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(57) Abstract: This invention pertains to the field of power transmission. Machines using a power transmission mechanism for trans-
mission of the mechanical power produced by a source (engine (2), electric motor, pneumatic and hydraulic pump) to another compo-
nent of the machine (wheel (21), electric motor, electric generator, pneumatic and hydraulic pump) through multiple transmission paths
(different gear ratios (14), (15)) are subjects of this invention. It is disclosed that control of a switching from one power transmission
path to another is done in a manner involving simultaneous load transfer and speed synchronization rather than sequential performance
of'these two functions, and the resulting method developed in the invention leads to switching operations that produce less disturbance
at the input of the said component. The said method is applied to the problem of controlling gearshifts in automatic transmissions of

[Continued on next page]



WO 2018/136773 A1 { NI/ 000

SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

ground vehicles.



WO 2018/136773 PCT/US2018/014478

A SYSTEM AND METHOD FOR SIMULTANEOUS LOAD TRANSFER AND
SPEED SYNCHRONIZATION IN GEARSHIFTS INVOLVING MULTIPLE
ACTIVELY CONTROLLED CLUTCHES IN AUTOMATIC TRANSMISSIONS

Related Application

[0001] This application claims the filing benefit of U.S. Provisional Patent
Application No. 62/448,101 filed on January 19, 2017, the disclosure of which is expressly

incorporated by reference herein in its entirety.

Technical Field

[0002] This invention relates generally to the field of power transmission and more

particularly to a method of control of stepped automatic transmissions having multiple paths

for power transmission.

Background

[0003] To propel or perform a useful action, often one needs to rely on machines that
consist of a power source that produces mechanical power, quantified in terms of its
torque/force production and its speed, and a power-transmission mechanism to transmit this
power to a loading element that requires this power to sustain its operation. The power
consumed in this operation is quantified by the input torque/force required by the loading
element to sustain its speed of operation. The power source may be an internal combustion
engine, an electric motor, a hydraulic motor, an pneumatic pump, or other means of storing
(and releasing) energy such as springs-, accumulators-, compressed air-based systems, etc., or
combination of these. The loading element may be an inertial load in the case of a propulsion

system or a resistive load in the case of electricity generation system.

[0004] While transmitting the mechanical power from the power source to the loading
element, the power-transmission mechanism operates to maximize the efficiency of the
power source and quality of loading element operation. These specifications are often
difficult to fulfill simultaneously, requiring a need for choosing the best power-transmission
path (option) out of all the available power-transmission paths (options). The action of
switching from one power transmission path to another is termed as shifting, and is achieved
by actuation of power-transmitting devices, which provide necessary reaction torques/forces
for the transmission of the mechanical effort produced by the power source. In case of an

automotive transmission, this switching between various power transmission paths is termed
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as garage shifts or gearshifts, the difference being that in garage shifts, the gear ratio remains
unchanged before and after the shift, which is not the case for a gearshift. The power-
transmitting devices may be clutches, which are often actuated hydraulically, however,
examples of electromagnetic actuations are increasingly seen. The gear ratio is a measure of

mechanical advantage. Every power transmission mechanism has such a measure.

[0005] Often during the production of mechanical power by the power source or
consumption of that power by the loading element mechanical, vibrations are generated that
are detrimental to the quality of loading element operation and life of mechanical elements in
the machine. In order to dampen out these mechanical vibrations and serve other features, a
vibration isolation device may be employed. In dual clutch transmissions, these could be
mechanical spring-mass dampers or flywheel-based dampers. Planetary automatic
transmissions achieve this hydraulically by using a torque converter, which in addition to
providing the vibration isolation function, also provides multiplication of torque from the

engine to the transmission input shaft.

[0006] Stepped automatic transmissions offer a finite number of gear ratios to best
match varying load demand with engine performance. Current practice in controlling clutch-
to-clutch shifts in stepped automatic transmissions requires separating the load (torque)
transfer phase and the speed synchronization phase. The two phases are also known as torque
phase and inertia phase, and will be henceforth referred to thus. In up-shifts, for example,
from the first to the second gear, the ratio of the engine speed to the vehicle speed decreases,
and the ratio of the torque transmitted to the vehicle to the engine torque decreases at the
conclusion of the shift. Because the vehicle speed typically does not change much during the
shift, the engine speed drops during an upshift, the speed change occurring during the speed

synchronization phase.

[0007] In recent years, clutch-to-clutch gearshifts have increasingly depended on
electronic coordination of torque transfer and speed adjustment of two actively-controlled
clutches, rather than mechanical design features which in the past required only one actively
controlled clutch. In power-on upshifts, the torque phase occurs first and, during this phase,
the oncoming clutch torque is increased and the offgoing clutch torque is decreased so that
the transmitted torque is transferred gradually from the offgoing clutch to the oncoming

clutch. During the torque phase, the offgoing clutch remains locked, inhibiting significant
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speed changes of the transmission input speed. Much of torque phase control is done open
loop in the absence of torque sensors in transmissions and hence real-time torque feedback.
At the end of this phase, the offgoing clutch is transmitting no torque, and starts slipping. The
oncoming clutch is then carrying all of the transmitted torque, and is also slipping as the
transmission input speed adjustment has not taken place yet. The inertia phase is next where
the transmission input speed is synchronized with the oncoming clutch speed by
appropriately adjusting the torque on the oncoming clutch. In the case of upshifts, the
transmission input speed is higher and is decreased by the oncoming clutch torque until the
speed is synchronized. Because transmission input speed is sensed in production
transmissions, inertia phase control is usually based upon feedback of speed and comparison
with a desired speed trajectory. During power-on downshifts, the sequencing of the two

phases is reversed, with the inertia phase occurring before the torque phase.

[0008] The sequential nature of the two shifts results from depending on friction
devices for torque transmission and intentionally separating the torque phase of the shift from
the inertia phase. Friction devices operate very differently when they are slipping as
compared to when they are locked. In the former (slipping) case, the torque transmitted by
the friction device depends on the clutch pressure, clutch geometry and friction
characteristics, and the clutch slip speed. In the latter (locked) case, the mating clutch plates
move together and the transmitted torque depends on this motion as well as the load
mechanical characteristics. Importantly, the transmitted torque does not depend on the clutch
pressure for such clutches, as long as the capacity of the clutch to transmit torque exceeds the

torque needed to sustain the load motion.

[0009] The use of friction devices to control shifts, and the fact that one of the
clutches is in the locked mode during the torque phase, simplifies the control of the torque
phase in the sense that the only variable being controlled is the torque being transferred.
Accurately controlling the transfer of torque, however, is hindered by the absence of real-
time torque feedback, resulting in open loop control. Similarly, during the inertia phase, both
clutches are slipping but one of the clutches is not transmitting torque. The only variable
usually being controlled then is the speed of the other clutch, which can be controlled
accurately because it is based upon feedback of the controlled speed or clutch slip speed.
Consequently, the conventional mode of clutch-to-clutch shift control during shifts leads to

relative ease of control because only one variable is actively controlled at any one time.
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[00010] The conventional mode of clutch control during shifts results usually in longer
shift duration because of the sequencing of the torque phase and inertia phase. Shortening the
duration of the shift by shortening either or both the torque and inertia phases while using the
conventional mode of shift control would result in a harsher shift. The nature of the
transmission output torque transient occurring during the shift depends on the engine torque
variation during the shift. If the engine torque does not change much during an upshift, there
is a drop in the transmission output torque followed by a rise and a subsequent fall in the
torque, well-known as the “torque hole” phenomenon. Engine torque management during the
shift can change this transient, and is commonly employed as part of an integrated powertrain
control approach to improving shift performance by softening the output torque transient
during the inertia phase. However, such engine torque management for improving shift
quality compromises other objectives of engine torque management such as efficiency and
emission control. The basic limitation that results from sequencing of the torque and inertia
phases remains unchanged and ultimately limits the achievable improvement in overall

powertrain performance.

Summary

[00011] According to one embodiment of the invention, a method for simultaneously
controlling transfer of load and synchronization of speed between actively controlled power
transmitting devices during a gearshift in a stepped automatic transmission connected to a
loading element, and acted upon by a transmission input torque trajectory is disclosed. In one
embodiment, the method comprises specifying an h' rate of change of a transmission input
speed trajectory having n-h input parameters, where h is a nonnegative integer, n is a positive
integer, and n-h > 0. When h > 0, integrating the h'" rate of change of the transmission input
speed trajectory h times to calculate the transmission input speed trajectory and remaining h
input parameters as constants of integration, so that a total number of input parameters
associated with the transmission input speed trajectory is n. Specifying a q® rate of change of
a loading element input torque trajectory having m-q output parameters, where q is a
nonnegative integer, m is a positive integer, and m-q > 0. When q > 0, integrating the ™ rate
of change of the loading element input torque trajectory q times to calculate the loading
element input torque trajectory and remaining g output parameters as constants of integration,
so that a total number of output parameters associated with the loading element input torque

trajectory is m. Calculating a loading element velocity trajectory based on the loading
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element input torque trajectory. Calculating a transmission output speed trajectory based on
the loading element input torque trajectory and the loading element velocity trajectory.
Differentiating the transmission output speed trajectory to calculate a transmission output
acceleration trajectory. Calculating a power transmitting device torque trajectory for each of
the transmitting devices based on the transmission output acceleration trajectory, the loading
element input torque trajectory, a transmission input acceleration trajectory, and the
transmission input torque trajectory. Calculating a power transmitting device speed trajectory
for each of the transmitting devices based on the transmission input speed trajectory and the
transmission output speed trajectory. Assigning numerical values to a subset of the n input
and m output parameters, the subset including m+n-p parameters, where p is a nonnegative
integer less than m-+n. Calculating numerical values for remaining p parameters, which were
not included in the subset of n input and m output parameters receiving assigned numerical
values, by satisfying p constraints on initial values of the loading element input torque
trajectory, the first rate of change of the loading element input torque trajectory with respect
to time, initial value of the transmission input speed trajectory, and initial and final values of
the torque and speed trajectories of selected power transmitting devices. Calculating the
torque and speed trajectories of the power transmitting devices using the numerical values of
the m+n parameters. Controlling the power transmitting devices in a manner prescribed by

the torque and speed trajectories during a gearshift.

[00012] In one aspect the method further comprises differentiating the power
transmitting device speed trajectory for selected power transmitting devices to calculate a
power transmitting device acceleration trajectory for the selected power transmitting devices.
Unassigning numerical values for k parameters, where k is a positive integer and p+k < m+n.
Wherein the step of calculating numerical values further includes calculating numerical
values for k more parameters by satisfying k more constraints on initial and final values of
power transmitting device acceleration trajectories for the selected power transmitting

devices.

[00013] In another aspect of the method, the loading element is an automotive vehicle,
the stepped automatic transmission is a dual clutch transmission, the power transmitting
devices are clutches, and a constant source torque produced by an internal combustion
engine, another prime mover, or a combination thereof is transmitted by a vibration isolation

device to produce a transmission input torque, and the method further comprises calculating
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the transmission input torque trajectory based on the transmission input speed trajectory and

the source torque.

[00014] In yet another aspect of the method the loading element is an automotive
vehicle, the stepped automatic transmission is a dual clutch transmission, the power
transmitting devices are clutches, and a source torque produced by a power source is
transmitted by a vibration isolation device to produce a transmission input torque, and the
method further comprises specifying a r' rate of change of a source speed trajectory, where r
is a nonnegative integer. If r > 0, integrating the ' rate of change of the source speed
trajectory r times to calculate the source speed trajectory and r+1 times to calculate a source
position trajectory. Unassigning numerical values for m-4 parameters out of the already
assigned m+n-p parameters, and assigning numerical values to a subset of the m output
parameters, the subset including m-3 parameters. Integrating the transmission output speed
trajectory to calculate a transmission output position trajectory. Calculating a final value of
the transmission output position trajectory. Calculating a final value of the transmission
output speed trajectory. Calculating a final value of the transmission input speed trajectory
based on a current gear ratio and the final value of the transmission output speed trajectory.
Calculating a final value of the transmission input position trajectory based on the current
gear ratio and the final value of the transmission output position trajectory. Calculating a final
value of the transmission input torque trajectory based on the final value of the source
position trajectory, the source speed trajectory, the transmission input speed trajectory, and
the transmission input position trajectory. Wherein the step of calculating numerical values
further includes calculating a numerical value of one more parameter by satisfying an
additional constraint on final value of the driveshaft torque trajectory. Calculating a vibration
isolation device input torque trajectory based on the source position trajectory, the source
speed trajectory, the transmission input speed trajectory, and the transmission input position
trajectory. Calculating a source torque trajectory based on the source speed trajectory and the
vibration isolation device input torque trajectory. Controlling the power source in a manner

prescribed by the source torque trajectory and the source speed trajectory during a gearshift.

[00015] In yet another aspect of the method the loading element is an automotive
vehicle, the stepped automatic transmission is a planetary automatic transmission, the power
transmitting devices are clutches, and a source torque produced by power source is

transmitted by a torque converter to produce a transmission input torque, the method further
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comprises specifying a r rate of change of a source speed trajectory, where r is a
nonnegative integer. If r > 0, integrating the r'" rate of change of the source speed trajectory r
times to calculate the source speed trajectory. Unassigning numerical values for m-4
parameters out of the already assigned m-+n-p parameters, and assigning numerical values to
a subset of the m output parameters, the subset including m-3 parameters. Calculating a final
value of the transmission output speed trajectory. Calculating a final value of the transmission
input speed trajectory based on a current gear ratio and the final value of the transmission
output speed trajectory. Calculating a final value of the transmission input torque trajectory
based on the final value of the source speed trajectory and the transmission input speed
trajectory. Wherein the step of calculating numerical values further includes calculating a
numerical value of one more parameter by satisfying an additional constraint on final value of
the driveshaft torque trajectory. Calculating a torque converter input torque trajectory based
on the source speed trajectory and the transmission input speed trajectory. Calculating a
source torque trajectory using the source speed trajectory and the torque converter input
torque trajectory. Controlling the power source in a manner prescribed by the source torque

trajectory and the source speed trajectory during a gearshift.

[00016] In one aspect of the method wherein the clutches are hydraulically powered,
the hydraulically powered clutches being controllable by commanding solenoid valves, and
the method further comprises calculating reference clutch pressure trajectories by using the
power transmitting device torque trajectories. Calculating commands for the solenoid valves
based on the reference clutch pressure trajectories. Controlling the solenoid valves in a

manner specified by these calculate commands.

[00017] In another embodiment of the invention, a controller for simultaneously
controlling transfer of load and synchronization of speed between actively controlled power
transmitting devices during a gearshift in a stepped automatic transmission connected to a
loading element, and acted upon by a transmission input torque trajectory is disclosed. The
controller is configured to specify an h? rate of change of a transmission input speed
trajectory having n-h input parameters, where h is a nonnegative integer, n is a positive
integer, and n-h > 0; when h > 0, integrate the h™ rate of change of the transmission input
speed trajectory h times to calculate the transmission input speed trajectory and remaining h
input parameters as constants of integration, so that a total number of input parameters

associated with the transmission input speed trajectory is n; specify a " rate of change of a
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loading element input torque trajectory having m-q output parameters, where q is a
nonnegative integer, m is a positive integer, and m-q > 0; when ¢ > 0, integrate the g rate of
change of the loading element input torque trajectory q times to calculate the loading element
input torque trajectory and remaining q output parameters as constants of integration, so that
a total number of output parameters associated with the loading element input torque
trajectory is m; calculate a loading element velocity trajectory based on the loading element
input torque trajectory; calculate a transmission output speed trajectory based on the loading
element input torque trajectory and the loading element velocity trajectory; differentiate the
transmission output speed trajectory to calculate a transmission output acceleration trajectory;
calculate a power transmitting device torque trajectory for each of the transmitting devices
based on the transmission output acceleration trajectory, the loading element input torque
trajectory, a transmission input acceleration trajectory, and the transmission input torque
trajectory; calculate a power transmitting device speed trajectory for each of the transmitting
devices based on the transmission input speed trajectory and the transmission output speed
trajectory; assign numerical values to a subset of the n input and m output parameters, the
subset including m+n-p parameters, where p is a nonnegative integer less than m+n; calculate
numerical values for remaining p parameters, which were not included in the subset of n
input and m output parameters receiving assigned numerical values, by satisfying p
constraints on initial values of the loading element input torque trajectory, the first rate of
change of the loading element input torque trajectory with respect to time, initial value of the
transmission input speed trajectory, and initial and final values of the torque and speed
trajectories of selected power transmitting devices; calculate the torque and speed trajectories
of the power transmitting devices using the numerical values of the m+n parameters; and
control the power transmitting devices in a manner prescribed by the torque and speed

trajectories during a gearshift.

[00018] In one aspect of the controller, at least one of the trajectories and the
numerical values are pre-calculated and loaded into a memory of the controller, and the
controller determines the at least one of the trajectories and the numerical values by retrieving

the at least one of the trajectories and the numerical values from the memory.

[00019] In another aspect of the controller, the controller comprises a micro-processor

and a memory in communication with the micro-processor, the memory containing
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instructions that, when executed by the micro-processor, cause the controller to operate as

configured.

Brief Description of the Drawings

[00020] The accompanying drawings, which are incorporated in and constitute a part
of this specification, illustrate embodiments of the invention and, with a detailed description

of the embodiments given below, serve to explain the principles of the invention.

[00021] FIG. 1 is a schematic representation of a loading device, such as an
automotive vehicle in one embodiment, and the physical architecture of an automotive

powertrain including a high-level representation of one embodiment of the invention.

[00022] FIG. 1A is a schematic representation of a vibration isolation device for use in

an automotive powertrain in another embodiment of the invention.

[00023] FIG. 2 is a schematic representation of the computational routines used for
real-time estimation and their use, along with sensed variables, for engine and clutch pressure

control.

[00024] FIG. 3 is a schematic representation of one embodiment of a subroutine inside

the real-time estimator (38) for estimating driveshaft torque.

[00025] FIG. 4 is a schematic representation of one embodiment of the engine torque

management system.

[00026] FIG. 5 is a schematic representation of one embodiment of the open loop

control system for clutch pressure.

[00027] FIG. 6 is a schematic representation of one embodiment of the architecture for

closed loop control of clutch pressures.

[00028] FIG. 7 shows reference clutch and predicted driveshaft torque trajectories for a

1-2 power-on upshift, calculated for a dual clutch transmission (DCT) type powertrain.
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[00029] FIG. 8 shows reference oncoming clutch slip trajectory, and predicted turbine
and transmission output speeds for a 1-2 power-on upshift, calculated for a DCT type

powertrain.

[00030] FIG. 9A shows reference clutch torque trajectory, and predicted driveshaft and
turbine torque trajectories, calculated for planetary automatic transmission (AT) type
powertrain. FIG. 9B shows reference engine indicated torque trajectory, also calculated for

AT type powertrain.

[00031] FIG. 10A shows the predicted turbine, transmission output, and engine speeds,
along with the ratio of turbine and pump speeds, denoted by s, and the threshold for the
torque converter mode switch, denoted by s*. FIG. 10B shows the reference oncoming clutch
slip speed trajectory. The trajectories shown in FIGS. 10A and 10B correspond to AT type

powertrain.

[00032] FIG. 11A and 11B show the simulation results for forward simulation of AT
type powertrain corresponding to reference trajectories (open loop controls) shown in FIGS.
9A-10B. FIG. 11A shows the turbine and driveshaft torque trajectories, and FIG. 11B shows

the turbine, oncoming clutch slip, offgoing clutch slip, and transmission output shaft speeds.

[00033] FIGS. 12 - 14 show the simulation results for forward simulation of AT type
powertrain corresponding to reference trajectories (open loop controls) shown in FIGS. 9 and
10 with added hydraulic, first gear, and second gear dynamic models. FIG. 12A shows the
engine indicated and driveshaft torque trajectories; FIG. 12B shows trajectories for the
turbine torque, offgoing clutch torque and torque capacity, and oncoming clutch torque and
torque capacity; FIG. 13A shows the turbine, engine, and vehicle speed trajectories; FIG. 13B
shows slip speed trajectories for the offgoing clutch and oncoming clutch; FIGS. 14A and
14B show clutch pressure tracking performance for the oncoming clutch and offgoing clutch

respectively.

[00034] FIGS. 15 — 17 show the simulation results for forward simulation of AT type
powertrain with added hydraulic, first gear, and second gear dynamic models, corresponding

to reference trajectories (open loop controls) calculated to achieve a constant driveshaft

10
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torque during the gearshift. FIG. 15A shows trajectories for the turbine torque, offgoing
clutch torque and torque capacity, and oncoming clutch torque and torque capacity; FIG. 15B
shows the engine indicated and driveshaft torque trajectories; FIG. 16A shows slip speed
trajectories for the offgoing clutch and oncoming clutch; FIG. 16B shows the turbine, engine,
and vehicle speed trajectories; FIGS. 17A and 17B show clutch pressure tracking

performance for the oncoming clutch and offgoing clutch respectively.

[00035] FIGS. 18 — 19 show the simulation results for forward simulation of AT type
powertrain with added hydraulic, first gear, and second gear dynamic models, corresponding
to reference trajectories (open loop controls) calculated to achieve a constant driveshaft
torque during the gearshift and smooth clutch lock-up. FIG. 18 A shows trajectories for the
turbine torque, offgoing clutch torque and torque capacity, and oncoming clutch torque and
torque capacity; FIG. 18B shows the engine indicated and driveshaft torque trajectories; FIG.
19A shows slip speed trajectories for the offgoing clutch and oncoming clutch; FIG. 19B

shows the turbine, engine, and vehicle speed trajectories.

Detailed Description

[00036] In terms of nomenclature, the speed at the output of a power source, or
possibly a combination of power sources, is termed as the power source speed, and the net
torque produced by a power source or combination of power sources is termed as the power
source torque. The power source may be an internal combustion engine, another prime mover
(i.e., an electric motor or a pneumatic or hydraulic pump), or a combination thereof. The
torque at the input of a vibration isolation device is termed as the vibration isolation device
input torque, which in case of a planetary automatic transmission is known as the pump
torque. The transmission input torque is also known as the turbine torque for planetary
automatic transmissions. Similarly, torque at the input of the loading element is called the
loading element input torque, and its speed is termed as the loading element input speed.
Power transmitting devices, clutches for example, inside a stepped automatic transmission
carry reaction torques, known as the power transmitting device torque, and the speed attained
by a power transmitting device is termed as the power transmitting device speed. For

automotive application, these are clutch torque (or torque capacity) and clutch slip speed.

[00037] The invention is applicable to machines having a stepped automatic

transmission for power transmission between a power source and a loading element. The term

11
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stepped automatic transmission is to be understood as a category of power-transmission
mechanisms where there are multiple paths for power-transmission each having its own
mechanical advantage measure value, such as a gear ratio, and the shifting between different
paths is done automatically by a controller in a programed manner, as opposed to manually,

for example in case of manual transmissions.

[00038] FIG. 1 schematically depicts a loading element (200), such as an automotive
vehicle in this embodiment, and the architecture of a powertrain within the automotive
vehicle (200). The powertrain includes an engine (2) as the prime mover, a three-element
torque converter (150) with pump (5) and turbine (6), a stepped automatic transmission (152)
(comprising a transmission mechanical system (107) and clutch pressure control systems
(108, 109)), a final drive planetary gear set (18), a compliant drive shaft (19), and vehicle
inertia lumped at the (powered) wheels (21). In addition to these components, there are speed
sensors (3, 9, 17, 20) mounted on the shafts (4, 8, 16, 19), respectively. These speed sensors
send information to a powertrain controller (110) containing the controller (39) and estimator
(38) routines, which are mathematical functions coded into an appropriate micro-processor,
and/or stored as instructions in a memory in communication with the micro-processor. The
speed sensors (3, 9, 17, 20) sense the engine (pump), transmission input (turbine),
transmission output, and wheel speeds, respectively. The engine (2) receives throttle angle
commands from the driver through the accelerator pedal (1) or, alternatively, a throttle
position controller not shown in this implementation. The powertrain controller (110), based
on calculations to be described later, sends the throttle angle and/or spark advance command
(7) to the engine (2). Also, as shall be described later, the powertrain controller (110)
performs calculations to generate commands (36, 37) for the solenoid valves (31, 26)
controlling power transmitting devices and, according to one embodiment, offgoing clutch

(11) and oncoming clutch (10).

[00039] The transmission mechanical system (107), in FIG. 1, comprises the two
clutches involved in a clutch-to-clutch (CTC) shift, more specifically the offgoing clutch
(11), and the oncoming clutch (10). Items (14) and (15) represent the gear ratios in the
oncoming and offgoing clutch paths, illustrating two power transmission paths having
different values of mechanical advantage measure. Clutches (10, 11) are manipulated through
clutch pressures (12, 13) generated by clutch pressure control systems (108, 109). The clutch

pressure control systems (108, 109) consist of solenoid valves (26, 31), which control
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pressure control valves (27, 32), which in turn control pressures in the clutch-accumulator
chambers (28, 33). The motion of the spools (not shown) in the pressure control valves (27,
32), in conjunction with the main line pressure generated by a pump (29) connected to an oil

reservoir (30) modulates the pressures in the clutch-accumulator chambers (28, 33).

[00040] FIG. 2 is a schematic representation of the high-level organization of different
routines in the powertrain controller (110). In addition, FIG. 2 shows the flow of information.
The information sensed through the speed sensors (22, 23, 24, 25) is used to estimate the
output shaft toque (the torque transmitted through the drive-shaft (19)), in addition to other
key operating variables such as clutch torques, clutch pressures, and turbine torque, which is
sent to the controller (39). The controller (39) comprises an engine torque management
system (111) (described in detail in FIG. 4) to exercise integrated powertrain control and a
reference clutch pressure generator (112) to manipulate the offgoing and the oncoming clutch
pressures (the closed loop version described in FIG. 6, and the open loop version described in
FIG. 5). Controller (39) generates control signals (7, 37, 36) for the operation of the spark
advance control in the engine (2) and the solenoid valves (31, 26). The control signal (7) is
the same as the control signal (70) in FIG. 4, and signals (36) and (37) are embedded in the
signal (106) in FIG. 5.

[00041] The controller (39) requires information about the output shaft torque (7,)

being transmitted through the compliant shaft (19) and information on other key operating
variables such as clutch torques, clutch pressures, and turbine torque. Because production
transmissions lack torque sensors, and in most cases clutch pressure sensors, an estimator
(38) is designed for obtaining information on output shaft torque, turbine torque, clutch
pressure, and clutch torques for monitoring and control goals. FIG. 3 is a schematic
representation of a part of this real-time estimator. This subroutine of the estimator (38) is a
standard Luenberger observer, where the observer gain, L (53), can be selected to ensure
robustness with respect to the driveshaft (19) compliance (K;), which is usually not known to

a sufficient degree of accuracy. The subroutine implemented in FIG. 3 is given by equation

(1).
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R 0 -K, |-. K 0 ||o
[S]: 1 {j}+ L n|-LKo-&) (1)
JV

[00042] As used herein, the symbol “ " denotes an estimate; the vector [YA‘S, (?)V]T (48)
denotes the estimates of the output shaft torque and the wheel (21) velocity @, (40)

respectively. The quantity J, denotes the vehicle inertia lumped at the wheel, T, (42)

denotes the lumped load torque on the wheel, due to different kinds of road load such as, but

not limited to, aerodynamic forces, friction forces, and road grade. The quantity @, (41)
represents the speed of the output shaft (16) of the transmission, and 7, denotes the final

drive gear ratio. The matrix C (51) is called the output matrix, and is given as [0 1]. The
triangular blocks in the diagram represent gains (45, 49, 51, 54), the circular blocks represent
summing junctions (46, 52). Equation (1) is integrated by an integrator (47). For
compactness, the scalar signals are combined to give a vector signal via a multiplexer (43). In
an analog setting, the gain blocks (45, 49, 51, 54), summing junction blocks (46, 52), and
integrator block (47) can be realized by using operational amplifiers and passive elements
such as resistors, inductors, and capacitors. If the shaft torque estimator, described in FIG. 3,

is to be digitally implemented, these blocks (operations) will be coded in the software.

[00043] FIG. 4 is a schematic representation of the engine torque management system

(111). The engine torque management system (111) modulates the turbine torque 7,
transmitted through the shaft (8) to match a pre-calculated desired torque trajectory 7, * (56).

The specifics of this calculation will be described later; the methodology is described here. A
common way to model a torque converter is to use the widely accepted Kotwicki's model,
which is a phenomenological model relating the turbine (6) torque and the pump (5) torque

transmitted through the shaft (4) to the engine speed @, (speed of the shaft 4, 71) and the

input speed of the transmission @, (speed of the shaft 8, 55). The turbine torque expression is

presented in equation (2).

T :boa)e2 +ho,o, +b2a)z2 ()
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where b, b, b, are known parameters. Equation (2) is solved for @, , which is shown in

equation (3).

o b+ - ah b -T)
“ 25,

3)

[00044] Equation (4) is used to get the desired engine speed ( @, * ) in order to achieve

the turbine torque trajectory 7,* for a given input speed trajectory @, i.e.,

o ~ho,+\B,@) -4, (0] ~T%)

. o C))

[00045] The calculation shown in equation (4) is realized through summing junctions
(61, 63, 66, 68), gain blocks (57, 60, 62, 65, 67), the blocks performing squaring (58, 59), and
a block performing square root operation (64). The desired engine speed is sent to a PID
controller (69), which receives the sensed engine speed information ((22), same as (71)), and
uses the error difference between the two speeds computed by summing junction (68) to
modulate the spark advance (70), same as (7) in FIG. 1, to achieve the desired speed, thus

ensuring the desired turbine torque 7, *. The blocks (58, 64, and 59) can be realized through

operational amplifiers and passive electrical components in an analog setting. In a digital

setting, these operations would be coded in the software.

[00046] Two different implementations of the clutch pressure control system (108,
109) are described: first, an open loop implementation, and second, a closed loop
implementation. The open loop control system is detailed in FIG. 5, while the closed loop
implementation is detailed in FIG. 6. Closed loop control is required for robust
implementation. Thus, the model used to derive the closed loop control law should be of
sufficiently high fidelity, which is the reason for including compliance of the drivetrain, and
lumping it with the driveshaft compliance. In comparison to this, the open loop control law is
useful in demonstrating the feasibility of a control idea at a preliminary stage, and later
translates into a feedforward control law, which is often used in conjunction with feedback

control. Thus it is reasonable to simplify the model for ease of analysis, justifying omission
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of the compliance in the drivetrain model. Results demonstrating the effectiveness of open

loop control are discussed below.

[00047] One goal of the invention is to (gradually) release the offgoing clutch (11) at
the onset of the gearshift, thus giving two simultaneously slipping clutches at the start of the
gearshift, which yields an extra degree of control freedom compared to the conventional
method of clutch-to-clutch shift control, where during the torque phase the offgoing clutch
(11) is locked and only the oncoming clutch (10) can be controlled. This situation however
changes during the inertia phase, where both clutches are simultaneously slipping, but still
there is only one degree of freedom in the conventional approach as the offgoing clutch (11)
is not loaded and is fully released. In addition to an extra degree of control freedom as
compared to the conventional method for controlling clutch-to-clutch shifts, the invention
provides the availability of speed information throughout the shift that can be used for on-line
estimation. By contrast, in the conventional method, the offgoing clutch (11) is locked in the

torque phase, implying very small speed change of the input shaft during the torque phase.

[00048] In the implementation described here, at the start of the gearshift, the offgoing
clutch (11) carries the complete load, and the oncoming clutch (10) is barely loaded. On the
other hand, the oncoming clutch (10) is fully released, while the offgoing clutch (11) is barely
slipping. The open loop control methodology involves selection of suitable trajectories for the

input speed @, * (101), or more generally the transmission input speed, and the driveshaft
torque T, * , or more generally the loading element input torque trajectory, which when

substituted in the inverse of a part of the system’s equation of motion (equation (5)) provides

To"(100). The trajectories @, * and To are used in the inverse kinematic equations represented

by (103) in FIG. 5, providing the open loop clutch torques T,

o, and 7. (104). Clutch
pressures are derived using suitable relationships appropriate for slipping clutches, which can
further be used to calculate the appropriate duty cycles (106) for the solenoid valve using
look-up tables (105). Doing so, simultaneous load transfer at the output of the transmission

and speed synchronization at the input of the transmission are achieved.

[00049] In order to demonstrate validity of the innovative gear-shifting method,
whereby the two specifications of a gearshift, namely, load transfer and speed

synchronization, are achieved simultaneously, a series of computer simulation studies were
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carried out. The gearshifts controlled in this manner are henceforth called parallel clutch-to-
clutch (CTC) gearshifts. Due to the modularity in the model structure, the powertrain model
used for performing computer simulation studies can be used to simulate powertrains
equipped with dual clutch transmissions (DCT) or planetary automatic transmissions (AT),
the difference between the two being the presence of a torque converter in powertrains
equipped with planetary automatic transmissions; the model is described below. In its AT-
configuration, the model comprises the engine, torque converter, planetary gearbox, friction
clutches, shift hydraulic system, driveline compliance, and vehicle inertia lumped at the
powered wheels. In its DCT-configuration, the torque converter is not included in the
powertrain model, in place of which a vibration isolation device is included; more
particularly, a mechanical spring-mass damper. Thus, in a DCT-configuration, the torque
converter (150) in the AT-configuration shown in FIG. 1 is replaced by a vibration isolation
device (300) as shown in FIG. 1A, but the other components shown in FIG. 1 remain.. The
vibration isolation device (300) includes a spring (302) and a damper (304) in parallel. The
system equations for the AT-configuration of the powertrain model during a parallel CTC

gearshift are shown in equation (5), where [1,, 1,, I, I denote the engine, turbine,

T

off * T

on?

transmission output, and vehicle inertias, respectively; T, T, T,T,

in?

To’ Ts’ TL
denote the engine, pump, turbine, transmission input, offgoing clutch reaction, oncoming
clutch reaction, transmission output, driveshaft, and vehicle load torques, respectively;

0, 0, o, o, o denotethe engine, turbine, transmission output, vehicle, and oncoming
clutch slip speeds, respectively; K denotes the lumped driveline compliance, r,(>1) denotes

the final drive ratio, a, b, ¢ denote the lever lengths corresponding to a gearshift, say 1-2

upshift. During the parallel CTC gearshift, both the clutches slip while carrying some load.
The reaction torques provided by these clutches or the loads carried by the same are equal to
their respective clutch torque capacities, which is a function of clutch pressure and clutch

friction. The functions f, g represent the torque converter model, and relate pump and

turbine speeds to pump and turbine torques.
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L&, =T.0)~T, 1)

16O =T,0)-T,

T, = f(@, @)

T =g, o)

L&, =T,0)~—T,(1)
T4

0= K (- 0,0-0.0)

lLao@)=T.()-T,()

Y
a a
T = a+b Eﬁ([)'FLb_'—C];n(I)
a a
+b+ b+
=, (-0 0)
a a (5)
[00050] The method to generate reference trajectories and open-loop control for

implementation of parallel CTC for a 1-2 power-on upshift is described first for the DCT-
configuration of the powertrain, and later for AT-configuration of the powertrain. In both
cases, the free parameter(s), along with the gearshift duration is (are) chosen to satisfy
feasibility of the computed solution. In the following, it is assumed that the engine torque is
not manipulated during the gearshift, resulting in a near-constant turbine torque. This is done
to illustrate a subtle point relating to specifications to be met by a gearshift. The
specifications on a gearshift can be divided into two categories: essential and performance.
Essential specifications consist of load transfer from the offgoing (11) to the oncoming clutch
(10), and speed synchronization of the transmission input speed to the transmission output
speed. Depending on the method of controlling the two clutches, the driveshaft torque will
have a characteristic variation, which can be improved by engine control to meet certain
standards, such as a constant profile during a gearshift. This possibility of shaping of the
driveshaft torque, in addition to that achieved by clutch control, leads to certain requirements
on the shape of the desired driveshaft torque. These requirements are termed as performance
specifications. Such a demarcation is adopted in the simulation studies to illustrate a key
feature of parallel CTC gearshifts. It is intuitively clear that if the essential specifications can
be met in a way that results in a driveshaft torque profile that is very close to that specified by

the performance specification, the burden on engine control would be reduced significantly.
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Such, in fact, is the case with parallel CTC gearshifts, as will be noted later. This in some
sense implies that the engine operates closer to its optimum operating condition as compared
to the conventional sequential CTC gearshifts, where engine torque reduction leads to engine
operation in relatively inefficient regions. In contrast, if no engine control is required, as
would be the case for parallel CTC power-on upshifts if the performance specification is a
smoothly decreasing driveshaft torque profile from some initial to the required final value,
engine operation is not compromised at all by the need to satisfy a performance specification

relating to gearshift quality.

[00051] The two kinds of specifications discussed here can be quantified using
reference trajectories for two key operating variables - the driveshaft torque trajectory, or
more generally the loading element input torque trajectory, and the transmission input
acceleration trajectory. In case the transmission is a planetary automatic transmission, the
transmission input acceleration trajectory is known as the turbine acceleration trajectory.
These trajectories will be specified parametrically, where the parameters will be designed to

satisfy certain constraints that will lead to good gearshift quality.

[00052] In order to satisfy the performance requirement of a smoothly decreasing
driveshaft torque profile during a power-on upshift, and meet the essential specification on

load transfer, the following reference trajectory was chosen for the driveshaft torque.
T.(t)=df’ +d,i* +d1+d,, 1€[01,] (6)

where T, denotes the driveshaft torque, the parameters d, ,i€ {0,1, 2, 3}, are design
parameters, and ¢, is the desired shift duration. More generally, a q™ rate of change of the

driveshaft torque trajectory can be specified containing m-q output parameters, where 0 < q
< m, and integrated q times to arrive at the driveshaft torque trajectory containing a total of m
output parameters where a remaining q output parameters are obtained as constants of
integration. For the method being described here, g = 0 and m = 4. Simulation will show that
such a torque profile can be achieved by clutch control alone in parallel CTC power-on
upshifts. Hence, meeting the essential requirement of load transfer from the offgoing (11) to
the oncoming clutch (10) during the gearshift leads to satisfaction of the performance

specification, thereby eliminating the need for engine control.
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[00053] The desired driveshaft torque leads to the following wheel angular velocity, or

more generally loading element velocity trajectory, for a constant vehicle load torque T,

lumped at the powered wheels.

£ £

1 rt
w,(t) = wv(0)+l—[d32+d2§+ d, E+(d0 —TL)t] (7)

v

The angular velocity of the wheel given by equation (7) is calculated from the vehicle

dynamics equation, given by equation (8).
lo =T,-T, (8)

[00054] The transmission output shaft is required to wind up in torsion in order to

ensure the desired driveshaft torque 7, (¢) .

a)o(t):rdd3 t4+rdd2 £+ 3d3r‘1+r‘1d1 1+ 2r‘1d2+r—d(do—TL) t+7, i+a)° 9)
A1 3, K, 2 K 1 K

s s v s

where @, = @,(0) . The transmission output speed trajectory is integrated to give the

transmission output position trajectory. The transmission output speed trajectory given by

equation (9) is calculated from equation (10), which characterizes the compliance of the

driveline.
w T
T =K | 2-0 |20 =r,| 2+w (10)
s s|or v o d v
d s
[00055] The transmission output torque (before the final drive) 7, required to ensure

the desired wind up of the transmission output shaft is given by equation (11).

T =la+i 1)

r
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where @, is calculated using the expression for @, derived earlier. In (11) @, is the

transmission output acceleration trajectory.

[00056] The essential specification of speed synchronization is embodied in the

following desired transmission input acceleration trajectory, denoted by m; in equation (12).
@, = fit'+ fr+f, (12)

where f,, f,, f, are design parameters. The corresponding transmission input speed

trajectory is given by the following equation, which is integrated to give the transmission
input position trajectory. More generally, an h rate of change of the transmission input speed
trajectory can be specified containing n-h input parameters, where 0 < h < n, and integrated h
times to arrive at the transmission input trajectory containing a total of n input parameters
where any remaining h input parameters are obtained as constants of integration. For the
method being described here, n = 4, and h = 1. The n-h (= 3) parameters in equation (12) are
f>, f1, and fo. The fourth parameter results due to integration of equation (12), and appears in
as @ in equation (13), where m{ is initial value of @ In essence, the fourth parameter

satisfies the constraint on initial value of the transmission input speed.

3

(1) :@°+f2%+ﬁ%+fot (13)

[00057] As mentioned earlier, the design parameters are calculated to satisfy certain
constraints. The first constraint C1 is on the initial value of the driveshaft torque, given by
equation (14). For the method being described here, it might be the case that there may be
more number of parameters than the number of constraints. In such a case, some parameters
should be arbitrarily assigned a numerical value so that the total number of parameters to be
solved for equals the total number of constraints to be satisfied. If a parameter can be
numerically calculated using any one constraint alone, the parameter cannot be arbitrarily
assigned a numerical value, and should be found as part of a solution of the simultaneous
system of equations. For instance, since the constraint C1 alone can be used to calculate the

value of do, this parameter cannot be assigned a numerical value arbitrarily.
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T.(0)=T'=d, (14)

[00058] The second constraint C2 is on the initial rate of change of the driveshaft
torque, which is determined by the wind up of the driveline at start of the gearshift. The

second constraint is given by equation (15).

T(0)=d, =K, [“’0—(0)— wV(O)) (15)
T
[00059] The parameter d, is left as a free variable that can be tuned to ensure some

other requirement on the calculated control inputs, such as feasibility, or to increase the
spontaneity of the gearshift. It can be verified that the parameter dz cannot be determined
using any one of the constraints, C1 and C2 described above, and C3, C4, and C6 described
below. Hence for the method being described here, with seven parameters and six constraints,
ds can be arbitrarily assigned a numerical value to make the total number of parameters to be

solved for equal to the number of constraints to be satisfied.

[00060] The essential constraint on speed synchronization requires that the oncoming
clutch slip speed, one of the power transmitting device speed trajectories, is zero at the end of
the gearshift, which leads to the third constraint C3 on the gearshift. The third constraint is
given by equation (16), where tr denotes the time at end of the gearshift. Equation (16) shows

the power transmitting device speed trajectory for the oncoming clutch (10).

(16)

w (tf):Tw”(tf)_$@(tf):03@ :a+_li+cwf

o0

[00061] The other essential constraint to be met is on load transfer from the offgoing
clutch (11) to the oncoming clutch (10), which can be stated in terms of the following two

constraints, C4 and C5, respectively.

T,(0)=0,T,(t,)=0 (17)

22



WO 2018/136773 PCT/US2018/014478

where T, and 7, are reaction torques provided by the oncoming clutch (10) and offgoing

clutch (11), respectively. More generally, these are the power transmitting device torque
trajectories for the oncoming (10) clutch and offgoing (11) clutch respectively. Because both
the clutches (10, 11) are slipping, the reaction torques are equal to the respective clutch

torque capacities 7, ., T, .. For the case under consideration, where the engine torque is

constant, in order to satisfy constraints C4 and C35, the final value of the transmission input
torque trajectory should be calculated in terms of the transmission input speed trajectory and
the constant engine torque. This is done by solving the differential equations representing the

engine and the vibration isolation device.

[00062] The final constraint that the design parameters need to satisfy is on the
acceleration of the oncoming clutch at lock-up. It is desired that the oncoming clutch
acceleration is small, ideally zero, for a smooth lock-up. This leads to the constraint C6,
given by equation (18), which shows the power transmitting device acceleration trajectory for

the oncoming clutch (10).

. a+b+c . b+c .
@, (1) ="""""a (1,)———a@(1,)=0 (18)
a a
[00063] By solving constraints C1-C6 and selecting the free parameter d,, reference

trajectories for the driveshaft torque and the transmission input acceleration can be
calculated. Also obtained thus are reference trajectories for the clutch torques and slip speeds,
which will be used to derive reference clutch pressures for (open or closed loop) control of

the shift hydraulic system, described in the succeeding paragraph.

[00064] For a DCT type of powertrain having the parameters and gearshift conditions

shown in Table 1, the methodology described above is implemented. The free parameter d,

is chosen from past experience to be -100. The resulting reference trajectories are shown in
FIGS. 7 and 8. For the powertrain described by equation (5) in its DCT-configuration,
forward simulations were performed as well, using the reference trajectories generated for the
clutch and engine torques as inputs to the simulation. The forward simulation predicted the
same evolution of system states, the turbine speed and driveshaft torque, as predicted by the

open loop control calculation method described earlier.
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Tabde 10 Systent parsmeters and operating conedifions for a 12 power-om upshify

Symbol Value Dieseription

1y 7 # testh on ring gear, biput side

& a8 # teeth on sun gear, npuot side

Ra 52 # tecth on ring gear, reaction side

&y 25 # teeth on sen gear, reaction side

s 2,84 Froal drive gear ratio

4 $.0M23 Turbine inertia (kg — m~

I, LO0R1057 Tramsmission muput mertia [y — m?]

M 1644 Yelidele mass byl

T 13214 Tire radius )]

K, 7625 Lumped driveline complinnee [Nm/frod/s|

T 190 Constant furbine torgue corresponding to 1-2 upshift [ Nm]
7. 21 '
il 15
el 42.6

Wi 121.07 Turbine velocity at ¢ = € [rad/s]

Ty 1533.60 Vidne of the driveshadt torgue at ¢ = 0 [Nmn]

[00065] The method described for open loop control and reference trajectory

generation for a DCT-type of powertrain can be adapted to an AT-type of powertrain. Due to
the presence of a torque converter, the method to generate reference trajectories and open
loop control is changed appropriately for the powertrain in its AT-configuration. The
methodology is described next. To make the discussion self-contained, certain aspects

described above will be repeated.
[00066] The desired driveshaft torque is chosen to take the following form, Case 1.
T.(1)=dy’ +d,t* +dit+d,, 1€[01,] (19)
Or, Case 2.
T()=T(0)=T', te[0 1,1 (20

which means that a constant driveshaft torque profile is required during the gearshift. More

generally, a q" rate of change of the driveshaft torque trajectory can be specified containing
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m-q output parameters, where 0 < q < m, and integrated q times to arrive at the driveshaft
torque trajectory containing a total of m output parameters where any remaining q output
parameters are obtained as constants of integration. For the method being described here, q =
0 and m = 4. It should be noted that Case 2 is a special case of Case 1. In order to see this, set
d3 =0, d> = 0, and either set d;, which is equal to the initial value of a first rate of change of
the driveshaft torque, equal to zero, or constraint the initial value of the first rate of change of
the driveshaft torque to be equal to zero, the two ways are identical. This also means that the
same method can be used for both types of the driveshaft torque trajectory. For either of the
two cases, the specified driveshaft torque requires the driveline to wind up appropriately. For

Case 1, the specified driveshaft torque leads to the following vehicle powered wheel velocity.

1 rt r 7
w,(t) = wV(O)+I— d3z+dz§+d1 E+(d0 =Tt 2n

v

The wheel velocity given by equation (21) is calculated from the following vehicle dynamics

equation.
la=T,-T, (22)

[00067] In this formulation, the load torque on the vehicle is assumed constant,
however, a time varying load torque can also be accommodated in the design procedure. The
transmission output shaft is required to wind up in torsion to ensure the desired driveshaft
torque. The transmission output shaft speed is given by equation (23), which is calculated

from equation (24) that characterizes the driveline compliance behavior.

wg(;):rdd3 ;4+rdd2 £+ 3d3r‘1+r‘1d1 7+ 2r‘id2+r—d(do—TL) [+, i+a)° (23)
a1, 3, K, 2, K, I K

s v s

where @ == ®,(0) .
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[00068] Similarly, for Case 2, the vehicle wheel and transmission output shaft

velocities can be calculated to be the following.

a)v(t):a)f+i(TS°—TL)t, Vie[01,]
1, (25)

T.()=0, Vte[0t,] = @) =r,o,t)

[00069] The transmission output shaft torque (before the final drive), T, , required to

ensure the desired wind up of the transmission output shaft is given by the following

equation.

T =La+ (26)

r

where @, is calculated using the expression for @, derived in equation (23) and equation

(25) for the two cases. The essential specification of speed synchronization is embodied in

the following desired transmission input acceleration.
@ =ft’+ ft+f, 27

[00070] where f,, f,, f, are the design parameters. The corresponding turbine speed is

given by the following equation. More generally, an h' rate of change of the transmission
input speed trajectory can be specified containing n-h input parameters, where 0 < h < n, and
integrated h times to arrive at the transmission input trajectory containing a total of n input
parameters where any remaining h input parameters are obtained as constants of integration.
For the method being described, n = 4, and h = 1. The n-h (= 3) parameters in equation (12)
are >, f1, and fo. The fourth parameter results due to integration of equation (12), and appears
in as ®" in equation (13), where ! is initial value of . In essence, the fourth parameter

satisfies the constraint on initial value of the transmission input speed.

3 2

@ (1) =@°+f2%+ﬁ%+foz (28)
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[00071] The method described here assumes that the engine torque, or more generally
the source torque, can be manipulated, implying that the desired driveshaft torque profile
specified as part of the performance specification can be allowed to be different from that
corresponding to satisfaction of the essential specification. The design parameters in this
method are required to satisfy the constraints C1-C5 described earlier. In addition, a new
constraint is formulated, C7, which specifies the driveshaft torque value at the end of the

gearshift. The parameter d, is free to be chosen. The replacement of the constraint C6 by C7

is done to illustrate an advantageous feature of the innovative methodology for gearshift
control design. It will be shown that a good gearshift can be obtained by application of the

constraint C1-C5, C7, and selection of the free parameter d,, and any additional free

parameter that results due to accommodation of engine and torque converter dynamics in the
design method. However, if the specifications become too demanding and the resulting
gearshift becomes substandard, in particular due to an abrupt clutch lock-up, the constraint
C6 can be invoked to improve gearshift quality. Clearly, an existing degree of freedom in

terms of one of the free variables would need to be sacrificed to do so.

[00072] The constraint equations C1 and C7 are described in equation (29).

T.(0)=T=d,
T,(t)=T! =dg;+dyt; +dt,+d, (29)

1
=d, :[—Z(Tsf —dyt; —dt, —d,)
f

[00073] The second constraint C2 is on the initial rate of change of the driveshaft
torque, which is determined by the wind up of the driveline at start of the gearshift. The

constraint C2 is given by equation (30).

. 0
T(0)=d, =K, [“’0—()— wV(O)) (30)
T
[00074] As mentioned earlier, the parameter d, is a free variable that can be tuned to

ensure some requirements on the gearshift. Once d; is chosen, the velocity of the
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transmission output shaftat t=¢,, @, (t;) = @' gets fixed, and is known numerically.
Once a)f is calculated for both the cases, the condition on the final value of the turbine

speed @ (1;) = @' can be derived in order to accomplish speed synchronization. The

condition for speed synchronization, constraint C3, is given by equation (31).

+b+ + +b+
@, () :mwo(,f)_b ¢ @(t,)=0>a :m@f 31)
a a
[00075] The other essential constraint to be met is on load transfer from the offgoing

clutch (11) to the oncoming clutch (10), which can be stated in terms of the following two

constraints, C4 and C5.

T,(0)=0,T,(t,)=0 (32)

where T, and T, are reaction torques of the oncoming clutch (10) and offgoing clutch (11),

respectively. Because both the clutches are slipping, the reaction torques are equal to the

T

respective clutch torque capacities, 7, ., T, ..

e For the case when engine torque is constant
(not discussed in this application), in order to satisfy constraints C4 and C5, final value of the
transmission input torque trajectory should be calculated in terms of the transmission input
speed trajectory and the constant engine torque. This is done by solving the differential

equations representing the engine and the torque converter.

[00076] Using the lever diagram, it can be shown that
T I o +£
I
on,c aZl a22 Ttv _ Ita)t
[00077] The initial and final value of the turbine acceleration, é)to and @f , can be

designed to ensure the specification on load transfer. Note that the initial and final values of

@, and T, have already been fixed. Similarly, the initial value of the turbine torque gets

fixed by the starting conditions of the gearshift, but its final value is still a design variable
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that is free, and will be designed to eliminate driveline oscillations excited by the clutch lock-
up. The following constraint equations need to be satisfied simultaneously, along with

equation (31).

. 0
@, = f,

C (34)
2 :f2tf+fltf+f0

B
f_ 0 f f
o =a, +hHx+h5tfty (35

[00078] The solution to equations (34) and (35) determines the turbine speed trajectory
in equation (28). In order to calculate the clutch torque capacities, one needs to know how the

turbine torque 7, changes during the gearshift. Towards this end, one can use a torque

converter model, such as the one described in equation (5), to evaluate 7, in terms of turbine

and engine speeds. This implies that the engine acceleration can be specified to control the

turbine torque during the gearshift. The desired engine acceleration @, may be denoted

parametrically in terms of the design parameters e,, e, and e,.
@, =et’ +et+e, Vie[01,] (36)

[00079] One way to decide upon the design parameters is to let the engine acceleration

at =0 be determined as follows.

@@=%@®%Q@Fﬂ 37)

e

[00080] Let e, be afree parameter, like d,, that can be tuned to further optimize the
results. The parameter e, can be chosen to ensure a desired specification on engine
acceleration att =t,,@,(1,) = @' . One particular choice would be to ensure zero acceleration

of the engine inertia at r =1, .
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1 .
elzt—(a)f—ezt;—eo) (38)
f

[00081] In this way, the design parameters e,,e, and e, can be calculated. By using

these design parameters, one can calculate the engine speed @,, or more generally the source

speed
ror
()= +e, Fragtedh 1e 01 (39
[00082] Using the torque converter model, one can calculate the pump and turbine

torques during the gearshift. Once the turbine torque has been calculated, the clutch
capacities can be back-calculated using equation (33). Also, using the desired engine

acceleration equation (36) and the calculated pump torque, one can calculate the required

engine torque 7, by using the following engine model equation.

T,0)=1,0,0)+T, (1), te[0¢t,] (40)

[00083] The methodology for calculating reference trajectories and corresponding
control inputs described above was applied to a 1-2 power-on upshift for a powertrain in AT-
configuration. The powertrain comprises the engine, torque converter, gearbox, driveline
compliance, final drive, and vehicle inertia. The two clutch torque capacities and engine
torque were assumed to be control inputs. The parameters for the powertrain model are same
as those shown in Table 1, and operating conditions corresponding to the 1-2 power-on

upshift are shown in Table 2.

Table 2: Operating conditions for a 1-2 power-on npshift

ul | 2708 rad/s
wi [ 223.41 rad/s
wl | 261.60 rad/s
T 150 N
1y 24 N

“’,L is

TE 10545 N
7 0,478
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[00084] The algorithm to calculate reference trajectories and control inputs for
implementation of a parallel CTC gearshift, described earlier, is used to calculate the
trajectories shown in FIGS. 9A-10B. The two free parameters are chosen to be

d, =1000, e, = 593. Specifying e; here amounts to numerically specifying the engine

acceleration or first rate of change of engine speed.

[00085] The forward simulation of the powertrain described earlier was performed to
implement open-loop control of parallel CTC gearshift. Control inputs to this simulation were
the clutch torques and the engine indicated torque, shown in FIGS. 9A, 9B. The results of the

forward simulation are shown in FIGS. 11A, 11B.

[00086] A simulation was also performed that included both the first and second gear
phases along with the gearshift. The shift was commanded at 2 s. The results of the
simulation are shown in FIGS. 12A-13B. It can be clearly seen that the driveline is not

excited due to clutch lock-up, implying a smooth gearshift.

[00087] A simple hydraulic model was added to the simulation in order to validate the
parallel CTC gearshift on a complete powertrain model. A first order linear model was used

to model the clutch actuation system, 7. and i. denote the clutch pressure and the input

current, respectively, and 7. and kx, are model parameters.

P :i(—g +K,i) (41)

[
[

[00088] The friction characteristics for both the offgoing clutch (11) and oncoming
clutch (10) were assumed to be representative of new clutches. A PID controller was
designed for the clutch actuation system, and the desired clutch pressure references were
derived from the respective desired clutch torque capacities using the definition of torque

capacity given by equation (42).

T.= ARNUAG)P (42)

cc c
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where A, N_, R denote geometric parameters of the clutch, and g represents the clutch

friction coefficient that is function of the clutch slip velocity A@, .

[00089] Corresponding to the clutch torque capacities shown in FIGS. 12A, 12B, the
reference and tracked clutch pressures are shown in FIGS. 14A, 14B, where the observed
excellent clutch pressure tracking is a consequence of the simple hydraulic model and the

assumption of known clutch friction characteristics.

[00090] The method described for planetary automatic transmissions with engine
torque as a control variable can be transformed for dual clutch transmissions. The required
modification is calculating the pump and turbine torques using the torque converter model.
This step for dual clutch transmission is modified as follows: the vibration isolation device
input torque (counterpart of pump torque) and the transmission input torque (counter part of
turbine torque) should be calculated using a vibration isolation device model which,
depending on its make, might require, in addition to the source speed and the transmission

input speed, their respective position trajectories as well.

[00091] The proposed algorithm was also applied to the powertrain described in
equation (5) in its AT-configuration, but this time with the intent of maintaining a constant
driveshaft torque at the vehicle powered wheels. The operating conditions for the gearshift

are shown in Table 3.

Table 31 Operating conditions for a 1-2 power-on upshift

U] 27.68 rad/s
wy | 223.4% vad/s
8 | 261 .60 rad/s
7 150 Nm

T 24 Nyn

iy 1

TO| 10545 N
7 7o

[00092] Following the design procedure described earlier, the desired trajectories of

the clutch and engine torques were designed and implemented in the simulation, the results of

which are shown in Figures 15A-16B. The performance of the clutch pressure control system
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is shown in FIGS. 17A, 17B. The gearshift occurs between 2 and 3 s, and it can be noticed
that the driveshaft torque remains constant throughout this duration. However, once the
oncoming clutch (10) locks-up, the driveline gets excited and oscillations are seen. The
reason for driveline oscillations is abrupt clutch-lock up, i.e., very high oncoming clutch slip
deceleration, see FIGS. 16A att =3 s. In order to eliminate the driveline oscillations, one
needs to design open-loop controls such that the oncoming clutch slip acceleration is close to

zero at clutch lock-up.

[00093] The oncoming clutch slip acceleration during the gearshift is given by
equation (43).
. +bo+cC +c .
o,0=22" % -2 o0 @)
a
[00094] Thus, one needs to ensure the following in order to ensure a smooth lock-up.

) b+c .
At)=———a@r(t,) (44
(1) == yt,) (44)

[00095] It was shown earlier that the following condition should hold
. 1 , T/
o,(t;) = apT(ty)+a, | 1,0,(t,)+ (45)
1 %12 v,

for complete load transfer from the offgoing clutch (11) to the oncoming clutch (10). Using
equations (44) and (45), the value of turbine torque that can accomplish zero oncoming clutch
slip acceleration at clutch lock-up can be found. This desired turbine torque can be achieved
by controlling engine speed, as was described in the paragraphs [0032] — [0034], which

amounts to ensuring equation (46).

T/ =a,0,%(t,) +a,m * )0 @) +a,ot,) @6
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[00096] In equation (46), a3 .41.a¢ are torque converter model parameters, @ (1f) is

known from the speed synchronization condition, see equation (31). Thus, equation (46) is

quadratic in the unknown w,*(t5), i.e., the desired final engine velocity, and can be easily

solved for. It was found that only one root made physical sense, and hence was used for
design. In order to achieve this desired final engine speed, the engine acceleration will be
appropriately shaped. Recall that in the procedure described earlier, the final value of engine
acceleration was arbitrarily selected to be zero. Instead, this degree of freedom will be used to

ensure the desired final velocity of engine speed, which is shown in equation (47).

l,3 2 l,3
@ =0,*(t,)=a +e,L+e,Ltet, =e :% @ - —e,L—ept, | (47)
3 2 t 3
[00097] A simulation of the parallel CTC gearshift for the operating conditions

specified by Table 3, and with reference clutch pressures for closed-loop clutch pressure
control calculated using the modified design procedure was performed. Results are shown in
FIGS. 18A-19B. It can be clearly seen from these figures that ensuring small oncoming
clutch slip acceleration at the clutch lock-up reduces the driveline oscillations to very low

levels.

[00098] The method proposed through this invention has a degree of modularity to it
in the following sense. The design method can easily incorporate different number of
constraints in order to calculate clutch and engine torque trajectories, which when
implemented provide the desired gearshift response. For example, starting with the driveshaft
and transmission input speed trajectories with m output and n input parameters respectively,
one can design the torque trajectories of interest by satisfying p constraints, where p is a
positive integer. If m+n > p, which generally will be the case, one needs to arbitrarily assign
numerical values to m+n-p parameters so that the total number of parameters to be solved for
equals the total number of constraints to be satisfied. Using this design method as the starting
point, if one wishes to incorporate k more constraints, k being a positive integer, k more
parameters must be available to solve for (p+k) constraints, noting that all the constraints
must be simultaneously satisfied. This is easily achieved by unassigning numerical values for
k parameters out of the already assigned m-+n-p parameters, making the total number of

parameters to be solved for equal to (p+k).
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[00099] The algorithm described above for both dual clutch and planetary automatic
transmissions assumes that the clutches are completely filled with transmission oil and are
ready to transfer power at the start of the gearshift. For current vehicles and the road
transportation system, this assumption is true for power-on upshifts and power-off
downshifts, but not for power-on downshifts, sometimes known as kick-down downshift, and
power-off upshifts. For these gearshifts, it is not possible to fill the oncoming clutch with
transmission oil before the start of the gearshift because of the need for spontaneity of

powertrain response to the driver’s demand, which are unpredictable.

[000100] Kick-down downshifts and power-off upshifts arise for a few reasons: 1) the
driver presses the accelerator pedal hard in order to accommodate increased load on the
vehicle, such as during an uphill motion, or to accelerate rapidly in an emergency situation,
both situations requiring a power-on downshift; 2) the driver rapidly releases the accelerator
pedal from its nearly fully depressed position expecting reduced acceleration or vehicle load,
resulting in a power-off upshift. In either of these two situations, for good drivability a quick
response from the powertrain is expected, implying that these shifts need to be initiated as
soon as the request is made. This further implies that the oncoming clutch involved in these
gearshifts cannot be assumed to be filled with transmission oil at the start of the gearshift. For
these types of gearshifts, the gearshift should be initiated and controlled using current clutch-
to-clutch shift practice. The inertia phase is initiated first in current practice in such
situations, along with simultaneously initiation of filling of the oncoming clutch. As soon as
the oncoming clutch is completely filled with transmission oil, the gearshift should be
controlled to perform load transfer and the remaining speed synchronization in parallel.
Towards this end, the model given by equation (5) would be modified to include the control
of the initial part of the gearshifts of interest using current practice, and then applying the
constraints required for good gearshift quality in order to calculate control inputs. The only
constraints that need to change then are on the initial value of the driveshaft torque and its
derivative, the constraints C1 and C2. These quantities need to be constrained using the
values of driveshaft torque and its derivative at the end of the oncoming clutch fill phase,
which can be obtained using the modified model. All other constraints remain the same. The
resulting control inputs will be used to control the load transfer and speed synchronization in

parallel after the oncoming clutch fill phase is complete.
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[000101] The open loop control methodology is best used in conjunction with feedback
control laws which ensure robust implementation of the control. A closed loop
implementation of the simultaneous speed synchronization and load transfer strategy for a
clutch-to-clutch shift is outlined in FIG. 6. The closed loop controller comprises a
combination of a reference clutch pressure generator (73) and a clutch pressure controller
(74). The desired transmission input shaft speed trajectory and the desired output shaft torque
trajectory (72) are supplied to the reference clutch pressure generator (73), which provides
the reference trajectories for the clutch pressure controller (74). The outputs of the clutch
pressure controller block are the commands (36, 37) to the clutch pressure control system
(75), which comprises solenoid valves (26, 31), pressure control valves (27, 32), and clutch-
accumulator chambers (28, 33). The clutch pressures (12, 13) generated by the clutch
pressure control systems operate the offgoing clutch (11) and oncoming clutch (10) in the
transmission mechanical system (76). The clutch pressure controller (74), and the reference
generator (73), require information about various unmeasured variables: clutch pressures,
output shaft torque, turbine torque, and reaction torques at the offgoing and the oncoming
clutches. The required information is estimated by an on-line observer (77), which uses the

measured angular speeds (22, 23, 24, 25) and calculates the required variables.

[000102] While the present invention has been illustrated by the description of specific
embodiments thereof, and while these embodiments have been described in considerable
detail, they are not intended to restrict or in any way limit the scope of the appended claims to
such detail. The various features discussed herein may be used alone or in any combination.
Additional advantages and modifications will readily appear to those skilled in the art. The
invention in its broader aspects is therefore not limited to the specific details, representative
apparatus and methods and illustrative examples shown and described. Accordingly,
departures may be made from such details without departing from the scope or spirit of the

general inventive concept.

What is claimed is:
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1. A method for simultaneously controlling transfer of load and synchronization of
speed between actively controlled power transmitting devices during a gearshift in a stepped
automatic transmission connected to a loading element, and acted upon by a transmission

input torque trajectory, the method comprising:

specifying an h rate of change of a transmission input speed trajectory having n-h

input parameters, where h is a nonnegative integer, n is a positive integer, and n-h > 0;

when h > 0, integrating the h® rate of change of the transmission input speed
trajectory h times to calculate the transmission input speed trajectory and remaining h input
parameters as constants of integration, so that a total number of input parameters associated

with the transmission input speed trajectory is n;

specifying a " rate of change of a loading element input torque trajectory having m-q

output parameters, where ¢ is a nonnegative integer, m is a positive integer, and m-q > 0;

when q > 0, integrating the g™ rate of change of the loading element input torque
trajectory q times to calculate the loading element input torque trajectory and remaining g
output parameters as constants of integration, so that a total number of output parameters

associated with the loading element input torque trajectory is m;

calculating a loading element velocity trajectory based on the loading element input

torque trajectory;

calculating a transmission output speed trajectory based on the loading element input

torque trajectory and the loading element velocity trajectory;

differentiating the transmission output speed trajectory to calculate a transmission

output acceleration trajectory;

calculating a power transmitting device torque trajectory for each of the transmitting
devices based on the transmission output acceleration trajectory, the loading element input
torque trajectory, a transmission input acceleration trajectory, and the transmission input

torque trajectory;

calculating a power transmitting device speed trajectory for each of the transmitting
devices based on the transmission input speed trajectory and the transmission output speed

trajectory;
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assigning numerical values to a subset of the n input and m output parameters, the

subset including m+n-p parameters, where p is a nonnegative integer less than m+n;

calculating numerical values for remaining p parameters, which were not included in
the subset of n input and m output parameters receiving assigned numerical values, by
satisfying p constraints on initial values of the loading element input torque trajectory, the
first rate of change of the loading element input torque trajectory with respect to time, initial
value of the transmission input speed trajectory, and initial and final values of the torque and

speed trajectories of selected power transmitting devices;

calculating the torque and speed trajectories of the power transmitting devices using

the numerical values of the m+n parameters; and

controlling the power transmitting devices in a manner prescribed by the torque and

speed trajectories during a gearshift.

2. The method of claim 1, further comprises:

differentiating the power transmitting device speed trajectory for selected power
transmitting devices to calculate a power transmitting device acceleration trajectory for the

selected power transmitting devices;

unassigning numerical values for k parameters, where k is a positive integer and p+k

<m+n ; and

wherein the step of calculating numerical values further includes calculating
numerical values for k more parameters by satisfying k more constraints on initial and final
values of power transmitting device acceleration trajectories for the selected power

transmitting devices.

3. The method of claim 1 wherein the loading element is an automotive vehicle, the
stepped automatic transmission is a dual clutch transmission, the power transmitting devices
are clutches, and a constant source torque produced by an internal combustion engine,
another prime mover, or a combination thereof is transmitted by a vibration isolation device

to produce a transmission input torque, and the method further comprises:
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calculating the transmission input torque trajectory based on the transmission input

speed trajectory and the source torque.

4, The method of claim 1 wherein the loading element is an automotive vehicle, the
stepped automatic transmission is a planetary automatic transmission, the power transmitting
devices are clutches, and a constant source torque produced by an internal combustion
engine, another prime mover, or a combination thereof is transmitted by a torque converter to

produce a transmission input torque, and the method further comprises:

calculating the transmission input torque trajectory based on the transmission input

speed trajectory and the source torque.

5. The method of claim 1 wherein the loading element is an automotive vehicle, the
stepped automatic transmission is a dual clutch transmission, the power transmitting devices
are clutches, and a source torque produced by a power source is transmitted by a vibration

isolation device to produce a transmission input torque, the method further comprises:

specifying a r'™ rate of change of a source speed trajectory, where r is a nonnegative

integer;

if r> 0, integrating the r'" rate of change of the source speed trajectory r times to

calculate the source speed trajectory and r+1 times to calculate a source position trajectory;

unassigning numerical values for m-4 parameters out of the already assigned m+n-p
parameters, and assigning numerical values to a subset of the m output parameters, the subset

including m-3 parameters;

integrating the transmission output speed trajectory to calculate a transmission output

position trajectory;
calculating a final value of the transmission output position trajectory;
calculating a final value of the transmission output speed trajectory;

calculating a final value of the transmission input speed trajectory based on a current

gear ratio and the final value of the transmission output speed trajectory;

39



WO 2018/136773 PCT/US2018/014478

calculating a final value of the transmission input position trajectory based on the

current gear ratio and the final value of the transmission output position trajectory;

calculating a final value of the transmission input torque trajectory based on the final
value of the source position trajectory, the source speed trajectory, the transmission input

speed trajectory, and the transmission input position trajectory;

wherein the step of calculating numerical values further includes calculating a
numerical value of one more parameter by satisfying an additional constraint on final value of

the driveshaft torque trajectory;

calculating a vibration isolation device input torque trajectory based on the source
position trajectory, the source speed trajectory, the transmission input speed trajectory, and

the transmission input position trajectory;

calculating a source torque trajectory based on the source speed trajectory and the

vibration isolation device input torque trajectory; and

controlling the power source in a manner prescribed by the source torque trajectory

and the source speed trajectory during a gearshift.

6. The method of claim 1 wherein the loading element is an automotive vehicle, the
stepped automatic transmission is a planetary automatic transmission, the power transmitting
devices are clutches, and a source torque produced by power source is transmitted by a torque

converter to produce a transmission input torque, the method further comprises:

specifying a r'" rate of change of a source speed trajectory, where r is a nonnegative

integer;

if r> 0, integrating the r'" rate of change of the source speed trajectory r times to

calculate the source speed trajectory;

unassigning numerical values for m-4 parameters out of the already assigned m+n-p
parameters, and assigning numerical values to a subset of the m output parameters, the subset

including m-3 parameters;

calculating a final value of the transmission output speed trajectory;
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calculating a final value of the transmission input speed trajectory based on a current

gear ratio and the final value of the transmission output speed trajectory;

calculating a final value of the transmission input torque trajectory based on the final

value of the source speed trajectory and the transmission input speed trajectory;

wherein the step of calculating numerical values further includes calculating a
numerical value of one more parameter by satisfying an additional constraint on final value of

the driveshaft torque trajectory;

calculating a torque converter input torque trajectory based on the source speed

trajectory and the transmission input speed trajectory;

calculating a source torque trajectory using the source speed trajectory and the torque

converter input torque trajectory; and

controlling the power source in a manner prescribed by the source torque trajectory

and the source speed trajectory during a gearshift.

7. The method of claim 3, wherein the clutches are hydraulically powered, the
hydraulically powered clutches being controllable by commanding solenoid valves, and the

method further comprises:

calculating reference clutch pressure trajectories by using the power transmitting

device torque trajectories;

calculating commands for the solenoid valves based on the reference clutch pressure

trajectories, and

controlling the solenoid valves in a manner specified by these calculate commands.

8. The method of claim 4, wherein the clutches are hydraulically powered, the
hydraulically powered clutches being controllable by commanding solenoid valves, and the

method further comprises:

calculating reference clutch pressure trajectories by using the power transmitting

device torque trajectories;
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calculating commands for the solenoid valves based on the reference clutch pressure

trajectories, and

controlling the solenoid valves in a manner specified by these calculate commands.

9. The method of claim 5, wherein the clutches are hydraulically powered, the
hydraulically powered clutches being controllable by commanding solenoid valves, and the

method further comprises:

calculating reference clutch pressure trajectories by using the power transmitting

device torque trajectories;

calculating commands for the solenoid valves based on the reference clutch pressure

trajectories, and

controlling the solenoid valves in a manner specified by these calculate commands.

10. The method of claim 6, wherein the clutches are hydraulically powered, the
hydraulically powered clutches being controllable by commanding solenoid valves, and the

method further comprises:

calculating reference clutch pressure trajectories by using the power transmitting

device torque trajectories;

calculating commands for the solenoid valves based on the reference clutch pressure

trajectories, and

controlling the solenoid valves in a manner specified by these calculate commands.

11. The method of claims 3, wherein the clutches are hydraulically powered and are
controlled by commanding solenoid valves, the solenoid valves being controllable by a
feedback controller having a set of feedback controller gains, and the method further

comprises:

calculating reference clutch pressure trajectories based on the power transmitting

device torque trajectories;

42



WO 2018/136773 PCT/US2018/014478

calculating the set of feedback controller gains to track the reference clutch pressure

trajectories, and

controlling the solenoid valves in a manner specified by this set of feedback controller

gains.

12. The method of claims 4, wherein the clutches are hydraulically powered and are
controlled by commanding solenoid valves, the solenoid valves being controllable by a
feedback controller having a set of feedback controller gains, and the method further

comprises:

calculating reference clutch pressure trajectories based on the power transmitting

device torque trajectories;

calculating the set of feedback controller gains to track the reference clutch pressure

trajectories, and

controlling the solenoid valves in a manner specified by this set of feedback controller

gains.

13. The method of claims 5, wherein the clutches are hydraulically powered and are
controlled by commanding solenoid valves, the solenoid valves being controllable by a
feedback controller having a set of feedback controller gains, and the method further

comprises:

calculating reference clutch pressure trajectories based on the power transmitting

device torque trajectories;

calculating the set of feedback controller gains to track the reference clutch pressure

trajectories, and

controlling the solenoid valves in a manner specified by this set of feedback controller

gains.

14. The method of claims 6, wherein the clutches are hydraulically powered and are

controlled by commanding solenoid valves, the solenoid valves being controllable by a
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feedback controller having a set of feedback controller gains, and the method further

comprises:

calculating reference clutch pressure trajectories based on the power transmitting

device torque trajectories;

calculating the set of feedback controller gains to track the reference clutch pressure

trajectories, and

controlling the solenoid valves in a manner specified by this set of feedback controller

gains.

15. A controller for simultaneously controlling transfer of load and synchronization of
speed between actively controlled power transmitting devices during a gearshift in a stepped
automatic transmission connected to a loading element, and acted upon by a transmission

input torque trajectory, the controller configured to:

specify an h" rate of change of a transmission input speed trajectory having n-h input

parameters, where h is a nonnegative integer, n is a positive integer, and n-h > 0;

when h > 0, integrate the h™ rate of change of the transmission input speed trajectory
h times to calculate the transmission input speed trajectory and remaining h input parameters
as constants of integration, so that a total number of input parameters associated with the

transmission input speed trajectory is n;

specify a q™ rate of change of a loading element input torque trajectory having m-q

output parameters, where ¢ is a nonnegative integer, m is a positive integer, and m-q > 0;

when ¢ > 0, integrate the q™ rate of change of the loading element input torque
trajectory q times to calculate the loading element input torque trajectory and remaining ¢
output parameters as constants of integration, so that a total number of output parameters

associated with the loading element input torque trajectory is m;

calculate a loading element velocity trajectory based on the loading element input

torque trajectory;

calculate a transmission output speed trajectory based on the loading element input

torque trajectory and the loading element velocity trajectory;
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differentiate the transmission output speed trajectory to calculate a transmission

output acceleration trajectory;

calculate a power transmitting device torque trajectory for each of the transmitting
devices based on the transmission output acceleration trajectory, the loading element input
torque trajectory, a transmission input acceleration trajectory, and the transmission input

torque trajectory;

calculate a power transmitting device speed trajectory for each of the transmitting
devices based on the transmission input speed trajectory and the transmission output speed

trajectory;

assign numerical values to a subset of the n input and m output parameters, the subset

including m+n-p parameters, where p is a nonnegative integer less than m-+n;

calculate numerical values for remaining p parameters, which were not included in the
subset of n input and m output parameters receiving assigned numerical values, by satisfying
p constraints on initial values of the loading element input torque trajectory, the first rate of
change of the loading element input torque trajectory with respect to time, initial value of the
transmission input speed trajectory, and initial and final values of the torque and speed

trajectories of selected power transmitting devices;

calculate the torque and speed trajectories of the power transmitting devices using the

numerical values of the m+n parameters; and

control the power transmitting devices in a manner prescribed by the torque and speed

trajectories during a gearshift.

16. The controller of claim 15 wherein at least one of the trajectories and the numerical
values are pre-calculated and loaded into a memory of the controller, and the controller
determines the at least one of the trajectories and the numerical values by retrieving the at

least one of the trajectories and the numerical values from the memory.

17. The controller of claim 15 wherein the controller comprises:

a micro-processor; and
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a memory in communication with the micro-processor, the memory containing
instructions that, when executed by the micro-processor, cause the controller to operate as

configured.
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