque and the force necessary to accelerate the
vehicle mass. The overall model is shown in Figure A4. 1In
addition, as mentioned earler, the CVT ratio, Ry, has a second
order dynamic response to a change in the ratio actuator input,
u,y, as shown in Figure A3. Finally, the engine model includes
a‘first order lag between the engine map and the develcped
engine torque, Tg, to simulate the dynamics of the throttle

linkage and engine combustion. This is shown in Figure A2.
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Figure A4 Overall Model of Drive Train

From Figure A4 we can write

Jgwg = Tz - T3 (Al)
and
wD = RT(DE (A3)

where Jg 1s the engine inertia. Differentiating (A3) and

noting that the ratio is time varying, we get
Sp = Rp g + Rely (44)
Using (A4) in (A2) and solving for T, yields
T) = RpJpq(Rpug + Rpdg) + RpTy (43)
Then using (A5) in (Al) wé can write

Jpug = Tg - RyJgq(Rpwg + Rpup) - ReTp

or
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) : :
(g + Rp JgQ) wg = -RpRpJpqe +T - Ry (46)

It is now necessary to develop expressions for JEQ and Ty

to substitute into (A6). First consider ng. This inertia
consists of the sum of the CVT inertia, J, plus the differen-
tial inertia reflected through the differential ratio and
taking into account the CVT efficiency (see Figure A3; note
that Jp is upstream of Kp and that the equivalent inertia

JEQ is being computed at the position of JT). and the com-
bined axle and wheel inertias,Jw, reflacted through the
differential ratio and taking into account the efficiencies
of both the differential and the CVI. Follcwing standard pro-

cedures for reflecting inertias, we can write
2., 2 2

Next, we derive an expression for the equivalent load torque,

Ty, as seen by the CVT. The forces acting on the vehicle

are given as
Drag Force = D = &(p/g)CDA(v + vw)zsgn(v-bvw) (A8)

Rolling Resistance Force = R =
WW(+L.4x 1073 + 1.2x 1079 v2) (A9)

Acceleration Force = (W/g)% (Al10)
Grade Force = Wsing (All)
Multiplying the sum of these forces by the wheel radius, and

adding the braking torque to the result, we obtain the torque,
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T,» required at the axle necessary to provide the vehicle with

acceleration Q:
Ty = Ry [D+ R+ Wsing + (Wg)v] + Ty (A12)

Reflecting this torque through the differential efficiency
and ratio, and through the CVT efficiency, we obtain

T, = T, (Ry/K, Kp) (A13)
Finally, we note that

v = Ry Ry Rpug (A14)
and

Vv = Ry Ry(Rpuwg + Rpwg) (A15)

We are now in a position to derive the first (of four)

state equations which govern the vehicle dynamics. Substi-
tuting (Al4) and (Al5) into (Al2), and that result into (Al3),
we can express T; as a function of wg and &E rather than v
and v. Then substituting that result for T, along with (A7)

into (A6), and using the notation X, = wg, Xy = TE' Xy = Ry
and x, = ﬁT. we get

X =lxp - Mpxy (o + 0y + RaRy X x, WG = MpRy Ryxy®)  (AL6)
where

‘1 - ARW(NR)/M'I' KAKT (Al7)

6, = Ry (Tg + KWsing)/Mp K, Ky (A18)
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Mp = p/Ry R + R, Jp/XpRep + (Ry Ry My/Ky Kp) (A19)

My = (W/g) + (Jy/RyD) (A20)

The above state equation describes the response of engine speed,
x, to changes in developed engine torque, x,, CVT ratio, x;

and X, grade angle, B, braking torque, Tg, and wind velocity,
Vy- Given engine speed, vehicle speed can be determined from
(Al4).

The second state equation describes the response of
developed engine torque to changes in engine speed and throttle
setting (Characterizes throttle linkage and engine combustion
dynamics, as well as engine steady-state torque-speed

characteristics). Referring to Figure A5 we can write
X, = - [Xy - #5(x1,u1)1/7 (A21)

where u; is throttle setting and 03(x1.u1) is the torque
from the steady state engine map. .

The third and fou-th state equations describe the second
order dynamic response of the ratio, x5 = Ry, to changes in

the ratio actuator input, u,. In particular,
Xy = X, | (A22)

where Cl. 02 and C3 are constants which determine the actuator

gain and second order dynamics.
Equations (Al6), (A21), (A22) and (A23) are the vehicle

state equations used in the study.



Parameter

APPENDIX B: PARAMETER VALUES

Description

frontal area of vehicle
vehicle drag coefficient

constant describing actuator dynamics
constant describing actuator dynamics

ratio actuator gain constant
gravity constant

inertia of differential (as seen on axle
side of differential’

engine inertia

CVT (drive shaft side of CVT)

combined inertia of all four wheels
efficiency of differential

integral gain, engine speed controller
proporticnal gain, engine speed controller
ratio proportional controller gain
efficiency of transmission

integral gain, velocity controller

proportional gain, velocity controller

differential ratio (ratio of axle speed to
drive shaft speed)

vehicle wheel radius

vehicle total weight

grade angle

coefficient of rolling friction
air weight density

engine speed filter time constant

throttle filter time constant

Time constant: linkage dynamics

-63-

Value

2.00m?
0.45

-12.0 s°1
-12.0 (s4)7t

20.0 (v-s2)”

9.807 m/s2

.02m%-kg

o

.113m%-kg
.60m>-kg
.OSZu@-kg
.96

.09 rad~!
.018 s/rad
.6 v
.9

8 ml

= O N O O O N O O

20.4 s/m
0.362

0.295 m

15,124 n
0.0
0.0154 n/kg
12.02 n/m3
1.0 s

1.0 s
0.5 s
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APPENDIX C:

LISTING OF SIMULATION PROGRAM
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PROGRAM HCVT(3,100)

R0 2000000203 2020 20000 0K 30 3000 000K 00K 0K KK KKK K KKK KKK R KKK KK K KK & K
1338338333 8333333333333388 333233333833 33333833 3833838233333 2332%%%s
XKEXXXX  HEAT ENGINE/CVUT SYSTEM SIMULATION  RERXARKKEKKKKKKKKKKKKKNKK
8333333333333 33338383333 38333333 8333338383338 333333833333333833323%33
KRKKRKRRARKKKRKR KRR KKK KRKRKKRRRKRKRKNK KRR KRB KRR RRRAR KRR KKK KKK

RRERKRRAORRONKR AR KRR AR R IR AOR KRR AR AR ROKNKRN AR AR AR NOK AR KKK

AXEKKXKKRRKK KKK

SYSTEM VARIARLES

1332333338333 9383323333322 83 )

KRR AORAK R AR ARRANR IR AR IAK A AR AR AR A AR AR A KKK AR ANk K KKK K

A=VEH. FRONTAL AREA, (MXX2) .
BP=XMISSION DAMPING FACTOR.
CD=VEH. DRAG COEFF .
DCP=DRIVING CYCLE PERIOD,(S).
ENGMAP(I,J)=ENG. TORQUE WHEN
ENG. SPEED IS ENGSP(I) AND
PEDAL IS PEDPCT(J), (N=-M).
EW=ENG. SPEED ERROR,(R/S).
FUEL=FUEL CONSUMP. RATE FOR
GIVEN ENG. SPEED AND
PEDAL, (LBS/HR) .
G=GRAVITY CONST.,(M/SXX2).
INPRIN=NO. OF SIMUL. STEPS
BETWEEN RESULTS PRINTS
JPR=COUNTER USED TO DETERMINE
IF PRINT/OUT SHOULD OCCUR
KA=EFF. OF REAR AXLE DIFF‘TL.
KCEI,KCEP=TNTEGRAL AND PROP .
GAINS,ENG. SPD. CONTROLLER
KP=SPR. CONST. OF XMISSION
RATIO MOVAKLE PULLEY.
KR=XMISSION PULLEY:RATIO/DIS-
PLACEMENT GAIN.
LL=L+1
MP=MASS OF XMISSION PULLEY.
MT=COMPOSITE EXPRESSION USED
IN VDOT EQN.,{KG-M) .
MWF , MUR=COMBINED MASS OF
FRONT AND REAR WHEELS, (KG)
NL=N+1
NME=N-1
NPRMAX=NO. OF OUTPUT LINES
PRINTED PER PAGE .
OMAGAE=ENG . SPEED,(RAD/SEC) .
OMPR=VALUE OF ENG. SPD. SET
PT. USED FOR PRINTING.
PEDL=VALUE OF PDL .USED IN RHS
PEDPOS(I1)=VALUE OF PDL. CORR.
TO I, USED IN MIN FUEL CURV
PHI1=FCN WHICH COMPUTES
EFFECTS OF DRAG AND
ROLLING RESISTANCE .
PHI3=COMPUTES ENG TORQUE FOR

RETA(I)=ROAD GRADE OVER DRIVING
CYCLE, (DEGREES) .
D=VEH. DRAG FORCE, (N).
DELT=SIMUL. TIME STEP SIZE,(S).
ENGSP(1)=POSSIBLE ENGINE SPEEDS
ON ENG. MAP,(R/S).
ER=XMISSION RATIO ERROR.
FUAV=AVER . FUEL CONSUMPTION
RATE, (LES/HR) .
FURATE(I,J)=ARRAY OF VALUES OF
FUEL. CONSUMP. RATES FOR GIVEN
ENG. SPEED AND PEDAL,(LBS/HR)
JA=AXLE INERTIA, (KG-MKX2).
JE=ENG. INERTIA,(KG-MXX2).
JT=XMISSION INERTIA, (KG-MXX2) .
JUF,JWR=FRONT AND RFAR AXLE
INERTIAS, (KG-MX%2)
KCR=RATIO CONTROLLER GAIN.
KG=XMISSION RATIO ACTUATOR GAIN.
KPDI,KPDP=INT. AND PROP. GAINS,
PEDAL CONTROLLER.
KT=XMISSION EFF .
L=CURRENT PT. IN DRIVING CYCLE.
MET=METRIC PRINT FLAG, $=PRINT
METRIC, 0=PRINT ENGLISH.
MU=COEFF. OF ROLLING FRIC.,N/KG.
MVU=EQUIV. VEH. MASS, (KG).
N=NO. OF STEPS iN DRIVING CYCLE.
NIN=NAME OF SURR. WHICH
INTEGRATES STATE EGNS.
NPR=COUNTER TO DETERMINE IF OUT~-
PUT PAGE HEADER 1S PRINTED.
NVU=ND. OF VAR‘S INTERG’ED BY NIN
OMEGSP=ENG. SPD. SET PT.,(R/S).
OPTSP(1)=HEST ENG. SPD. SET PT.
WHEN PDL. HAS VALUE PEDPCT(I)
PEDPCT(I)=PDL. VALUES CORRES. TO
1, USED IN ENGINE MAP .
PEDPRP=CONTRIE. TO PDL FROM PROP
PART OF PDL PI CONTROLLER
FHI2=FCN WHICH COMPUTES EFFECTS
OF HRK. TORQUE AND GRADE..
PH14=COMPUTES ENG SPD SET PT.FOR
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0056
00S7
0058
0059
0060
0064
0062
0063
0064
0065
0066
0067
0068
0069
0070
00714
0072
0073
0074
0075
0076
0077
0078
0079
0080
00814
0082
0083
0084
0085
0086
6087
0088
ooae
0090
0091
oos2
0093
0094
009S
0096
0097
0098
0099
0100
0101
0102
0103
0104
0105
0106
0107
0108
0109
0110

oooa

OO0 O0OD0NO0O00N0000NO000N0O0000000000O00000O00C00000

HCUT 40:14 AM THU., 24 MAY

GIVEN ENG SPD AND PEDAL.
PHIS=LIMITS RATIO.
PHI6=COMPUTES FUEL CONSUMP .
R=ROLLING RESISTANCE, (N).
RHO=AIR WT. DENSITY, (KG/MXX3)
RL=REAL VALUE OF L.
RLIM=LIMITED VALUE OF RATIO.
RSP=RATIO SET PT.

RSFMIN=MIN ALLOMW VAL . OF RSP.
RTHAT=UNLIMITED VAL. OF RATIO
RTMAX=MAX VALUE OF RATIO.
RW=WHEEL RADIUS, (M).
T=CURRENT TIME, (SECS).
THF , TER=ERAKING TORQUES,FRONT
AND REAR WHEELS, (N-M)
TRRP=VAL OF TBR USED TO PRNT.
TIMARR(I)=VAL OF TIME USED IN
IN COMP. DRIVING CYCLE VEL
U=RATIO CONTROLLER OUTPUT.
VROR=ERROR BETWEEN DRIVING
CYCLE AND VEH. VEL’S,M/S
VRRMS=RMS VEL ERROR OVER
DRIVING CYCLE.
VSPR=VSP .
VSQ=SUM OF SQ’S OF VEL ERRORS
VWIND=PRESENT VAL OF WIND VEL
X1=ENG.SPEED,RAD/SEC.
X2=DEVELOPED ENG TORQ. ,N-M.
X3I=XMISSION RATIOCUNLIMITED)
XS=STATE OF INTEGRATOR IN
ENG SPEED CONTROLLER.
Y(I)=PRESENT VALUES OF STATES
USED HY NIN.

, 1981
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MIN FUEL CONSUMPTION.

PL=THROTTLE SETTING.

RA=REAR AXLE RAT1O.

RHS=COMPUTES RIGHT HAND SIDE OF

STATE EQNS.

RNMi=REAL VALUE OF NMi.

RSPMAX=MAX ALLOMW VALUE OF RSP.

RSPROP=CONTRIB TO RSP FROM PRQOP

PART OF RSP PI CONTROLLER

RTHMIN=MIN VALUE OF RATIO.

SIMPER=SIMULATION LENGTH, (SECS) .

TAUL=TIME CONST OF ENG. TORG, (S)

TBMAX=CONST . RELATING PEDL. POSN.
AND BRAKING TORQUE.

TIME=CURRENT TIME,(SECS).
TM=ENG. TORQUE FROM ENG. MAP.
VDC(I)=DR CYCLE VEL PROFILE,M/S.
VERR=DIFF BET. AVER. OF PRESENT
AND NEXT SAMPLE OF DR. CYC.
VEL. AND VEH. VEL.,(M/S).
VSP=COMPUTES PRESENT VALUE OF
DRIVING CYCLE VEL.,(M/S).
VUW(I)=WIND VEL OVER DR LYCLE,M/S
W=WT. OF VEH. AND WHEELS, (N).
XiP=vVAaL OF X1 USED FOR PRINTING.
X2P=VAL OF X2 USED FOR PRINTING.
X4=DERIVATIVE OF X3
X6=STATE OF INTEGRATOR IN PEDAL
CONTROLLER.

p 222 8333383393228 3 8333332333220 8823 3333332333820 223333333322382820%%3:]
b8 333832228382 83333393382 823883338333 383333833323832330232333233833 ¢

L2333 2332383228393 08 3288382383338 83332 3333833 38333828333388333%4%:!

RKRA KKK KK KKK KKK

ADDITIONAL SYSTEM VARIAHLES

1329322333832 233% 32

L2333 3383833320332 0333030300030 30283 833388328838 8382332808828%3%¢

INRTE=CHANGES DATA OUTPUT, =0
GIVES FULL QUTPUT, =%
GIVES REDUCED OUTPUT
VVELP=VALUE OF VVEL USED ' OR
PRINTING.
WALP=FILTER CONST. FOR ENG.
SPEED SET POINT.

NRUN=NU. OF RUNS OF SIMULATION
PER PROGRAM EXECUTION.

VVEL=VEHICLE VELOCITY.

PD=PEDAL POSITION.

XALP=FILTER CONST. FOR ENGINE
SPEED CONTROL LOOP.

PALP=FILTER CONST. FOR PEDAL
VARIATIONS.

1323333233333 2333333393223 322333233323243338832234833333323332823843% 8
FRAOK AR NN KK KKK K K 020 0 K O 0 0020020 00 200 K 00 202 00 0 2 K K K OK KOk X KKK

0K XK K K0 ACOK R 0 3020 302000 R OB AR 2K 0 302 0 2000 KK 0K K O 0 00 0 0% K 0K K KKK K K

DECLARE COMMONS,

DIMENSIONS, REALS, EXTERNALS.

COMMON LI ,PEDL ,VUM(501),VDC(2004) ,THF ,TBR ,BETA(S041),C(71) ,JE, TAUL ,K
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01114
0112
0113
0114
0345
0116
0117
0118
0119
0120
0121
0122
0123
0124
012%
0126
03527
0128
0129
0130
0134
0132
0133
0134
013S
0136
0337
0138
0139
0540
0141
0142
0143
0144
0145
0146
0147
0148
0149
0150
0151
0152
0153
0154
0155
01S6
0157
0is8
0159
0160
0164
0462
0163
0164
0165

oo oO.

OO0

400
401
405
410
415
S00
S04

502
503
504

S05
S06

507
510
Sig
520
521

530

531
532

533

540
S41

542

1CR,EP ,KP,KR ,MP ,MT ,MV,RA,RW,KA,KT,RHO,G,CD,A,W,MU,KG,KPDI, TIMARR(20
101) ,DCP , TBMAX,KCEI,KCEP ,KPDP ,RSP ,RNM1

COMMON/CC/P IDLE, WEL

COMMON/DD/PD

REAL JE,KA,KCR,KP,KR,KT,MP,MU,MT,MV,KG,KPDI,KCEL,KCEP,KPDP
COMMON/AA/ 1

COMMON/BB/ENGMAP (19 ,10) ,ENGSP(19) ,PEDPCT(10) ,FURATE(19,10) ,PEDPOS(
121) ,0PTSP (21) ,RTMIN, RTMAX

DIMENSION Y(415)

REAL JA,JT,JWF,JWR, HWF ,MWR

EXTERNAL USED TO DENOTE SUBROUTINE NAME SPECIFIED IN A SUBROUTINE
EXTERNAL RHS

KXKRKKKKIRKIOI KKK IR KRR KR K AKK KKK KIRIK IR KKK KK KKK KRR KK AR KK KKK

FORMAT STATEMENTS.

FORMAT(BF10.4)

FORMAT(F10.4,5I%5)

FORMAT (16FS. 1)

FORMAT (10F8.1)

FORMAT (40E8. 2)

FORMAT (1H1,36HSIMULATION OF HEAT ENGINE/CVT SYSTEM)

FORMAT (1H0, 33X, 2HA=,F8.4,2X ,3HBP=,F8.4,2X,3HCD=,FB8.4,3X,2HCG=,F8.4, 2
1X,3HJA=,F8.4,2X,3HJE=,FB.4,2X,3HIT=,F8.4,2X,6HPIDLE=,FB.4)

FORMAT (1HO, 41X, 4HIWF=,FB 4, 1X,4HJWR=,F8.4,1X,SHKCEI=,F8.4,1X, SHKCEP
i=,FE.4,1X,4HKCR=,F8.4,2X,SHKPDI=,F8.4,2X,5HKPDP=,F8.4)

FORMAT (1HO, 2X, 3HKR=,F8.4,2X,3HMP=,F8.4,2X ,3HRA=,F8.4,2X, 3HRW=,FB . 4
1,3X,2Hu=,F12.4,2X,4HDCP=,F8.4,2X,3HKG=,FB.4,2X,3HKP=,F8.4)

FORMAT (LHO, 6X, 3HMU=,FB. 4,5X, 4HRHO=,F8.4,3X,SHTAUL=,F8. 6, 3X, bHTBNAX
1=F8 . 4)

FORMAT (1HO,16HWIND VELOCITY = ,F8.4,5X,14HGRADE ANGLE = ,F6.2)

FORMAT (1HO0, 1 6HEFFICIENCIES ARE,10X,24HREAR AXLE/DIFFERENTIAL- ,F7.
14,5X,1 4HTRANSHISSION- ,F7.4)

FORMAT (1HO,27HRATIO SET POINT LIMITS ARE-,2X,2F6.3)

FORMAT (1HO,23HSIMULATION INTERVAL 1S ,F7.2,8H SECONDS)

FORMAT (1HO0,17HTHE INTERVAL HAS ,16,9H SEGMENTS)

FORMAT (1HO,33HINITIAL CONDITIONS FOR SIMULATION)

FURMAT (1H ,1X,7HOMEGAE=,F8 .4,5H, TE=,F8.4,5H, R=,F6.2,7H, RDOT=s,F
16.2,9H, SP INT=,F6.2,8H, PEDAL=,F7.3)

FORMAT (1H1, 4HTIME , 2X , 6HOMEGAE , 3X , b6HOMEGSP , 3X , 2HEW, 6X, 2HTE , 6X , 2HTM,
16X,2HTH,6X,2HTB,6X, 1HV,5X,3HVSP , 1 X, 7HV ERROR,2X, 4HPEDL ,5X,1HU,4X,2
1HRT,4X , 3HRSP ,SX, 2HER , 2X , AHFUEL , 3X , 2HXS , 2X , 2HX6)

FORMAT (1H0,1X,SHWALP=,F8.4,10X,5HXALP=,F8.4)

FORMATC(IH ,FS.1,1X,6(F7.4,1X),F6.1,1X,3(F6.2,1X),F6.2,1X,F6.2,1X,2
1(FS.2,1X) ,F6.3,1X,F4.1,1X,F4.2,1X,F4.1)

FORMAT (1HO,20HRMS VELOCITY ERROR =,FB.3,5X,26HAVERAGE FUEL CONSUMP
A1TION =,F8.3,5X,24HRMS ENGINE SPEED ERROR =,F8.3)

FORMAT(iH ,F12.8)

FORMAT (1H1 , AHTIME ,2X , 6HOMEGAE , 1X , 6HOMEGSP , 2X , 2HEW , 5X , 2HTE , 4X , 2HTH,
14X, 2HTE,5X, 1HV, 4X , 3HVSP , 2X , 4HVERR , 2X , 4HPEDL , 3X, 2HR T, 2X , 3HRSP )

FORMATCIH ,FS.3,3(1X,F6.1),3(41X,FS.1),4(4X,FS.2),2(1X,F4.2))

KIKKKKKKIOKKKKKKORK KKK KKK KKK KK KKK KK KKK KK KKK K IOKK KKK KKK KK KK KKK oK K

READ SYSTEM INPUTS.
READING IN PARAMETER VALUES
READ(5,409) A,BP,CD,G,JA,JE,JT,PIDLE
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0166 READ(S,400) KR,MP,RA,RW,W,DCP,KG,KP

0§67 READ(S,400) MU,RHO,TAUL , TBMAX

0168 READ(S,400) KA,KT,RTHIN,RTMAY

0169 READ(S,404) DELT,N,INPRIN,MET,IWRTE,NRUN
0170 READ(5,400) VWIND,BETA(1)

01714 DO S I=2,504

0172 S HETA(I)=BETA (1)

0473 VW (1)=YWIND

0174 C READ INITIAL STATES.

0475 READ(S,415) X3,X4 -

0176 C SAVE INITIAL STATES FOR SECOND RUN OF SIMULATION.
0477 X31=X3

0178 X4I=X4

0379 C INITIALIZE VEHICLE VELOCITY.

0180 VVEL=0. 0

0481 C READ SPEEDS ON ENGINE MAP .

0182 READ(S,400) (ENGSP(I),I=1,8)

0183 READ(5,400) (ENGSP(I),I=9,16)

0164 READ(S,400) (ENGSP(I),I=17,19)

0185 C CONVERT ENGINE SPEEDS TO RAD/SECS.

0186 DO 11 I=1,19

0487 14  ENGSP(I)=ENGSP(I)X0.10472

0188 C READ PEDAL PERCENTS ON ENGINE MAP .

0189 READ(S,405) (PEDPCT(I),I=1,10)

0190 C READ ENGINE MAP TORQUES CORRESPONDING TO ENGSP(I) AND PEDPCT(J).
04914 DO 12 I=1,19 '
0192 12 READ(S,4310) (ENGMAP(I,J),J=1,10)

0193 C CONVERT ENGINE TORQUE TO N-M.

0194 DO 13 I=1,19

0495 DO 13 J=1,10

0496 43  ENGMAP(I,J)=ENGMAP(I,J)x4.35575

0497 C READ PEDAL PERCENTS ON MIN FUEL CURVE.
0198 READ(S,405) (PEDPOS(I),I=1,16)

0199 READ(S,405) (PEDPOS(I),I=17,21)

0200 C READ ENGINE SPEED VALUES ON MIN FUEL CURVE.
0204 READ(S,400) (OPTSP(I),I=1,8)

0202 READ(5,400) (OPTSP(I),I=9,16)

0203 READ(S,400) (OPTSP(I),I=17,21)

0204 C CONVERT SPEED VALUES TO RAD/SEC.

0205 DO 134 I=4,2%1

0206 131 OPTSP(I)=0PTSP(I)X0.10472

0207 C READ IN FUEL CONSUMPTION RATES. .
0208 DO 14 I=1,19

0209 14 READ(S,410) (FURATE(I,J),J=1,10)

0210 C KKKKKKRK KK KKK KKK RKKKK KKK KKK KK KK KKK KKK KKK KK KK RIORKK KKK KKK KKK X
0211 C

0212 C SET UP SAE DRIVING CYCLE.

0213 NM1=N-1

0214 RNM1=NM1

0215 DO 20 I=1,N

0216 I=1-4

0217 RI=J

0218 C COMPUTE TIME AT EACH STEP IN SIMULATION.

0219 TIMARR (1) =RJXDCP /RNM1

0220 T=TIMARR(I)
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FIND DRIVING CYCLE VEL. AT EACH STEP IN SIMUL. AND STORE IN VDC(I)
IF(T.GT.14.0) GO TO 15

UDC(I) =1 . 43679%T

GO TO 20

IF(T.GT.64.0) GO TO 16

VDC(1)=20.11S

GO TO 20

IF(T.GT.74.0) GO TO 17

UDC(1)=20.445-0.447%(T=64.0)

CO TO 20

IF(T.GT.83.0) GO TO 48

UDC(1)=15.645-1.738%(T=74.0)

GO TO 20

IF(T.GT.108.0) GO TO 19

VDC(I)=0.0

GO TO 20

T=T-108.0

GO TO 144

CONTINUE

KERRRKEXK KRR AKERRA KRR KKK EKRRRKRKRKIIKRIRK KK KKK KKKKIK KKK

OVERALL LOOP TO RUN SIMULATION TWICE.

DO 60 JRUN=1,NRUN

SET STATES EQUAL TO INITIAL STATES FOR RUN.
X3=X31I

X4=X41

VVEL=0.0

READ IN CONTROLLER GAINS FOR THIS RUN.
READ(S,400) JWF,JWR,KCEI,KCE+ ,KCR,KPDI ,KPDP
READ(S,400) WALP,XALP,PALP

PRINTING INPUT PARAMETERS

WRITE(6,500)

WRITE(6,501) A,BP,CP,G,JA,JE,JT,PIDLE
WRITE(6,503) KR,MP,RA,RW,W,DCP,KG,KP
WRITE(6,504) MU,RHO,TAUL,TBMAX

WRITE(6,506) KA,KT

WRITE(6,507) RTMIN,RTMAX

WRITE(6,505) VWIND,BETA(4}

L=N-1{

RL.=L

PRINT TIME INTERVAL OF SIMULATION.
SIMPER=RLXDELT

WRITE(6,510) SIMPER

WRITE(6,511) L

WRITE(6,502) JWF,JWR,KCEI,KCEP,KCR,KPDI,KPDP
WRITE(6,531) WALP,XALP

COMPUTE INITIAL VALUE OF ENGINE SPEED.
X1=PHI4(PIDLE)

WOLD=X1

WNEW=X 4

XiLD=X1

X1NW=X 4

COMPUTE INITIAL VALUE OF DEVELOPED ENGINE TORQUE.
X2=PHI3(PIDLE,X4)

COMPUTE INITIAL VALUE OF RATIO SET POINT.
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XS=0.0

TC=0.0

COMPUTE INTTIAL DRAG AND ROLLING RESISTANCE.
D=0.SX(RHO/G)XCDXAK((VVEL+VW(1))XX2)

IF ((VM(1)+VUVEL) .LT.0.0) D==D

R=MUXWKC L . 0+1 . 4E-ZRVVEL+1 . 2E-SKUVELXVVEL)
INITIALIZE PEDAL CONTROLLER INTEGRATOR.
X6=PIDLE

WRITE(6,520)

WRITE(6,524) Xi,X2,X3,X4,XS,X6

INITIAL SIMULATION TIME.

T=0.0

COMPUTE PEDAL CONTROLLER OUTPUT.
VSPR=VSP (T)

VERR=VSPR-VVEL

PL=X6+KPDPXVERR

POLD=PL

PNEW=PL

PD=PL

IF(PL.LT.PIDLE) PL=PIDLE

COMPUTE THROTTLE POSITION (OUTPUT OF GAIN EQUALIZER).
ZIDLE=PIDLE+0.001

GO TO 24

IF(PL.GT.63.29) GO TO 24

IF(PL.GT.42.43) GC TO 22

IF(PL.GT.ZIDLE) G5 TO 29

GO TO 24

PL=1.087%PL-8.7

GO 70O 24

PL=0.295%PL+41 .33

GO TO 24

PL=PL

CONTINUE

LIMIT THROTTLE POSITION.

1F(PL.GT.400.0) PL=400.0

COMPUTE INITIAL ENGINE SPEED SET POINT.
OMEGSP=WNEW

COMPUTE INITIAL RATIO SET POINT.

RSP=XS

RSPOLD=RSP

CONMPUTE RATIO SET POINT LIMITS.
RSPMAX=RTMAXX ((KP+KCRAXKRXKG)/ (KCRXKRXKG))
RSPMIN=RTHINX((KP+KCRXKR¥*KG) /7 (KCRXKRXKG) )

COMPUTE INITTAL OUTPUT OF RATIO CONTROLLER, ENGINE SPEED SET POINT
USED FOR PRINTING, ENGINE SPEED AND RATIO ERRORS,

ENGINE TORQUE, FUEL CONSUMPTION.
U=KCRX(RSP-PHIS(X3))
OMPR=PHIA(PL)
EW=OMPR=X 1
ER=RSP-X3
TM=PHI3(PL,X1)

INTERNAL
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0327 FUEL=PHI6(X4,PL)

0328 MV=K/G+( TWR+TWF ) / (RWKRY)

0329 MT=JT/ (RAKRW)+(RAKIA)/ (KTKRW) + (RAKRWEMV) / (KAXKT)

0330 C COMPUTE INITIAL BRAKING TORQUE .

0334 TER=0 . 0

0332 TBF=0.0

0333 IF(PD.LT.PIDLE) TBR=-(PD-PIDLE)XTBMAX

0334 C COMPUTE NO. OF ITERATIONS IN COMPUTER SIMULATION.

0335 NL=N-1

0336 C SET UP VECTOR OF CURRENT VALUES OF STATES FOR® NUMERICAL INTEGR.
0337 Y(1)=X4

0338 Y(2)=X2

0339 Y(3)=X3

0340 Y(4)=X4

0344 C INITIAL OLD STATES OF CONTROLLER INTEGRATORS.

0342 XS0LD=XS

0343 X60LD=X6

0344 C DETERMINE NO. OF OUTPUTS TO BE PRINTED (FULL OR REDUCED) AND
0345 C PRINT APPROPRIATE HEADING.

0346 IFCIVRTE .EQ.0) GO TO 32

0347 WRITE (6,541)

0348 GO TO 34

0349 32 WRITE(6,530)

0350 34 CONTINUE

0354 C SET UP NO. OF LINES OF OUTPUT PRINTED PER PAGE.

0352 IPR=0

0353 NPRMAX=60KX INPRIN

0354 NPR=0

0355 C COMPUTE VALUES OF VARIABLES USED FOR PRINTING.

0356 TINE=0.0

0357 X1P=X1

0358 Xep=X2

0359 TERP=TER

0360 VVELP=VVEL

0364 C PRINT FIRST LINE OF OUTPUT. IF MET=1,RESULTS ARE IN METRIC.
0362 WRITE(6,333)

0363 333 FORMAT (AHKXXRX)

0364 IF(MET.EQ.0) XiP=X1%9 5493

0365 IF (MET .EQ.0) OMPR=OMPRX9 5493

0366 IF(MET.EQ.0) EW=EWXS. 5493

0367 IF(MET.EQ.0) X2P=X2%0.73746

0368 TF(MET.FQ.0) TH=THX0. 73746

0369 IF (MET.EQ.0) VVELP=VVELX2.23714

0370 1F (MET .EQ.0) THRP=THRX0. 73746

0374 TF(MET.EQ.0) VSPR=VSPRX2.23714

0372 1F(MET.EQ.0) VERR=VERRX2.23714

0373 IF(TWRTE €Q.0) GO TO 34

0374 WRITE(6,542) TIME,X1P,OMPR,EW,X2P,PL,TBRP ,VVELP ,VSPR,VERR ,PD,X3,RS
0375 iP

0376 GO TO 37

0377 36 WRITE(6,532) TIME,XiP,0MPR,EW,X2P,TH,PL, TERP ,VVELP ,VSPR,VERR,PD,U,
0378 1X3,KkSP ,ER,FUEL,XS,X6

0779 37  CONTINUE

03R0 C INTTIALIZE VELOCITY SUM OF SQUARES AND AVER. FUEL CONSUMPTION.

0384 vsE=0.0
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FUAV=0 . 0
ENGER=0 .C
c ACAOK M KKK KK KKK KKK A KR KKK ROK K KKK AR KRR R KRR KRR KRR KKK
c
c REGIN SIMULATION,

G

DO S0 L=1,NL

NPR=NPR +1

JPR=JPR+4

LL=L+y

NV=4

PEDL=PL

PERFORM NUMERICAL INTEGRATION OF STATE EQNS. OVER CURRENT TIME INT
CALL NINCRHS,NV,T,DELT,Y)

INCREMENT TIME.

RL=L

TIME=RLXDELT

UPDATE STATES WITH RESULTS FROM NUMERICAL INTEGRATION.
Xi=Y(1)

X2=Y(2)

TFCY(3) .GT.RTHAX) Y(3)=RTMAX

1FCY(3) .LT.RTHIN) Y(3)=RTMIN

X3=Y(3)

COMPUTE NEW VEHICLE VELOCITY.
RLIM=PHIS(X3)

VVEL =RAXRWKRLIMXXS

CALCULATE CURRENT VALUES OF SYSTEM VARIABLES.
VSPR=VSP (T)

OMEGSP =WNEW

U=KCRX (RSP-RLIM)

OMPR=WNEW

EW=WNEW-X 1

ER=RSP-RLIM

TM=PHI3(PL,X1)

D=0 .5k (RHO/G ) KCDRKAX( (VVEL+VW (1) ) KX2)
IF((VW(1)+VVEL) .LT.0.0) D=-D

R=MUXWX (1 .0+1. 4E~3XVVEL+1 . 2E-SKVVELKVVEL.)
FUEL=PHI& (X4 ,PL)

THR=0. 0

IF(PD.LT.PIDLE) TBR=-(PD-PIDLE)XTBMAX

IS IT TIME TG PRINT AN OUTPUT?
IF(JPR.LT.INPRIN) GO TO 40

IF YES, COMPUTE PRINT VALUES, CONVERT UNITS IF REQUESTED, AND PRNT
X1P=X1

X2P=X2

TERP=TER

UVELP=VVEL

VROR=VSPR-VVEL

IFC(MET .EQ.0) XiP=X1%9. 5493

IF(MET .EQ.0) OMPR=OMPRX9 5493

IF(MET .EQ.0) EW=EWX9 .5493

IF(MET .EQ.0) X2P=X2X0.73746

IF(MET.FQ.0) TM=TMX0 73746

IF(MET .EQ.0) YVELP=VVELX2. 23714

IF(MET .EQ.0) TERP=TERX0. 73746

1F(MET .EQ.0) VUSPR=VSPR*2.23714
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1IF(MET.EQ.0) VROR=VRURX2.23714

IF(IWRTE.EQ.0) GO TO 38

WRITE(6,542) TIME,X1iP,0MPR,EM,X2P,PL,TBRF,VVELP ,VSPR,VROR ,PD,RLIN,
{RSP

GO TO 3%

WRITE(6,532) TIME,XiP,OMPR,EW,X2P,TH,PL, TERP,VVELP,VSPR,VROR,PD,U,
ARLIM,RSP,ER,FUEL,XT,X6

CONT INUE

JPR=0

CONT INUE

PRINT PAGE HEADING IF APPROPRIATE.

IFCIWRTE.EQ.0) GO TO 44

IF(NPR .EQ.NPRMAX) WRITE(&,541)

GO TO 42

IF (NPR.EQ.NPRMAX) WRITE(6,530)

CONTINVE

IF(NPR.EQ.NPRMAX) NPR=0

200500200 0 200 20 200 00 0 20 20 06 20 0C 200 20 200 20 20 200 20 00 200 00 000 20020 200 0 0 20 030 2000 200 0 AR R KK K K KK K K 20 KK K K K K 0 KK Kk K
COMPUTE OUTPUT OF PEDAL CONTROLLER.

VEL. ERROR IS BASED ON AN AVER OF PRESENT AND FUTURE VEL SET PTS.
VERR=( (USP (T+DELT)+VUSP(T)) /2. 0) -WEL

COMPUTE TNTFGRAL, PROP. AND TOTAL OUTPUT OF P1 CONTROLLER.
X6NEW=X60LD+KPDIKVERRADELT

PEDPRP=KPDPXVERR

PL=X6NEW+PEDPRP

ADJUST OUTPUT WITH ANTI-WIND/UP LOGIC.

IF(PL.LE.100.0) GO TO 2S

IF(PEDPRP.GE.100.0) GO TO 23

X6NEW=100 . 0-PEDPRP

G0 TO 25

X6NEW=X60LD

PEDPRP=100. 0~X6NEW

CONTINUE

PL=X6NEW+PEDPRP

FILTER PEDAL VARIATIONS.

PLNEW=PALPXPLOLD+(1 .~PALP)XPL

PL=PLNEW

PLOL D=PLNEW

PU=FL |

IF(PL.LT.PIDLE) PL=PIDLE

X60LD=X6NEW

X6=X6NEMW

COMPUTE THROTTLE POSITION USING GAIN EQUALIZER.

GO TO 28

IF(PL.GT.63.29) GO TO 26

IF(PL.GT.42.43) GO TO 27
IF(PL.GT.ZIDLE) GO TO 3%
G0 10 28

PL=4 . 087%PL-8.7

GO T0O 28
PL=0.29S%xPL +41 .33
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0488 GO TO 28
04R9? 31 PL =P,
0490 28 CONTINUE

0494 C RAOKACK IR RN NI R K KKK KRR KRN NKRR KKK RN K KK KKK
0492 C COMPUTE OUTPUT OF ENGINE SPEED CONTROLLER.

0493 C SAVE CURRENT RATIO SET POINT.

0494 RSPOLD=RSP

049 C COMPUTE INTEGRAL, PROP. AND TOTAL OUTPUT OF PI CONTROLLER.
0496 C USE NEG. OF ERROR SINCE RATIO AND ERROR VARY INVERSELY.
0497 C FILTER ENGINE SPEED SET POINT AND ENGINE SPEED.

0458 WNEW=WALPXWOLD+ (1. -WALP ) XPHIA(PL)

0499 WOLD=WNEW

0500 XANW=XALPXXALD+ (1 . =XALP)XX1

0504 XiLD=X1iNW

0502 XSNEW=XS0LD-KCEIX (WNEW-X4{NW)XDELT

0503 RSPROP=-KCEPX (WNEW-X1NW)

0504 RSP=aXSNEW+RSPROP

0505 C ADJUST OUTPUT WITH ANTI-WIND/UP LOGIC.

€S06 IF (RSP .GE.RSPMAX) GO TO 30

0507 IF (RSP .GT .RSPMIN) GO TO 35

0508 DIFFaXSNEW-XSOLD

0509 IF(DIFF.GT.0.0) GO TO 35S

0510 XSNEW=XSOLD

0514 RSP=RSPMIN

0542 GO 7O SS

0553 30 IF (RSPROP .GE .RSPMAX) GO TO 33

0514 XSNEW=RSPMAX~-RSPROP

0515 GO TO 3S

0516 33 XSNEW=XS0OLD
0517 35 CONTINUE

0518 RSP=XSNEW+REPROP

0519 GO TO S3

0520 C INHIBIT RATIO SET POINT CHANGE IF IT MAKES
0s24 C VEHICLE VELOCITY ERROR WORSE.

0522 SS IF(VERR) S1,52,52

0523 Si IF(RSP-RSPOLD) S3,54,54
0524 52 IF(RSP-RSPOLD) 54,53,53
0525 5S4 RSP=RSPOLD

0526 XSNEW=XSOLD

0s27 53 CONTINUE

0528 XSOLD=XSNEW

0S29 XS=XSNEW

0530 C J0K K 20000 0000020002000 2000 0 0202000000 2002020 20000000 20 2008 00 20206 202000 00 3020000 0K 20K 0K 0K 0K 0 K K ok
0531 C COMPUTE SUM OF SQUARES OF VEL AND ENGINE SPEED ERRNRS, AND
0532 C TOTAL FUEL CONSUMPTION.

0533 VSQ=VSQ+VERREVERRXDELT

0534 ENGER=ENGER+EWXEWXDELT

0S3S SO FUAV=F UAV+FUEL XDELT

0536 C COMPUTE VEL RMS ERROR, AND AVERAGE FUEL CONSUMPTION RATE.
0537 VRRMS=SQRT(VSQ/SIMPER)

0538 FUAV=FUAV/STHMPER

uS3% ENGER=SQRT (ENGER/SIMPEK)

0540 60 WRITE(6,533) VRRMS,FUAV,ENGER

05414 STOP

0542 END
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SURROUTINE NIN(GR,N,X,DX,Y)
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NUMERICAL TNTEGRATION SUBROUTINE. TMIS SUBROUTINE INTEGRATES THE
STATE EQUATIONS USING A VARIABLE STEP SIZE RUNGE-KUTTA ALGORITHM.
Gh=NAME OF SUBROUTINE WHICH COMPUTES CURRENT DERIVATIVES OF STATES
N=NO. OF EGNS. TO BE INTEGRATED.

X=CURRENT TInE.

DX=TIME STEP SIZE.

Y=VALUES OF STATES AT END OF INTEGRATION INTERVAL.

PSS T332 233330833383 ¢3 3383833833833 3¢3332883 3333 ¢ 3283338238284
DIMENSION S8¢15),YP(45),Y1(415) ,EC15;,Z(1%) ,XK(15,3),YMAX(1S),Y0(1%)
1,P0C4S),Y(1%) ,P(15)

DXMAX=DX

DXMIN=S 0E-4

ERRMIN=0.00000S

XF=X+DX

IF(DXMAX .EQ.DXMIN) GO TO 300

X0=X

IF(X)10,10,30

HY=XF

DO 20 1I=%1,N

YMAX(1)=ABS(Y(1))

H=WT

X=X0

H=X0+AMIN1 (H,DXMAX,DX)-X0

DN S0 I=4,N

YOCI)=Y(I)

CALL GR(Y,P,X,X0)

DO 60 I=4i,N

POCI)=PC(I)

Y(I)=YO0CI)+0 . .SKHXPO(I)

X=X0+0.SkH

caLl GR(Y,P,X,X0)

DO 80 1=4,N

S(I)=2 0XP(I)+POCI)

Y(I)=YO0(I)+0. SkHRP (1)

CALL GR(Y,P,X,X0)

DD 9U 1=4,N

S(I1)=2 . 0%P(1)+S(I)

Y(I)=YO0(I)+HXP (1)

X=X0+H4

CALL GR(Y,P,X,X0)

PO 100 I=4,N

YP(D)=YOCI)+HR(P(I)+S(1))/6.0

X=X0+0 . 2S%H

DD 120 I=4,N

YCIX=YO(T)+0 . 2SXHXPO(])

CALL GR(Y,P,X,X0)

DO 430 I=1,N

S(1)=2.0kP(I)+POCI)

Y(I)=Y0(I)+0 2SXHXP(I)

CALL GRCY,P,X,X0)

DO 140 I={,N

S(I)=2 0kP(I)+5(1)

YCID=Y0C(I )40 SkHXRP (D)

S o
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x=X()+0 SxH

CALL GR(Y,P,X,X0)?

LO 150 I=4,N
YI(D)=Y0I)+0 SXHX(P(I)+8(1)) /6.0
Y(I)=vidl)

CALL GR(Y,P,X,X0)

DO 160 I=3i,N

S(IN=P(I)
Y(I)=Y1C(1)+0.2S«HXP(I)
X=X0+0 .75S%xH

cal.L GRC(Y,P,X,X0)

DO 170 I=1,N

S(I)=2 0KP(T1)+S(I)
Y(I)sY4(1)+0 . 2SkMHXP(])
CaLlL GR(Y,P,X,X0)

DO 180 I=1,N
$(1)=2 . 0%xP(1)+5(1)
Y(I)=YL(I)+0 . SXHRP(I)
X=X0+H

CAiLL GR(Y,P,X,X0:

R=0.0

DO 190 I=i,N

YCI)mY4{ 124U . SRHX(P(I)+5(1))/6.0
ECII=(Y(I)=-YP(I)) /45 .0
2(1)=AMAX1 (YMAX(I) ,AKSKY(I3))
IFCZ(I) .EQ.0.0) GO TO 490
R=AMAX1 (R,ARS(E(I))/Z(1))
IF (ERRMIN-R) 185,190,190
IF(H-DXMIN) 190,190,270
CONTINUE

DO 200 I=i,N
Y(I)=Y(I)+ECD)
YMAXCID)=Z(T)

X0=X0+H

1F(XF-X0) 210,210,220
RETURN

IF (R-ERRriIN) 230,230,240
H=H+H

IF (XF-XU=-H) 250,250,440
HT=H

H=XF-X0

GO 70 40
H=AMAX] (U . S&xH,DXMIN)

DO 260 I=3 ,N

YP(I)=V4(1)

GO TO 110
KF=IF1X(DX/DXMAX)
H=DX/FLOAT(KF)

K=0

K=K+4

po 310 1=1,N

YOCI)=Y(I)

CaLl. GRCY,P,Xx, X0

X=x+0 .5%H

LO 230 J=,2
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DO 320 I=1,N

XK (I, T)mHRP (1)
Y(CI)=Y0(T)+0. ShXK(I,T)
CALL GR1Y,P,X,X0)
X=X+0 . SkH

DO 340 I=1,N
XK(1,3)=HaP (1)

Y(D =Y0(I)+XK(1,3)
CALL GRCY,P,X,X0)

DO 350 I=3,N

MAY , 1981

YCI)=Y0CI)+(XK(T,1)42 R(XK(I,2)+XK(],3))+HXP(I))/6.0

IF(K.LT.KF) GO TO 30S
X=XF

RETURN

END

FTNA COMPILER: HP92060-16092 REV. 2026 (800423)

X% NO WARNINGS %% nNO ERRORS xx

PROGRAM = 01725

COMMON

o=
=
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0668 SUBROUTINE RHS(X,XDOT,T,T0)

0669 C A T Tt L
0670 C THIS SUKROUTINE EVALUATES THE RIGHT HAND SIDE OF THE STATE EQNS.
0674 C IT IS CALLED FROM NIN.

0672 C X=CURRENT VALUES OF STATES.

0673 C XDOT=CURRENT VALUES OF DERIVATIVES OF STATES (SUBROUTINE OUTPUT).
0674 C T=CURRENT TIME.

0675 C TO= APPARENTLY NOT USED IN SUBROUTINE.

0676 C SKKKE KRR KKK KKK KRR KKK KRR KKK KK KRR KKK RRK KKK KKK KKK KKK K
0677 COMMON LL,PEDL,VW(504),UDC(2004",TBF,TBR,BETA(501),C(91),JE,TAUL,K
0678 ACK,BP ,KP KK, MP ,MT,MV,RA,RW,KA,KT ,RHO, G,CD, A,u, MU, KG,KPDI, TIMARR (20
0679 1017 ,DCP , TBMAX ,KCET , KCEP ,KPDP , RSP ,RNM1

0680 COMMON/CC/P IDLE , EL

0681 COMMON/DD/PD

0682 REAL JE,KA,KCR,KP,KR,KT,MP,MU,NT,MV,KG,KPDI,KCET ,KCEP ,KPDP

0683 COMMON/EB/ENGMAP (19,10) ,ENGSP (19) ,PEDPCT(40) ,FURATE(1%,10) ,PEDPOS(
0684 124),0PTSP(21) ,RTHIN,RTMAX

0685 DIMENSION X(15),XDOT(15)

0686 RLIM=PHIS(X(3))

0687 VVEL=RAKRWARL IMKX (1)

0688 PDAL=PEDL

0689 C LIMIT THROTTLE POSITION.

0690 IF(PDAL.GT.400.0) PDAL=100.0

06914 IF(PDAL .LT.PIDLE) PDAL=PIDLE

0692 C COMPUTE BRAKING TORQUE.

0693 TBR=0. 0

0694 IF(PD.LT.PIDLE) TBR=~(PD~P IDLE)XTEMAX

0695 TEF=TBR

0696 XDOT(£)=(X(2)-MTXRLIMK(PHI 1 (VVEL ,VW (1)) +PHI2(TER ,TBF ,BETA(1))%(RA
0697 LXRWKX (AKX (1))))/ (JE+MTRRLINKRL IMKRAXRY )

0698 XDOT(2)=-(X(2)~PHI3(PDAL,X (1)) /TAUL

0699 XDOT(3)=X{4)

0700 IFC(X(3) .EQ.RTMAX) .AND . (XDOT(3) .GT.0.0)) XDOT(3)=0.0

0704 IF((X(3) . EQ.RTHIN) .AND. (XDOT(3) .LT.0.0)) XDOT(3)=0.0

0702 XDOT (4) == (EPXX(4)+KPXRLIM-KRXKGXKCRX(RSP-RLIM))/MP

0703 RETURN

0704 END

FTN4 COMPILER: HP?2060-16092 REV. 2026 (800423)

XX NO WARNlMLs XX NO ERRORS X% PROGRAM = 00368 COMNMON

10253
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0705 REAL FUNCTION PHIL(VEL,VELW)

0706 C FOOKKIORK KKK KKK K KR IR KKK K AOKK KKK KKK KKK K K KKK R AR
0707 C THIS FUNCT1ON HAS A VALUE WHICH CONTAINS THE EFFECTS OF DRAG AND
0708 C ROLLING RESISTANCE ON THE VEHICLE. IT APPEARS IN THE X3DAT EQN.
0709 C AND IS CALLED BY RHS.

07i0 C VEL = VEHICLE VELOCITY.

0711 C VELW=WIND VELOCITY.

0742 C OO KRR KKK IR KK AR IO KKK KKK KKK KRR KRR AR KKK
0713 COMMON LL,PEDL,VW(5064),VDC(2004),TEF,TKR, KETA(501),C(91),JE,TAUL ,K
0714 $CR,BP ,KP KR ,MP ,MT ,MV,RA,RW,KA,KT,RHO,G,CD,A,W,MU,KG,KPDI, TIMARR(20
0715 101),DCP, TBMAX,KCE1 ,KCEP ,KPDP RSP ,RNM1

0716 COMMON/CC/P IDLE ,VVEL '

0747 REAL JE,KA,KCR,KP,KR,KT,MP,MU,MT,MV,KG,KPDI,KCEI,KCEP ,KPDP

0748 COMMON/AA/T

0719 C COMPUTE DRAG FORCE.

0720 DEE=0.5S&(RHO/G)XCDXAX( (VEL+VELW) XX2)

0721 IF ((VEL+VELW) .LT.0.0) DEE=-DEE

0722 C COMPUTE ROLLING RESISTANCE.

0723 RR=MUXWK (L 0+(1 . AE-3)XVEL+(1.2E~-5)XVELKVEL)

0724 PHI{=(RAKRWK(DEE+RR ) )/ (HTXKAKKT)

0725 RETURN

0726 END

FTNA COMPTLER: HPP2060-16092 REV. 2026 (800423)

XX NO WARNINGS xx n~n0O ERRORS xx PROGRAM = 00124 COMMON = 10253
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0727 REAL FUNCTION PH12(RET,FBT,ANGLE)

0728 C ORI IR K K AKHOOK KKK KKK K KK HOKAOK I KKK KKK KRR AR KK
0729 C TH1S FUNCTION HAS A VALUE WHICH CONTAINS THE EFFECTS OF BRAKING
0730 C TOROUE AND GRADE ON THE VEHICLE. IT APPEARS IN THE X3DOT EGN.,
6734 C AND IS CALLED RY KHS.

0732 C RET=REAR ERAKING TORQUE (BOTH WHEELS).

6733 C FET=FRONT BRAKING TORQUE (KOTH WHEELS) .

0734 C ANGLE=GRADE ANGLE .

0735 C FRRRRKIK AR K KA IORK KK IKKHIORK K KRR KRR KKK KKK KR KHORK KKK
0736 COMMON LL,PEDL,VW(501),UDC(2001) ,TEF,TBR,BETA(S01),C(91),JE,TAUL,K
0737 1CR,BP ,KP KR ,MP ,MT ,MV,RA,RW,KA,KT,RHD,G,CD,A,W,MU,KG,KPDT, TIMARR(20
0738 101),DCP, TRMAX ,KCEI,KCEP ,KPDP ,RSP ,RNM1

0739 COMMON/CC/PIDLE ,VVEL

0740 REAL JE,KA,KCR,KP,KR,KT,MP,MU,MT,MV,KG,KPDI,KCEI,KCEP ,KPDP

0744 COMMON/AA/ T

0742 PHI2=RAX (RBT+FBT+RWAWKSINCANGLE) )/ (MTRKAXKT)

0743 RETURN

0744 END

FTNA COMPILER: HP92060-16092 REV. 2026 (800423)

XX NO WARNINGS xx NC ERRORS x*xx PROGRAM = 00057 COMMON = 102%3
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REAL FUNCTION PHI3(PEDAL,ESPEED)

HKK R AR KKK K AR I ORI KKK KKK KR RO AOKK KKK KKK RO KKK
THIS FUNCTION EQUALS THE STEADY STATE ENGINE TORQUE DEVELOPED FOR
A GIVEN ENGINE SPEED AND PEDAL POSITION. IT IS CALLED BY RHS AND
NIN.

PEDAL = PEDAL POSITION.

ESPEED = ENGINE SPEED.

XK KKK AR IR IOR KKK KK AR KRR KKK KKK KK KRR
COMMON/CC/PIDLE , VVEL

COMMON/RB/FNGMAP (19,10) ,ENGSP (19) ,PEDPCT(10) ,FURATE(19,10) ,PEDPOS(
121),0PTSF(21) ,RTMIN,RTMAX

FORMAT(1H0 ,26HPHI3 ARGUMENT OUT OF RANGE,SX,2F10.4)

SAVE VALUE OF PEDAL

PLL=PEDAL

LINIT THE PEDAL .

IF(PEDAL .GT.100.0) PEDAL=400.0

1F(PEDAL .LT.PIDLE) PEDAL=PIDLE

FIND THE INDJCES OF THE VALUES IN THE ENG. SPEED ARRAY WHICH
ERACKET THE ACTUAL ENGINE SPEED.

IMIN={

DO S 1=1,19

IF(ESPEED .GE .ENGSP (1)) IMIN=I

IF(ESPEED.LE .ENGSP (1)) GO TQ 7

CONT INUE

INAX=IMIN+1

IF(IMAX.GE.19) IMAX=39

IF (IMAX.EQ. TMIN) IMIN=IMIN-1

FIND THE INDICES OF THE VALUES IN THE PEDAL PERCENT ARRAY WHICH
KRACKET THE ACTUAL PEDAL POSITION.

IMIN=1

DO 1S J=1,40

IF (PEDAL .GE .PEDPCT(J)) JIMIN=J

IF(PED&L.LE .PEDPCT(J)) GO TO 17

CONTINUE

THAX=THIN+4

IF(JMAX.GE.10) JMAX=10

IF(IMAX . EQ. JHIN) JNIN=JMIN-1

INTERPOLATE TO FIND THE TORQUES CORRESPONDING TO THE BRACKETING
VALUES OF PEDAL. AND THE ACTUAL ENGINE SPEED.

TLOWP=( (ESPEED—ENGSP (IMIN) ) XENGMAP ( IMAX , THTN) + (ENGSP ( IMAX ) ~ESPEED)
1XENGMAP (IMIN, JHIN) )/ (ENGSP ¢ IMAX) -ENGSP ( TRIN) )

THIGHP=( (ESPEED-ENGSP ( IMIN) ) XENGMAP ( IMAX , JMAX ) + (ENGSP ( IMAX) -ESPEED
1) XENGMAP (TMTN, JMAX) »/ (ENGSP ( IMAX) ~ENGSP ( THIN) )

INTERPOLATE BETWEEN THE ABOVE TORQUES TO FIND THE TORQUE
CORRESPONDING TO THE ACTUAL PEDAL POSITION.

PHI3=( (PEDAL-PEDPCT (JMIN) )XTHIGHP+(PEDPCT(JMAX)~PEDAL) X TLOWP )/ (PED
1PCTCIMAX) -PEDPCT(ININD)

RESTORE VALUE OF PEDAL

PEDAL=PLL

RETURN

END

FTN4 COMPILER: HP92060-16092 REV. 2026 (800423)
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REAL FUNCTION PHIA4(PEDAL)

RXORKIIK KKK K KKK KKK KKK KKK KKK KK KKK KK K KKK
THIS FUNCTION COMPUTES THE ENGINE SPEED SET POINT FOR MIN FUEL
CONSUMPTION FOR A GIVEN PEDAL POSITION. IT IS CALLED BY MAIN.
PEDAL = PEDAL POSITION.

KKK KKK KRR KRR KIK A KRR KKK KK KA KAOOK KRR KKK KKK KKK KR KKK
COMMON/CC/P 1DLE , VVEL

COMMON/RB/ENGMAP (15,10) ,ENGSP (1) ,PEDPCT(10) ,FURATE(19,10) ,PEDPOS(
121),0PTSP (21) ,RTMIN,RTHAX

LIMIT THE PEDAL.-

PEDLL=PEDAL

IF(PEDAL .LT.PIDLE) PEDLL=PIDLE

FIND THE INDICES OF THE VALUES IN THE PEDAL PERCENT ARRAY WHICH
BRACKET THE ACTUAL PEDAL PERCENT.

IMIN=1

DO S I=1,21%

1F (PEDLL .GE .PEDPOS(I)) IMIN=I

IF(PEDLL.LE.PEDPOS(1)) GO TO ?

CONTINUE

TMAX=IMIN+1

IFCIMAX.GE.21) IMAX=21

IFCIMAX .EQ. IMIN) IMINSIMIN-4

INTERPOLATE TO FIND THE ENGINE SPEED SET PT. CORRESPONDING TO THE
ACTUAL PEDAL .

PHI4=( (PEDLL-PEDPOS(IMIN) )XOPTSP ( IMAX)+(PEDPOS(IMAX)—PEDLL)XOP TSP (
1 IMIN) )/ (PEDPOS( IMAX)~PEDPOS (ININ))

RETURN

END

FTN4A COMPILER: HP?2060-16092 REV. 2026 (800423)

Xk  NO WARNINGS %% NO ERRORS x%xx PROGRAM = 00158 COnMON = 00000
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KEAL FUNCTION PHIS(RHAT)

FRROK R KK K0 0 00 300 000020000300 K KKK KKK KK 0K AR KR KKK K OK K KKK KKK K KK
THIS FUNCTION LIM1TS THE TRANGMISSION RAT10. 17 IS CALLED RY

MATN AND RHS.

KHAT=UNILINITED RATIO VALUE.

20K AOKKKOR A RO K KKK KK R NOK K 0K ORI AOR KRR R AR AR R K BOR KRR KKK KRR KKK
COMMON/BEB/ENGMAP (15 ,10) ,ENGSP (1%) ,PEDPCT(410) ,FURATE(19,10) ,FPEDPOS(
121),0PTSP(24) ,RTMIN,RTMAX

PHIS=RHAT

IF(RTMIN.GT.RHAT) PHIS=RTMIN

IF(PHIS . GT.RTHAX) PHIS=RTMAX

RETURN

END

FTN4 COMPILER: HP?2060-16092 REV. 2036 (800423)

Xk NO WARNINGS %% NO ERRORS Xxx PROGRAM = (0033 cCOoMMON = 00000
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REAL FUNCTINN PHI&(ESFFEDL,PEDAL)

KKK KK IO IR KKK I KK KK IOK K KKK KK KKK R KRR KK KKK KKK
TH1S FUNCTION EQUALS THE FUEL CONSUMPTION RATE FOR A GIVEN

ENGINE SPEED AND PEDAL POSITION. IT IS CALLED BY MATN.
ESPEED=ENGINE SPEED. PEDAL=PEDAL POSITIUN.

KRNI KK IO KKK IR KRR KO K IR KKK KK KKK K
COMMON/CC/F IDLE , VVEL

COMMON/BR/ENGMAP (19,10) ,ENGSP (19) ,PEDPCT(10) ,FURATE(1%9,10) ,PEDPOS(
121) ,0PTSP (21) ,RTMIN,RTHAX

PEDLL=PEDAL

LINIT PEDAL.

IF(PEDAL .LT.PIDLE) PEDLL=PIDLE

FIND THE INDICES OF THE VALUES IN THE ENGINE SFEED ARRAY WHICH
BRACKET THE ACTUAL ENGINE SPEED.

IMIN=1

PO S I=1,19

IF(FSPEED.GE .ENGSP(X)) IMIN=I

IF (ESPEED.LE.ENGSP(I)) GO TO 7

CONTINUE

THAX=IMIN+A

IFC(INAX.GE.19) IMAX=L9

IF(IMNAX.EQ. IMIN) IMIN® IMIN-1

FIND THE INDICES OF THE VALUES IN THE PEDAL PERCENT ARRAY WHICH
BRACKET THE ACTUAL PEDAL PERCENT.

ININ=1

PO 1S J=1,30

IF (PEDLL . GE .PEDPCT(J)) JMIN=J

IF(PEDLL .LE .PEDPCT(J)) GO TO 17

CONTINUE

ThaX=JMIN+1

IFCIMAX . GE.10) JMAX=i0

IFCIMAX . EQ. TMIN) JMIN=IMIN-1

INTERPOLATE TO FIND THE FUEL RATE CORRESPONDING TO THE BRACKETING
VALUES OF ENGINE SPEED AND THE ACTUAL ENGINE SPEED.

FLOWP=( (ESPEED-ENGSP ( ININ) ) XFURATE ( IMAX, IMIN) + (ENGSP ( IMAX) ~ESPEED)
L XFURATE (IHIN, TMIN) )/ CENGSP ( IMAX) —ENGSP (IMIN) )

FHIGHP=( (ESPEED-ENGSP ( TMIN) )XFURATE (IMAX, JMAX )+ (ENGSP ( IMAX ) -~ESFEED
1)XFURATE (IMIN, TMAX) )/ CENGSP ( IMAX ) ~ENGSP ( IMIN) )

INTEKPOLATE 10 FIND THE FUEL RATE CORRESPONDING 10 THE ACTUAL
PEDAL POSITION.

PHT 62 ( (PEDLL=-PEDPCT (JMIN) )XFHIGHP +(PEDPCT (JMAX)~PEDLL ) %FLOWR) / (PED
LPCT (IMAX)-PEDPCT(IMIN))

RETURN

END

FTN4 COMPILER: HP92060-16092 REV. 2026 (800423)

X% NO WARNINGS k%% NO ERRORS xx PROGRAM = 00345 COmmON = (oO00C
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o000 00

REAL FUNCTION VSP(TIME)

AOKOKKOK KKK KKK KKK 20K K KKK 0 0K 0 0K 0 KK K KK KK KR KR KKK KR KRR KX K

THIS FUNCTION EQUALS THE DRIVING CYCLE VELOCITY CORRESPONDING 10

A GTVEN TIME. 1IT7 IS CALLED BY MAIN.

TIME=CURRENT TIME. VDC(I1)=ARRAY OF DRIVING CYCLE
VELOCITIES.

P33T ICTRT 839338933338 83333333¢88838 e itedsstisdsasess sty

COMMON LL,PEDL ,VW(S04),VDC(2001) ,TBF,TBR,BETA(S01) ,C(94) ,JE,TAUL ,K

LCR,BP ,KP KR, MF,MT, NV, RA,RW, KA, KT ,RHO,G,CD,A,W,MU,KG,KPDI, TIMARRC 20
101> ,DCP , TBMAX ,KCEI,KCEP ,KPDP ,RSP ,RNM1

COMMON/CC/P1DLE , VVEL

REAL JE,KA,KCR,KP,KR,KT,HP,MU,MT,MV,KG,KPDI,KCEI ,KCEP ,KPDP

FIND THE INDEX OF THE VALUE IN THE TIMARR ARRAY WHICH CORRESPONDS
TO CURRENT TTHE.

I=IFIXC(TIMEXRNML/DCP)+4

J=I+1

TMIN=TIMARR(I)

TMAX=TIMARR(J)

INTERPOLATE TO FIND VELOCITY CORRESPONDING TO CURRENT TIME.

VSP=( (TINE=THIN) KUDC(J )+ (THAX-TIME ) XVDC (1) )/ THAX=THIN) '
RETURN

END

FTN4 COMPILER: HP?2060-16092 REV. 2026 (800423)

XX  NO WARNINGS xX%X N0 ERRURE XX PROGRAM = 00098 COMMON = 10253



APPENDIX D: ANTI WINDUP ALGORITHM

Whenever a controller contains an integral term and the
actuator it is driving can limit (in one or both directions),
there is the possibility that the integrator will "wind-up".

In particular, if the actuator is driven to a limit and the
error is not zero, the integrator will continue to increase its
output even though no further reduction in the error is possible.
If this continues for long enough, the integrator saturates or
“winds-up". If the error then changes sign (e.g. the set point
is changed) the actuator will not irmmediately respond to
decrease the error because the saturated integrator is keeping
it at its limit. This tyoe of windup can cause instability and
precautions must be taken to prevent it.

A common approach, and the one adopted here, is to prevent
the integral term from further integration if the actuator is at
a limit and the error is such that it would tend to windup the
integrator. Since the controllers used in this work also con-
tain proportional terms, additional logic is added to account
for the interaction of these two parts of the control algorithm.
Finally, because there are slight differences between the
throttle and engine speed controller logics, a separate flow

chart for each is included.

-85-
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ENTER

Compute new integral and proportional parts
of engine speed controller output based on
current engine speed error. Sum these two

parts to get new ratio set point.

Is ratjo set point such that it would
ne cause actual ratio to reach or exceed
its upper limit?

yes
Is ratio set point Will just the proportional part
such that it would no of the ratio set point cause the
cause actual ratio e actual ratio to reach or exceed

. to reach or go be- its upper limit?

low its lower limit? no
Set integral part of ratio
yes set point to a value which
will produce a ratio set
point which will put actual

ratic at its max value. yes

v v
Is the change in the Reset integral part of
integrator portion of ratio set point to old
the ratio set point yes value (no change in in-
such that it will tend ’ tegral part).
to bring the actual
ratio off the limit? iﬁ

no v

Recompute ratio set point.

Reset integral part of
ratio set point to old
value.

Set ratio set point

value which will put

actual ratio at lower
limit.

EXIT

e

Figure D1 Engine Speed Controller Anti-Windup Logic



w87=

ENTER

Compute new integral and proportional
parts of throttle controller output
based on curreant velocity error.

v
Compute new pedal position
(sum of above terms)

no v

Is pedal greater than 10022

yes

A 4
Is proportional part of pedal no
greater than 100%?

Set integral portion to

yes a value which will pro-
v duce a pedal of 100Z.

Reset throttle controller

integrator to old value.

Set proportional nart to
a value which will produce
a pedal of 100Z.

Compute new pedal position.

EXIT

Figure D2 Throttle Controller Anti-Windup Logic
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