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METHODS FOR CONTROL OF TRANSMISSION AND PRIME MOVER

Field of the Invention

[0001] The present invention relates generally to mechanical power

transmission, and more specifically to systems for and methods of control of

continuously variable transmissions and electric drive motors.

Related Technology

[0002] Electric vehicles are becoming more popular around the world as

battery prices decline and technology and performance advance. Factors such as high

fuel costs and internal combustion engine emissions are making electric vehicles more

attractive to customers looking for a cost-effective commuting option. However, the

performance and range of a typical electric vehicle is often inferior when compared to

that of competitive gasoline-powered vehicles. Additionally, manufacturer stated

maximum speed and range values are often based on idealized duty cycles that are not

representative of real-world conditions.

[0003] There is a need for technology that can increase performance and

range of electric vehicles to make them competitive with gasoline-powered vehicles;

hence, providing quiet, clean, and efficient transportation for commuters worldwide. By

way of example, as described herein below in relation to inventive embodiments,

integrating a continuously variable drivetrain (for example, employing a continuously

variable transmission and suitable control strategies) in electric vehicles yields numerous

advantages.

Summary of the Invention

[0004] The systems and methods herein described have several features, no

single one of which is solely responsible for its desirable attributes. Without limiting the

scope as expressed by the claims that follow, its more prominent features will now be

discussed briefly. After considering this discussion, and particularly after reading the



section entitled "Detailed Description of Certain Inventive Embodiments" one will

understand how the features of the system and methods provide several advantages over

traditional systems and methods.

[0005] One aspect of the invention relates to a method of controlling a prime

mover and a continuously variable transmission (CVT). The CVT has a group of

spherical power adjusters. Each power adjuster has a tiltable axis of rotation. In one

embodiment, the method includes the steps of disabling operation of the prime mover.

The method has the step of performing an auto-zero routine on the CVT. The method

includes the step of evaluating a throttle signal indicative of a command to the prime

mover. The method also includes the step of activating the prime mover to enable

operation of the prime mover.

[0006] Another aspect of the invention concerns a method of controlling a

continuously variable transmission (CVT) that has a group of spherical power adjusters.

Each power adjuster has a tiltable axis of rotation. In one embodiment, the method

includes the step of receiving a shift mode input from a user. The method can also

include the step of performing a shifter process based at least in part on at least the shift

mode input and at least one variable from a lookup table having prescribed output values

of ratio of the CVT. The method includes the step of performing an actuator process

based at least in part on the shifter process. In one embodiment, the actuator process is in

communication with an actuator of the CVT. The method also includes the step of

adjusting the tiltable axes of the CVT based at least in part on the actuator process.

[0007] Yet another aspect of the invention concerns a control system for a

drive system having a drive motor and a continuously variable transmission (CVT). The

CVT has a group of spherical power adjusters. Each power adjuster has a tiltable axis of

rotation. In one embodiment, the control system has an actuator configured to operably

couple to the CVT to thereby adjust a ratio of the CVT. The control system includes a

microcomputer in communication with the actuator. The microcomputer is in

communication with the drive motor. The microcomputer is programmed to perform a

shifter process. In one embodiment, the shifter process receives a shift mode input from

a user of the CVT.



[0008] One aspect of the invention relates to a method of optimizing a vehicle

having a drive motor and a continuously variable transmission (CVT). The CVT has a

group of spherical power adjusters. Each power adjuster has a tiltable axis of rotation. In

one embodiment, the method includes the steps of receiving a desired vehicle speed and

receiving a desired motor current draw. The method includes the step of determining a

motor speed based at least in part on the desired motor current draw. The method has the

step of receiving a sprocket ratio of the vehicle. The sprocket ratio corresponds to a

coupling between the CVT and the drive motor. The method also includes the step of

determining an input speed to the CVT based at least in part on the motor speed and the

sprocket ratio to achieve the desired vehicle speed.

[0009] Another aspect of the invention concerns a method of optimizing a

drive system having a drive motor and a continuously variable transmission (CVT). The

CVT has a group of spherical power adjusters. Each power adjuster has a tiltable axis of

rotation. In one embodiment, the method includes the step of receiving a first variable

indicative of a desired speed of the drive system. The method includes receiving a

second variable indicative of a desired current draw of the drive motor. The method has

the step of determining a drive motor speed based at least in part on the desired current

draw. In one embodiment, the method includes the step of receiving a third variable

indicative of a gear ratio of the drive system. The method includes determining an input

speed of the CVT based at least in part on the drive motor speed. The method has the

step of determining a desired CVT ratio based at least in part on the input speed of the

CVT and the desired vehicle speed. The method also includes the step of determining a

shift actuator position based at least in part on the desired CVT ratio.

[0010] Yet another aspect of the invention relates to a method of optimizing a

drive system having a prime mover and a continuously variable transmission (CVT). The

CVT has a group of spherical power adjusters. Each power adjuster has a tiltable axis of

rotation. In one embodiment, the method includes the step of selecting a desired range of

current of the prime mover. The method includes the step of selecting a predetermined

speed of a vehicle equipped with the drive system. The method has the step of applying a

load to the CVT and the prime mover and operating the CVT and the prime mover at the

predetermined speed. In one embodiment, the method includes the step of monitoring the



current draw of the prime mover. The method includes the step of comparing the current

draw to the desired range of current. The method also includes the step of adjusting a

ratio of the CVT based at least in part on the comparison.

Brief Description of the Drawings

[0011] Figure 1 is a block diagram of a drive system that can implement the

control systems and methods disclosed here.

[0012] Figure 2 is a block diagram of one embodiment of a control system

that can be used with the drive system of Figure 1.

[0013] Figure 3 is a block diagram of a drive control system having an

integrated controller.

[0014] Figure 4 is a perspective view of a drive system as implemented in a

vehicle.

[0015] Figure 5 is a second perspective view of the drive system of Figure 4.

[0016] Figure 6 is a perspective view of one embodiment of a user interface

device that can be used with the control system of Figure 2.

[0017] Figure 7A is a flowchart describing one embodiment of a control

process that can be used with the drive system of Figure 1.

[0018] Figure 7B is a flowchart of an initialization routine that can be

performed in the control process of Figure 7A.

[0019] Figure 8 is a flowchart of a transmission and/or prime mover control

subprocess that can be used with the process of Figure 7A.

[0020] Figure 9 is a flowchart of a transmission control subprocess that can be

used with the subprocess of Figure 8.

[0021] Figure 10 is a flowchart of a subprocess for determining a speed ratio

of a CVT, which subprocess can be used with the transmission control subprocess of

Figure 9.

[0022] Figure 11 is a flowchart of a subprocess for controlling a shift actuator

of a CVT, which subprocess can be used with the transmission control subprocess of

Figure 9.



[0023] Figure 12 is a chart of actuator position versus vehicle speed that can

be used with the subprocess of Figure 10 for determining a speed ratio of a CVT.

[0024] Figure 13 is a data table having data associated with the chart of

Figure 12.

[0025] Figure 14 is a chart depicting certain operating characteristics of a

drive motor that can be used in the drive system of Figure 4 .

[0026] Figure 15 is a chart depicting a relationship between a shift actuator

position and a CVT ratio that can be used with the process of Figure 10.

[0027] Figure 16 is a chart of a speed ratio of a CVT versus vehicle speed; the

chart can be used with the subprocesses of Figure 10 for determining speed ratio of a

CVT.

[0028] Figure 17 is a data table relating a desired vehicle speed to a desired

motor current draw.

[0029] Figure 18 is a chart representing a relationship between a motor speed

and a motor current.

[0030] Figure 19 is a table of exemplary data of a map of predetermined

vehicle speed and current draw, the map related to motor speed and CVP input speed.

[0031] Figure 20 is a chart of actuator position of a CVT versus vehicle speed

that can be used with the subprocess of Figure 10 for determining a speed ratio of a CVT.

[0032] Figure 2 1 is a flowchart of an exemplary process having certain

inventive features for generating a calibration map relating a desired vehicle speed to a

desired motor current draw.

[0033] Figure 22 is a flowchart of another exemplary process having certain

inventive features for generating a calibration map relating a desired vehicle speed to a

desired motor current draw.

DETAILED DESCRIPTION OF CERTAIN INVENTIVE EMBODIMENTS

[0034] The preferred embodiments will now be described with reference to

the accompanying figures, wherein like numerals refer to like elements throughout.

Inventive embodiments may include several novel features, no single one of which is

solely responsible for its desirable attributes or which is essential to practicing the



inventions herein described. The CVT/IVT embodiments described here are generally

related to transmissions and variators disclosed in United States Patents 6,241,636;

6,419,608; 6,689,012; 7,01 1,600; United States Patent Applications 11/243,484,

11/543,31 1, 60/887,767; 60/895,713; 60/914,633; and Patent Cooperation Treaty Patent

Application PCT/US2008/052685. The entire disclosure of each of said patents and

patent applications is hereby incorporated herein by reference.

[0035] A typical powertrain of an electric vehicle (EV) includes a power

source (for example, a battery), an electric drive (for example, a drive motor and a drive

motor controller), and a fixed-gear transmission device (for example, sprockets, chain,

gearing, etc.). Usually an EV uses a direct-drive configuration where the operating speed

of the EV is linked directly to the speed of the electric drive motor by a fixed gear ratio

(or, in other words, a fixed transmission speed ratio). This is a simple configuration, and

no variable transmission speed ratios are implemented, usually at the expense of

efficiency and/or performance (for example, limiting acceleration and maximum speed of

the EV).

[0036] However, an EV system can be improved by incorporating a

continuously variable transmission (CVT) into the EV drivetrain. When a CVT is used in

an EV, vehicle performance can be improved because the drivetrain can be optimized at

particular operational speeds and load conditions. A CVT also improves the efficiency of

an EV. The efficiency of the electric motor is a function of operating speed and load, and

battery and/or vehicle range is a function of current draw. A CVT and a suitable

controller allow the drivetrain to operate at speeds of the drive motor, and with selected

drive motor current management, such that overall efficiency and range can be improved.

In one embodiment, the CVT is a NuVinci® CVT, which is a compact, high torque-

density unit that uses a planetary configuration based on spheres and traction to provide

continuously variable speed ratio control. A NuVinci® CVT can provide a continuously

variable speed ratio by tilting a rotating axis of each of the spheres. In some

embodiments, a NuVinci® CVT is provided with a shift rod to facilitate the tilting of the

rotating axes. Exemplary embodiments of NuVinci-type CVTs are described generally in

United States Patent Application 11/543,31 1.



[0037] By way of example, a NuVinci® CVT and a suitable control system

(such as those inventive embodiments described herein) can provide smooth, seamless

shifts of the transmission speed ratio across the full range of speed ratios. In addition,

since there are no fixed gear ratios, the control system is able to control component

speeds precisely, allowing them to operate substantially at their optimal speed for a given

operating condition. In some embodiments, the control logic also allows programming

for different conditions, allowing the user (or manufacturer) to decide when performance

or range is ultimately desired. Certain configurations of the NuVinci® CVT are easily

packaged on an EV, and do not significantly affect the cost or the weight of the EV.

[0038] Additionally, users demand different operating characteristics from

EVs. Some users are concerned with maximum range, while other users care more about

performance factors (for example, vehicle launch, maximum speed, and hill climbing at

speed). In the case of an inexperienced user, desiring maximum efficiency and range, the

user might operate the EV in a fashion that provides better performance (for example, a

quicker launch and/or higher maximum speed of the EV), but ultimately causes the

maximum range to suffer dramatically because of high current draw and operation of the

electric drive motor at an inefficient speed. However, when combined with a suitable

control system for optimal drivetrain operation, a CVT can allow the EV to operate in a

desired mode, such as a performance mode or an efficiency mode. In performance mode,

range and efficiency are less important than outright performance, and the transmission

control system optimizes for acceleration, maximum speed of the EV, and hill climbing

at speed, for example. In economy mode, range is the priority, so the control system

keeps the drive motor at its most efficient speed and imposes limits on current draw from

the battery, for example.

[0039] In one embodiment, a control strategy uses data for motor efficiency

versus motor speed and motor torque, as well as battery life versus current draw, to

improve performance and efficiency of the overall system. Analysis models, such as

those inventive embodiments described herein, indicate that there are benefits of using a

CVT in EVs, and the results of the analysis have been confirmed by empirical testing of

CVT-equipped EVs that were compared to benchmark stock vehicles having fixed-gear

ratios.



[0040] The typical duty cycle of an EV is highly dynamic because it involves

numerous stops and starts, uneven terrain, and variable wind resistance. A drivetrain

with a CVT can benefit an EV that operates over these dynamic speed and load

conditions by allowing the drive motor to operate closer to its peak power or peak

efficiency over a broad range of a given duty cycle. Generally, when coupled to a CVT a

propulsion source is capable of generating more torque and more speed than when

coupled with a fixed gear ratio transmission. As compared to a fixed-gear ratio

configuration, a CVT lower gear ratio can allow for better launch feel and better hill

climb ability, while a CVT higher gear ratio can allow for higher maximum speeds.

Additionally, in certain circumstances, increased acceleration of the EV is possible

because the CVT changes the effective inertia seen at the drive motor.

[0041] Referencing Figure 1 now, a drive system 10 includes a prime mover

12 coupled to a continuously variable transmission (CVT) 14, which is coupled to a load

16. In one embodiment, a control system 18 is adapted to receive information from the

prime mover 12, CVT 14, and/or load 16. The control system 18 can also be adapted to

provide commands to, or actuate, the prime mover 12 and the CVT 14 together or

independently. The prime mover 12 can be any source of power, such as an electric

motor, internal combustion engine, wind turbine, a combination thereof, etc. The electric

motor can be, for example, a brushed DC motor, a brushless DC motor, a permanent

magnet motor, or any other type of electric motor. The load 16 can be a tractive load,

which can include the weight of vehicle and/or an operator and/or cargo and passengers.

The CVT can be a ball planetary CVT, a toroidal CVT, or a belt-and-pulley CVT, for

example. In one embodiment, a drive system 10 includes a NuVinci® continuously

variable planetary, and a drive mechanism between the prime mover and the CVT. The

drive mechanism can be, for example, a chain and sprocket drive, a direct gear drive, or

any other type of power transmission gearing. In some embodiments, the control system

18 includes sensors, actuators, and control hardware, firmware, and logic as described

further below.

[0042] The system, or subassemblies thereof, shown in Figure 1 can be

adapted for use in any ground, air, or water transportation machine, industrial or



agricultural equipment, aerospace vehicles and equipment, and household machines, to

name a few applications.

[0043] Figure 2 illustrates one embodiment of a control system 18 that

includes a controller 20 in communication with sensors 22, a data display and user

interface 24, a mechanical actuator 26, and the prime mover 12. In one embodiment, the

controller 20 includes electronic hardware 28 in communication with control logic 30. In

some embodiments, the sensors 22 are adapted to sense conditions of the prime mover

12, load 16, and a battery 32, which can be configured to provide power to the prime

mover 12. The battery 32 can be, for example, a 36V battery.

[0044] Referencing Figure 3 now, in one embodiment a control system 300

can include a controller 302 configured to control the CVT 14 and the prime mover 12 to

maximize the performance and efficiency of a vehicle. This embodiment can be referred

to as an integrated control in that most or all of the control components and functionality

used to control the CVT 14 and the prime mover 12 can be integrated in a single

controller 302, which in some embodiments include a single electronic board. In one

embodiment, the controller 302 can be adapted to receive a throttle input (which can be a

voltage source).

[0045] In one embodiment, the control system 300 can include an actuator

motor 304 to actuate a shift (that is, an adjustment) of the speed ratio of the CVT 14. The

CVT 14 can be coupled to the drive wheel assembly of a vehicle, for example. In one

embodiment, the system includes sensors. These can include a wheel speed sensor 306

for sensing wheel speed and/or a motor speed sensor 308 for sensing the speed of a drive

motor. The sensors 306, 308 can be any type of speed sensor, for example an active

magnetic sensor, passive magnetic sensor, or encoder of any type. In some embodiments,

the speed of the drive motor can be sensed directly in the controller 302 by measuring the

frequency of electric current supplied to the drive motor 12. Similarly, there can be an

actuator position sensor 310 that can be, for example, an encoder or a potentiometer. In

some embodiments, the actuator position can be derived from the measured speed ratio of

the CVT 14. The speed ratio of the CVT 14 can be calculated from the wheel speed,

speed of the drive motor, and any gear ratios in the system. The system 300 can

additionally include a throttle position sensor 312, a battery fuse switch and/or sensor



314, and a brake cut-off switch and/or sensor 316, any of which can be configured to

provide signals to the controller 302.

[0046] Passing now to Figures 4 and 5, in one embodiment a drive system

400 can include a frame 402 of a vehicle (a scooter, electric bicycle, or motorcycle, for

example) configured to support a drive motor 404 that is coupled to a CVT 406 via a

pinion 408, a chain 410, and a sprocket 412. In some embodiments, the CVT 406 is

integrated in the rear wheel hub of the vehicle and can be configured to transfer a drive

torque or power to a rim 414 via a number of radially extending spokes 416. A shift

actuator 418 can be coupled to the CVT 406. The shift actuator 418 can include a shift

actuator motor (for example, shift actuator motor 304) and suitable gearing (such as

reduction gears, for example).

[0047] Referencing Figures 1 and 6 now, in one embodiment, the control

system 18 includes a user interface device 502. The interface device 502 can display at

least some of the operating parameters of the system 10, for example, battery voltage,

speed of the prime mover 12, speed of the vehicle 506, throttle position, speed ratio of the

CVT 14, or mileage. Mileage can be displayed in terms of Watt-hrs/mile or some other

units. The interface device 502 can be equipped with input buttons 504 to allow selection

of different modes of operation while stopped or driving. The interface device 502 can

be integral with the vehicle 506. Alternatively, the interface device 502 can be

removable, with attachment hardware that allows easy removal of the interface device

502. The interface device 502 can be configured to record data of any signal generated or

derived from the controller 302. Data can be recorded at periodic frequency, for

example, a reading of all measured or derived signals every 50ms. In some

embodiments, the input buttons 504 can be remotely mounted from the display. In other

embodiments, the input buttons 504 can be mounted on a handgrip of the vehicle 506.

[0048] Turning to Figure 7A now, an exemplary process 2700 of controlling

a prime mover 12 and/or a CVT 14 is illustrated. The process 2700 starts at a state 2702.

The process 2700 moves to an initialization state 2704, wherein an initialization routine

runs a number of processes further described below. In one embodiment, the process

2700 performs various subprocesses within a main control loop 2705 upon completion of

the initialization state 2704. The subprocesses within the main control loop 2705 include



an analog-to-digital converter subprocess 2706, a memory read/write subprocess 2708, a

display IO subprocess 2710, a test subprocess 2712, a motor control and throttle

subprocess 2714, and a road speed calculation subprocess 2716.

[0049] Referring to Figure 7B, in one embodiment, the initialization state

2704 can be a process that begins at state 27041 and proceeds to a subprocess 27042,

wherein the initialization of hardware and/or software is performed in preparation for

operating the drive system 10, for example. The initialization state 2704 then proceeds to

a subprocess 27043 where the prime mover (for example, the drive motor 404) is

disabled. The initialization state 2704 proceeds to a state 27044 where an auto-zero

routine is performed. The auto-zero routine can adjust the CVT 14 to a desired

configuration. For example, the tilt angle of the spheres, or power adjusters, of a

NuVinci® CVT can be adjusted to an underdrive configuration to begin a drive cycle. In

one embodiment, the CVT 14 is adjusted towards underdrive, while reading the position

of the shift actuator 418, for example. When the reading stops changing (for example,

when the shift actuator 418 has rotated until an internal shifter assembly of the CVT 14

runs up against a stop), the shift actuator 418 stops. In one embodiment, an actuator

control process 3104 (see Figure 11) can be used to control the shift actuator 418 and

read the initial shift position parameter to complete the auto-zero routine. In one

embodiment, the initialization state 2704 proceeds to a decision state 27045. At the

decision state 27045 the throttle signal is evaluated, for example from the throttle position

sensor 312 (Figure 3). In some embodiments, upon completion of subprocess 27044 the

prime mover can become active once the throttle signal is at a zero level threshold, which

can prevent unexpected or runaway conditions of the vehicle. The initialization state

2704 proceeds to a subprocess 27046 to activate the prime mover, for example, the drive

motor 12. At a state 27047, the initialization state 2704 ends and the process 2700 can

proceed to enter the main control loop 2705.

[0050] Referencing Figure 8 now, in one embodiment the motor control and

throttle subprocess 2714 can be configured as a loop that repeats every 5-milliseconds

(200 Hz refresh), for example. In one embodiment, the motor control and throttle

subprocess 2714 includes a drive motor control module 2802 and a transmission control

module 2804. The drive motor control module 2802, in some embodiments, can be any



suitable pulse width modulation motor control scheme. In one embodiment, the

transmission control module 2804 includes a position control servo feedback loop.

Hence, the motor control and throttle subprocess 2714 can provide drive motor control

and shift actuator position control.

[0051] In some embodiments, the motor control and throttle subprocess 2714

starts at a state 2800. The process 2714 then substantially simultaneously executes the

drive motor control module 2808 and the transmission control module 2804. At a

decision state 2806, the subprocess 2714 determines whether the subprocess 2714 should

continue to be executed in its loop. If the decision is to continue, the subprocess 2714

resumes execution of the modules 2802, 2804. If the decision is not to continue, the

subprocess ends at a state 2808. In some instances, at the decision state 2806 it is

determined not to continue the subprocess 2714 because, for example, an off signal or a

brake signal has been issued by the system.

[0052] Referring to Figures 9-11, in some embodiments, the transmission

control process 2804, which begins at a starting state 2900, determines a required CVT

ratio (for example, the tilt angle of the spheres of a NuVinci® CVT) from a shifter

process 2902 that handles the current state of inputs and from a lookup table with

prescribed output values of ratio of the CVT 406. The transmission control process 2804

then passes the output set point to an actuator process 2904, which applies power, via an

actuator motor drive module 2906, to the shift actuator 418 until the set point is reached.

[0053] In one embodiment, the transmission control process 2804 receives a

set of inputs to describe a state of the vehicle. In some instances, these inputs include

vehicle speed, drive motor current, and other parameters that describe the state of the

vehicle. In some embodiments, the mode of the controller is also determined. The mode

can be selected manually via a toggle switch or a button. In some embodiments, the

mode can be a performance (sport) mode or an economy mode. Yet in other

embodiments, the mode can be a simulated 4-speed transmission "sawtooth" mode. The

controller can store mode tables in a memory. A mode table is a set of data that includes

input parameters (for example, vehicle speed, motor current, etc.) as well as a desirable

ratio of the CVT 406 as the output parameter. Input values can be used to reference a



table and produce an output value. The output value is then passed over to the actuator

process 2904.

[0054] The actuator process 2904 can be a proportional control feedback loop

using the set point for the ratio of the CVT 406 as an input, with the actuator shaft

encoder as a feedback signal. The actuator motor drive module 2906 can include a bi¬

directional (reversing) routine 2908, a motor drive routine 2910, and a suitable pulse

width modulation (PWM) routine 2912. The transmission control process 2804 then ends

at a state 2914.

[0055] Figure 10 depicts one embodiment of a shifter process 2902. The

shifter process 2902 starts at state 3000. Vehicle speed 3002, drive motor current 3004,

and/or other parameters 3006 are received in a monitor vehicle status module 3008. The

shifter process 2902 then moves to a mode select state 3010, wherein a shift mode input

3012 can be received. The shifter process 2902, then proceeds to a decision state 3014,

wherein the shifter process 2902 determines which shift mode to use. If the shift mode

selected is the sport mode, at a state 3016 the shifter process 2902 takes as input the sport

mode lookup tables 3018. If the shift mode selected is the economy mode, at a state 3020

the shifter process 2902 takes as input the economy mode lookup tables 3022. If the shift

mode selected is another mode, at a state 3024 the shifter process 2902 takes as input the

appropriate lookup tables 3026 for the selected mode. In one embodiment, the shift mode

input 3012 can be based at least in part on a signal received from a user interface (not

shown) having a twist grip actuated by a user's hand. In some embodiments, the shift

mode input 3012 can be based at least in part on a signal received from the user interface

device 502, for example.

[0056] Based on the vehicle status and the mode selected, the shifter process

2902 determines an optimal ratio for the CVT 406 at a state 3028. In one embodiment,

determining the optimal speed ratio for the CVT 406 includes determining a position for

a shift rod of the CVT 406. In some embodiments, determining the optimum speed ratio

for the CVT 406 includes determining a number of encoder counts for actuating a shifter

mechanism of the CVT 406, which shifter mechanism can be a shift rod operably coupled

to, for example, the shift actuator 418. The position of the shift actuator 418 can

correspond to a ratio of the CVT 406, which is described below in reference to Figure 15.



[0057] Referencing Figure 11 now, an embodiment of the actuator process

2904 can start at a state 3100 and proceed to execute an actuator control process 3104.

The actuator process 2904 then executes an actuator hardware and drive module 3106.

The actuator process 2904 can then end, if an actual CVT position 3108 is substantially

the same as the optimum CVT position determined by the shifter process 2902.

[0058] Passing to Figure 12 now, a lookup table that can be used by the

shifter process 2902 can be exemplified by each of the curves graphed on the chart

shown. Depending on the speed of the vehicle, a speed ratio of the CVT 406 is selected

(which is similar to selecting a position of a shifting mechanism of the CVT 406, such as

a position of a shift rod; the position can be expressed in terms of encoder counts). A

curve 3202 represents a lookup table for a "drag race" or fast acceleration mode. A curve

3204 represents a lookup table for an economy ("econ") mode. A curve 3206 represents

a lookup table for a fixed ratio simulation (or "stepped") mode. A curve 3208 represent a

lookup table for a performance (or "hill climb") mode. Figure 13 is a data table used to

derive the chart of Figure 12. "MPH" refers to vehicle speed; "RPM" refers to drive

motor speed; "GR" refers to speed ratio of a CVT 406. "Act Pos" refers to the position

of the shift rod in encoder counts.

[0059] In one embodiment, a method of controlling a drivetrain of an EV

provides for an economy mode and a performance mode. In economy mode, the control

system 18 is configured to control a prime mover, for example the drive motor 404, in the

following manner. The control system 18 allows the current to the drive motor 404 to

have an initial maximum current peak (that is, current limit), for example 30-Amps. This

initial maximum current peak can be held for a predetermined amount of time (for

example 2-seconds), which amount of time, in some cases, is preferably sufficient to

allow the drive motor 404 to achieve its base speed, said base speed being the speed of

the drive motor 404 above which the drive motor 404 produces constant power at

increasing drive motor speed and decreasing drive motor torque, a state wherein the drive

motor 404 t ypically operates at higher efficiency than at lower drive motor speeds.

Thereafter, the control system 18 manages current to the drive motor 404 such that the

current is delivered to the drive motor 404 only up to a predetermined current limit (for

example, 25-Amps), which can be sustained as long as required by, for example, throttle



command (or user input). In some embodiments, the power (or current) supplied to the

drive motor 404 is a function of throttle position and battery voltage. In economy mode,

the control system 18 is configured to control the CVT 406 in a fashion that allows the

drive motor 404 to arrive at its base speed as quickly as possible, and then the control

system controls the CVT 406 to maintain the CVT 406 at a ratio of peak efficiency for

the given operating conditions (for example, in certain CVTs the peak efficiency is found

at a speed ratio of 1:1).

[0060] In one embodiment, the control system 18 is configured to optimize

the overall efficiency of the drivetrain of the EV. The drivetrain overall efficiency is a

function of the efficiency of the drive motor 404, the efficiency of the CVT 406, the

efficiency of the control system 18 itself, and/or an indication of how battery life is

affected at certain operating conditions. Hence, in some embodiments, the control

system 18 is configured to modulate power (or current) to the drive motor 404 and to

modulate the ratio of the CVT 406 (preferably in conjunction with the power modulation)

based upon certain inputs, which can include one or more of the following: throttle

position, throttle position rate of change (with respect to time), control system mode (for

example, economy, performance, manual, simulation of stepped transmission, etc.),

average or instantaneous battery voltage, average or instantaneous state of charge of the

battery, data indicative of battery life versus current draw over time, average or

instantaneous drive motor current draw, average or instantaneous speed of the vehicle,

ratio of the CVT 406, data indicative of the efficiency of the CVT 406 versus speed of the

EV and/or CVT 406 speed ratio, speed of the drive motor 404, data indicative of the

efficiency of the drive motor 404 versus torque and/or speed of the drive motor 404, and

efficiency of the control system 18 (such as data indicative of power use by the control

circuitry for the shift actuator 418 and/or the drive motor 404). In certain embodiments,

the control system 18 is configured to control the ratio of the CVT 406 as a function of

one or more of the speed of the EV, speed of the drive motor 404, battery voltage, and

current draw (that is current provided to the drive motor 404, which can in some cases be

based on throttle position).

[0061] Referring now to Figures 14-16, in one embodiment a method for

optimizing the overall efficiency of a drive system, for example the drive system 400, can



include calibrating the economy mode shift curve 3204 of the shifter process 2902. The

method can utilize the characteristic performance of the drive motor 404, an example of

which is depicted in the chart of Figure 14. In this embodiment, the drive motor 404 is a

36V DC brushed motor having peak efficiency at relatively high speeds and low torques,

for example between 2625rpm and 2800rpm and between 1 and 4.5Nm. The

characteristic efficiency of the drive motor 404 can be represented by curve 1400 in the

chart of Figure 14. Also shown in Figure 14 are a characteristic speed curve 1402 and a

characteristic current curve 1404. The chart of Figure 14 shows that the drive motor 404

achieves an optimum efficiency in a current range between 12A and 46A. However, the

battery and/or vehicle range may decrease for current draw above 28A. Therefore, it is

desirable to calibrate the economy mode shift curve 3204 so that the drive motor 404

operates in this current range of 12A-28A.

[0062] As previously discussed, the ratio of the CVT 406 (Figure 5) can be

controlled by the shift actuator 418. An exemplary relationship between the ratio of the

CVT 406 and a position of the shift actuator 418 can be represented by a curve 1500 in

Figure 15. The curve 1500 can be approximated with the equation: y=80.841Ln(x) +

52.998, where y is the position of the shift actuator 418 and x is the ratio of the CVT 406.

Of course, a person of ordinary skill in the relevant technology will recognize that the

specific, preceding equation is associated with a particular set of hardware (such as a

particular vehicle, a particular drive motor 404, a particular shift actuator 418, etc.).

However, the person of ordinary skill in the relevant technology will also recognize that a

general relationship between CVT ratio and shift actuator position can be generally

described by a logarithmic equation of the form y = ALn(x) + B, with the coefficients A

and B having values determined by the particular hardware of a given application. The

curve 1500 and corresponding equation can be used to generate a relationship between

the position of the shift actuator 418, for example encoder counts, and the current draw

from the drive motor 404. Moreover, because the speed of the drive motor 404 is directly

linked to the current draw of the drive motor 404, and because the speed of the drive

motor 404 is related to the vehicle speed, or the wheel speed, it is possible to determine

the current draw for given a wheel speed.



[0063] In one embodiment, the relationship between the current draw and the

wheel speed can be determined by experimentation. The CVT 406 can be configured to

be manually shifted, for example by being operated in manual mode. The vehicle can be

ridden while monitoring the current draw. Adjustment of the ratio of the CVT 406 can be

made manually to limit the current draw of the motor to between 15A and 2OA. The

vehicle speed and the ratio of the CVT 406 can be represented by a curve 1600. Other

considerations can be taken into account when formulating the relationship between the

ratio of the CVT 406 and the vehicle speed. For example, vehicle acceleration and top

speed characteristics, as well as downhill operating characteristics, may be factored into

the calibration of a shift curve of the shifter process 2902. When these operating

conditions are taken into account, the relationship can be represented by an exemplary

curve 1602 in Figure 16. The slope of the curve 1602 at low speed (for example, 2-

3MPH) may be less steep than the curve 1600, which results in less torque transfer from

the drive motor 404 for a smoother take off. The curve 1602 can have a steeper slope

compared to the curve 1600 between 5MPH and 15MPH to achieve higher acceleration.

The curve 1602 can have a steeper slope compared to the curve 1600 that begins around

14.5mph, which can provide an increase in the top speed of the vehicle. This increase in

top speed can allow the vehicle to increase speed slightly when going down hill. The

curves 1600 and/or 1602 can be used in the shifter process 2902.

[0064] Referring to Figures 17-20, a method of determining the relationship

between the current draw of the drive motor 404 and a vehicle speed can be determined

analytically. The method includes establishing a relationship between the current draw of

the drive motor 404 and the desired vehicle speed, such as the relationship represented in

a data table 1700 shown in Figure 17. At low speeds the current draw is relatively high

to facilitate starting the drive motor 404 from a stall condition. As the vehicle speed

increases from a stop, the current draw decreases from a maximum current to a current in

the range of about 10-25A. The speed of the drive motor 404 is proportional to current

draw, which is shown in Figure 18. Therefore, the speed of the drive motor 404

corresponding to the desired vehicle speed can be calculated based on the current draw.

The results of an example calculation are shown in Figure 19 in the column labeled

"motor speed RPM".



[0065] A calculation for the input speed of the CVT 406 can be made based

on the ratio of the sprocket 412 and the pinion 408, which ratio is about 0.17 in one

embodiment. The input speed to the CVT 406 from the drive motor 404 is listed in the

column of Figure 19 labeled "CVT Input Speed mph". The position of the shift actuator

418 for the optimum ratio of the CVT 406 can then be determined by relating the desired

speed to the input speed of the CVT 406 to derive a CVT ratio and applying the

relationship illustrated in Figure 15, which shows the position of the shift actuator 418

versus the ratio of the CVT 406. The result of performing such a derivation can be

represented by the curve 2000 of Figure 20, for example. The curve 2000 can be

approximated by the expression y=-0.0003x4-0.0095x3+.4532x2-0.5388x-0.1846, where y

is the position of the shift actuator 418 and x is the vehicle speed. The curve 2000 can be

used with the shifter process 2902.

[0066J Turning now to Figure 21, in one embodiment a method for

optimizing the overall efficiency of a drive system, for example the drive system 10, can

include a process 2100 for generating an economy mode table that can be used in the

shifter process 2902. The process 2100 can be configured to be performed at least in part

on a computing device or on any microprocessor known in the relevant technology. The

process 2100 begins at a state 2101 and proceeds to a state 2102, wherein a desired

vehicle speed is received as an input variable. The process 2100 then proceeds to a state

2103, wherein a desired motor current draw is received as an input variable. Next, the

process 2100 proceeds to a state 2104 to determine the drive motor speed based at least in

part on the motor current draw. At a state 2105, a sprocket ratio of the drive system 10 is

received as an input variable. The process 2100 proceeds to a state 2106 to determine the

input speed of a CVT, for example the CVT 14 of the drive system 10. The input speed

of the CVT 14 can be determined at least in part by the determined motor speed and the

received sprocket ratio. Next, the process 2100 proceeds to a state 2107 where the

desired ratio of the CVT 14 is determined based at least in part on the received desired

vehicle speed and the determined input speed of the CVT 14. The process 2100 then

enters a state 2108 to determine the position of a shift actuator, for example the shift

actuator 418. The position of the shift actuator 418 can be based at least in part on the

determined desired ratio of the CVT 14. In some embodiments, the relationship depicted



in Figure 15 between the position of the shift actuator 418 and the ratio of the CVT 14

can be used in the state 2108. The process 2100 proceeds to a decision state 2109 that

evaluates the completeness of the economy mode table. If the economy mode table is

incomplete, the process 2100 is repeated beginning at the state 2102. If the table is

complete, the process 2 100 ends at a state 2 110.

[0067] Referring now to Figure 22, optimization of the overall efficiency of

the drive system 10 can include a process 2200 for generating an economy mode table

that can be used in the shifter process 2902. The process 2200 can be performed

experimentally using a vehicle or a test stand suitably configured to apply a load to

certain components of the drive system 10. The process 2200 begins at a state 2201 and

proceeds to a state 2202, wherein a desired range for the current draw of the prime mover

12 is set. The process 2200 then proceeds to a state 2203, wherein a predetermined

vehicle speed is selected. For example, a vehicle speed of 14.5mph can be selected.

Next, the process 2200 enters a state 2204 where the CVT 14 and the prime mover 12 are

operated under load at the predetermined vehicle speed selected in the state 2203. The

process 2200 proceeds to a state 2205 where the current draw of the prime mover 12 is

monitored. At a decision state 2206, the current draw observed in the state 2205 is

compared to the desired range for the current draw set in the state 2202. If the current

draw observed in the state 2205 is not within the desired range, the process 2200

proceeds to a state 2207 where an adjustment is made to the ratio of the CVT 14. If the

current draw observed in the state 2205 is within the desired range, the process 2200

proceeds to a state 2208 where the ratio of the CVT 14 is recorded. Next, the process

2200 proceeds to the decision state 2209 to evaluate the completeness of the economy

mode table. If the economy mode table is incomplete, the process 2200 is repeated

beginning at the state 2203. If the economy mode table is complete, the process 2200

proceeds to an end state 2210.

[0068] Those of skill will recognize that the various illustrative logical blocks,

modules, circuits, and algorithm steps described in connection with the embodiments

disclosed herein, including with reference to the control system 18, for example, may be

implemented as electronic hardware, software stored on a computer readable medium and

executable by a processor, or combinations of both. To clearly illustrate this



interchangeability of hardware and software, various illustrative components, blocks,

modules, circuits, and steps have been described above generally in terms of their

functionality. Whether such functionality is implemented as hardware or software

depends upon the particular application and design constraints imposed on the overall

system. Skilled artisans may implement the described functionality in varying ways for

each particular application, but such implementation decisions should not be interpreted

as causing a departure from the scope of the present invention. For example, various

illustrative logical blocks, modules, and circuits described in connection with the

embodiments disclosed herein may be implemented or performed with a general purpose

processor, a digital signal processor (DSP), an application specific integrated circuit

(ASIC), a field programmable gate array (FPGA) or other programmable logic device,

discrete gate or transistor logic, discrete hardware components, or any combination

thereof designed to perform the functions described herein. A general purpose processor

may be a microprocessor, but in the alternative, the processor may be any conventional

processor, controller, microcontroller, or state machine. A processor may also be

implemented as a combination of computing devices, e.g., a combination of a DSP and a

microprocessor, a plurality of microprocessors, one or more microprocessors in

conjunction with a DSP core, or any other such configuration. Software associated with

such modules may reside in RAM memory, flash memory, ROM memory, EPROM

memory, EEPROM memory, registers, a hard disk, a removable disk, a CD-ROM, or any

other suitable form of storage medium known in the art. An exemplary storage medium

is coupled to the processor such the processor can read information from, and write

information to, the storage medium. In the alternative, the storage medium may be

integral to the processor. The processor and the storage medium may reside in an ASIC.

For example, in one embodiment, the controller 20 comprises a processor (not shown).

[0069] The foregoing description details certain embodiments of the

invention. It will be appreciated, however, that no matter how detailed the foregoing

appears in text, the invention can be practiced in many ways. As is also stated above, it

should be noted that the use of particular terminology when describing certain features or

aspects of the invention should not be taken to imply that the terminology is being re-



defined herein to be restricted to including any specific characteristics of the features or

aspects of the invention with which that terminology is associated.



WHAT WE CLAIM IS:

1. A method of controlling a prime mover and a continuously variable

transmission (CVT), the CVT having a plurality of spherical power adjusters, each power

adjuster having a tillable axis of rotation, the method comprising the steps of:

disabling operation of the prime mover;

performing an auto-zero routine on the CVT;

evaluating a throttle signal indicative of a command to the prime mover;

and

activating the prime mover to enable operation of the prime mover.

2. The method of Claim 1, wherein performing an auto-zero routine on the

CVT comprises the step of adjusting each of the spherical power adjusters to an

underdrive position.

3. The method of Claim 2, wherein performing an auto-zero routine on the

CVT comprises the step of reading a position of a shift actuator, the shift actuator

operable coupled to the CVT.

4. The method of Claim 3, wherein performing an auto-zero routine on the

CVT comprises the step of rotating a shift actuator of the CVT.

5. The method of Claim 1, wherein performing an auto-zero routine on the

CVT comprises the step of tilting each axis of rotation to an extreme position.

6. A method of optimizing a vehicle having a drive motor and a continuously

variable transmission (CVT), the CVT having a plurality of spherical power adjusters,

each power adjuster having a tiltable axis of rotation, the method comprising the steps of:

receiving a desired vehicle speed;

receiving a desired motor current draw;

determining a motor speed based at least in part on the desired motor

current draw;

receiving a sprocket ratio of the vehicle, the sprocket ratio corresponding

to a coupling between the CVT and the drive motor; and

determining an input speed to the CVT based at least in part on the motor

speed and the sprocket ratio to achieve the desired vehicle speed.



7. The method of Claim 6, wherein determining the input speed to the CVT

comprises the step of creating a table indicative of the relationship between the motor

current draw and the vehicle speed.

8. The method of Claim 7, wherein creating a table comprises the step of

operating the vehicle.

9. The method of Claim 7, wherein receiving a desired vehicle speed

comprises the step of reading a throttle position.

10. The method of Claim 8, further comprising the step of evaluating the

completeness of the table.

11. A method of optimizing a drive system having a drive motor and a

continuously variable transmission (CVT), the CVT having a plurality of spherical power

adjusters, each power adjuster having a tiltable axis of rotation, the method comprising

the steps of:

receiving a first variable indicative of a desired speed of the drive system;

receiving a second variable indicative of a desired current draw of the

drive motor;

determining a drive motor speed based at least in part on the desired

current draw;

receiving a third variable indicative of a gear ratio of the drive system;

determining an input speed of the CVT based at least in part on the drive

motor speed;

determining a desired CVT ratio based at least in part on the input speed

of the CVT and the desired vehicle speed; and

determining a shift actuator position based at least in part on the desired

CVT ratio.

12. The method of Claim 11, wherein determining a drive motor speed further

comprises the step of receiving a forth variable indicative of an efficiency of the drive

motor.

13. The method of Claim 12, wherein determining the input speed to the CVT

comprises the step of creating a table indicative of the relationship between the current

draw and the desired speed of the drive system.



14. The method of Claim 13, wherein creating a table comprises the step of

operating the drive system.

15. A method of optimizing a drive system having a prime mover and a

continuously variable transmission (CVT), the CVT having a plurality of spherical power

adjusters, each power adjuster having a tillable axis of rotation, the method comprising

the steps of:

selecting a desired range of current of the prime mover;

selecting a predetermined speed of a vehicle equipped with the drive

system;

applying a load to the CVT and the prime mover and operating the CVT

and the prime mover at the predetermined speed;

monitoring the current draw of the prime mover;

comparing the current draw to the desired range of current; and

adjusting a ratio of the CVT based at least in part on the comparison.

16. The method of Claim 15, wherein setting a desired range of current

comprises receiving a variable indicative of an efficiency of the prime mover.

17. The method of Claim 15, further comprising the step of recording the ratio

of the CVT to thereby form a table.

18. The method of Claim 16, wherein applying a load to the CVT comprises

the step of providing a vehicle equipped with the drive system.

19. The method of Claim 17, further comprising the step of evaluating the

completeness of the table.

20. The method of Claim 15, wherein adjusting a ratio of the CVT comprises

the step of tilting the axes of rotation.

2 1. The method of Claim 20, wherein tilting the axes of rotation comprises the

step of rotating an actuator operably coupled to the CVT.

22. The method of Claim 21, wherein tilting the axes of rotation comprises the

step of axially translating an idler of the CVT.
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