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DUAL CONTROL LOOP FOR CHARGING OF BATTERIES

FIELD OF THE INVENTION

[0001] This application relates generally to generator-based charging of batteries and more

particularly to use of a controller for controlling an output of a generator to charge

one or more battery modules in a vehicle application using dual control loops.

BACKGROUND

[0002] Electrical devices and devices containing multiple electrical components have become

increasingly reliant on batteries for power. In many applications (e.g., automotive

power systems, vehicle power systems, portable electronics, etc.), rechargeable

batteries may be used. Such rechargeable batteries may include one or more batteries

in a battery module, such as lithium-ion batteries, nickel-cadmium batteries, lead-acid

batteries, and/or other battery types or combination of battery types. In an illustrative

example, lithium ion batteries have become increasingly common in many

applications, such as portable electronics, vehicular electrical systems, and the like.

Advantages of lithium ion batteries include a favorable energy to weight ratio, no

memory effect, a low rate of charge loss when not in use, and the like. In some

applications (e.g., vehicular applications, industrial applications, aerospace

applications, etc.), lithium ion batteries may be chosen based on the above mentioned

attributes and/or for other reasons, such as a high energy density, a high power

density, and the like.

[0003] In traditional recharging applications for Li-ion batteries, a one-step (e.g., constant

current) or two-step (constant current/ constant voltage) charging process may be

used. In an illustrative example, a two-step process may include first charging the

battery using a constant current (e.g., a current limit) until the volt limit has been

reached (e.g., a cell voltage limit). Next, a maximum voltage per cell may be applied

until the charging current falls below a threshold level, such as a multiple of a rated

discharge current (Id) (e.g., 0.05 * Id, 0.1 * Id, 0.2 * Id, etc.). For other battery

chemistries, a same or different charging scheme may be utilized based on certain

properties of the particular battery chemistry. For example, a lead acid battery may be

charged by applying a constant voltage (e.g., a rated battery voltage) until the desired

battery voltage has been reached.
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[0004] In some cases, such as vehicular applications, industrial applications, etc., a battery

charging system may be generator based. However, in some applications, the above-

mentioned battery charging techniques may fail to efficiently charge batteries, or even

may cause damage to battery modules because different environmental or electrical

conditions may be overlooked. In other cases, a battery module may use mixed

battery types, either as an intentional combination or an inadvertent combination. In

such cases, a charging method for one battery type may actually damage or cause a

failure of one or more components of the battery module. For example, a specialized

battery charger may be used, but such use may increase costs associated with use of

the battery module, increase weight of the battery module components and/or

supporting equipment (e.g., the battery charger, etc.), increase system complexity

(e.g., additional components that may be lost or damaged, etc.), and the like. As

such, a need has been recognized for a generator-based system capable of efficiently

charging a battery module without use of a separate battery charger.

SUMMARY

[0005] The following presents a simplified summary of various aspects described herein.

This summary is not an extensive overview, and is not intended to identify key or

critical elements or to delineate the scope of the claims. The following summary

merely presents some concepts in a simplified form as an introductory prelude to the

more detailed description provided below.

[0006] In an illustrative example, a system for generator-based charging of a battery module

may include the battery module, a sensor located adjacent the battery module, a

generator controller comprising a processor and a non-transitory memory device

storing instructions. The battery modules include one or more battery types, such as

lithium ion batteries. The instructions, when executed by the processor, cause the

generator controller to analyze one or more sensor signals received from the sensor.

The sensor signals may correspond to a condition and/or parameter associated with

the battery module including a temperature, a current, a voltage, a state of charge, a

state of health and the like. The generator controller may then calculate, based on the

one or more sensor signals, a generator current value for use in charging the battery

module. Next, the generator controller may generate a control signal comprising a
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command that may cause the generator to provide a charging current having the

current value, where the control signal may be generated based on a first control loop

associated with a battery voltage and a second control loop associated with a battery

current.

[0007] The details of these and other aspects of the disclosure are set forth in the

accompanying drawings and description below. Other features and advantages of

aspects of the disclosure will be apparent from the description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Aspects of the disclosure may be implemented in certain parts, steps, and

embodiments that will be described in detail in the following description and

illustrated in the accompanying drawings in which like reference numerals indicate

similar elements. It will be appreciated with the benefit of this disclosure that the

steps illustrated in the accompanying figures may be performed in other than the

recited order and that one or more of the steps may be optional. It will also be

appreciated with the benefit of this disclosure that one or more components illustrated

in the accompanying figures may be positioned in other than the disclosed

arrangement and that one or more of the components illustrated may be optional, in

which:

[0009] Figure 1 shows an illustrative block diagram of a generator-based battery charging

control system according to aspects of the disclosure;

[0010] Figure 2 shows an illustrative “smart” sensor that may be used in a battery charging

control system according to aspects of the disclosure;

[0011] Figures 3A, 3B, and 3C show illustrative battery module configurations according to

aspects of the disclosure;

[0012] Figures 4A and 4B show an illustrative representation of a charging profile according

to aspects of the disclosure;

[0013] Figure 4C shows an illustrative chart showing maximum charging current vs.

temperature for an illustrative Li-Ion battery;

[0014] Figure 5 shows an illustrative charging profile for a mixed-type battery module

according to aspects of the disclosure;
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[0015] Figure 6 shows illustrative representation of a charging profile variable system

according to aspects of the disclosure;

[0016] Figure 7 shows an illustrative method of battery charging using a charging profile

according to aspects of the disclosure;

[0017] Figure 8 shows an illustrative block diagram representation of a control strategy

utilizing a dual control loop according to aspects of the disclosure;

[0018] Figure 9 shows an illustrative method of battery charging using a dual control loop

algorithm according to aspects of the disclosure; and

[0018.1] Figure 10 shows an illustrative chart depicting charging parameters over time

according to aspects of this disclosure.

DETAILED DESCRIPTION

[0019] Aspects of the present disclosure are directed toward closed loop control of battery

charging by a generator. More specifically, the present disclosure is directed to

control of charging of a battery or a plurality of batteries using a voltage control loop

operating at a first frequency and a current control loop operating at a second

frequency.

[0020] In the following description of various example structures and methods in accordance

with the invention, reference is made to the accompanying drawings, which form a

part hereof, and in which are shown by way of illustration various fitness devices and

systems using fitness devices in accordance with various embodiments of the

invention. Additionally, it is to be understood that other specific arrangements of

parts and structures may be utilized and structural and functional modifications may

be made without departing from the scope of the invention.

[0021] It is to be understood that the phraseology and terminology used herein are for the

purpose of description and should not be regarded as limiting. Rather, the phrases and

terms used herein are to be given their broadest interpretation and meaning. The use

of “including” and “comprising” and variations thereof is meant to encompass the

items listed thereafter and equivalents thereof, as well as additional items and

equivalents thereof. As used in this description, a set refers to a collection of one or

more elements.
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[0022] In some cases, a battery charging system may control the charging voltage of a

generator, such as an alternator of a vehicle using at least one charging profiles, each

associated with charging various types of batteries and/or combinations of battery

types. Such charging profiles may be combined, such as when a battery system

includes of different battery types. An illustrative mixed-battery system may include

one or more lithium ion battery modules connected in parallel with one or more lead

acid battery modules. Each charging profile may be associated with a voltage and

temperature (e.g., a voltage vs. temperature charging profile) or may be associated

with a current limit (e.g., a current limited multistage charging profile). One of the

main challenges utilizing such a strategy arises when limiting limit the charging

current of a lithium ion battery because the lithium ion batteries have many

restrictions. For example, an illustrative charging restriction of the lithium ion battery

is that a maximum charging current depends on multiple factors including

temperature, battery state of charge (SOC), battery state of health (SOH) and the like.

When the current exceeds this maximum charging current limit, the battery may

disconnect from the DC bus. As a result, the generator or alternator may be left in a

battery-less operating mode, which may result in a greatly reduced power quality of

the generated voltage. This reduced power quality may also cause other loads in the

system (e.g., a vehicle electrical system) to change their operating behavior, to

disconnect from the DC bus, and/or to be damaged.

[0023] Another challenge with lithium ion batteries is based on a state of charge of a lithium

ion battery or battery module. For example, a lithium ion battery may disconnect

from the DC bus when the battery reaches 100% of the SOC value. When this

maximum SOC is reached, the battery may draw almost no charging current at a

specified voltage. For example, an illustrative lithium ion battery may reach 100%

SOC when the charging current drops below a specified current level (e.g., at about

0.5 Amps) at or above a specified charging voltage (e.g., about 30.0 Volts).

[0024] Another possible challenge with charging lithium ion batteries relates to an open

circuit voltage (OCV) characteristic of this battery type. The OCV corresponds to a

voltage at the battery terminals when the battery is disconnected from its loads. In an

illustrative example, a controller may command an alternator voltage to fall below the

OCV of a lithium ion battery being charged, such as when the controller follows a

specified charging profile. Lithium ion batteries can maintain a certain voltage for
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long period of time even when large current (e.g., about 50 amps, about 100 amps,

etc.) loads are connected. If the alternator voltage drops below the battery OCV, then

the battery may remain at a higher voltage level for a long duration. In some cases,

depending on the connected loads, a battery may be able to provide the necessary

current load for hours. During this time, however, the alternator may shut down

because the system voltage will be higher than the alternator set point and/or the DC

bus due to the high energy density of the battery.

[0025] To overcome these noted issues, a need was recognized for innovative control

strategies and/or algorithms to be implemented by a generator control system. For

example, a second control loop may be integrated into the alternator control algorithm

to limit the battery charging current, not by changing the alternator set point, but by

limiting the alternator field excitation current. By controlling the field excitation

current, better precision may be possible due to the higher resolution available for

PWM control than for voltage control. Another control strategy may correspond to

selecting a specified maximum limit for the alternator set point so the battery never

reaches 100% SOC for the battery module being charged. For example, if a battery’s

defined 100% SOC set point is about 30.0 V, a maximum set point may be selected

less than the value of the 100% SOC. In this illustrative example, a set point of about

29 V may be selected such that the battery’s maximum reachable SOC may be limited

to some percentage less than 100%, such as about 94-95% SOC. As such, the battery

will never reach the 100% SOC and, thus, will not disconnect from the system due to

this effect. Additionally, the controller selects a voltage set point for the alternator so

that the output never drops below the current battery OCV. The OCV parameter is

not a constant value because the battery OCV changes over time due to the

charging/discharging cycles experienced by the battery. As the OCV set point

changes, the controller ensures that the alternator set point never drops below that

specific OCV.

[0026] While aspects of this disclosure may be discussed with reference to one or more

specific battery types such as lithium ion batteries, the concepts may be applicable to

charging any battery types.

[0027] Figure 1 shows an illustrative block diagram of a generator-based battery charging

system 100 according to aspects of the disclosure. For example, the generator-based

battery charging system may include a controller 110, a generator 120, an electrical
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load 130 receiving electrical power from the generator 120, a battery module 140

electrically coupled to the generator, and one or more sensors (e.g., a “smart” sensor

150, individual sensors, etc.). In some cases, the controller 110 may include a

communication interface 114 and a processor 112. In some cases, the controller 110

may also include one or more memory devices 160 (e.g., internal and/or external

memory devices) that may be configured to store instructions 162 processed by the

processor 112 and one or more data tables (e.g., parameter sets, charging profiles,

etc.).

[0028] In some cases, the generator 120 may be electrically coupled to the electrical load via

two or more electrical connections (e.g., B+, B-, etc.) to provide electrical power to

the electrical load 130. In an illustrative example, the generator 120 may be an

alternator in a vehicle. In some cases, the generator 120 may be a stand-alone

electrical generator configured to utilize another energy source (e.g., a fossil fuel

engine, a wind turbine, etc.) to provide electrical energy to the electrical load 130.

The generator 120 may include a field coil (not shown) and one more stator windings

(not shown), where the field coil may generate a magnetic field when a field current

flows through the field coils. This magnetic field may interact with the one or more

stator windings to induce a voltage across one or more stators. The stator voltage may

then be used to provide a generator output current for use in powering the electrical

load 130.

[0029] In an illustrative example, the generator 120 may be an alternator installed in a

vehicle, such as an automobile, a truck, a bus, a military vehicle, an airplane, a boat,

and/or the like. In such cases, the electrical load 130 may include one or more

electrical components of the vehicle, such as a heating element, a cooling fan,

headlights, an air conditioning unit, a pump, a radio, a battery module, and the like.

In some cases, the vehicle alternator may also be used to provide power to one or

more electrical devices (e.g., a portable electronic device, a mobile phone, a GPS unit,

etc.) and/or external vehicle components (e.g., a trailer, running lights, emergency

lights, etc.). Some vehicles, such as emergency vehicles, which may include a

number of electrical components that cannot be without power. The battery module

140 may be used to provide electrical power to the electrical load 130, or externally

connected electrical devices, when sufficient electrical power is not or cannot be

generated by the generator 120. For example, the battery module 140 may provide
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electrical energy to the electrical load when the vehicle’s engine has been shut down,

when the generator 140 has experienced a fault, when the electrical load 130 has

increased to or beyond the generation capacity of the generator 120, and the like. In

some cases, the generator 120 may be configured with two or more electrical

terminals (e.g., a B+ terminal, a B- terminal, a B2+ terminal, etc.) to provide electrical

power at one or more voltage levels in a range between about 10V to about 80 V, such

as via a 12 V output terminal, a 14 V output terminal, a 28 V output terminal, a 37 V

output terminal, a 74 V output terminal and the like.

[0030] In another illustrative example, the generator 120 may be a stand-alone generator or

other such generator for use outside a vehicular environment. In such cases, the

generator 120 may be used in an industrial application, a residential application, a

remote installation application, a lighting application, and the like. Such generators

may include or be connected to a device (e.g., a fuel powered engine, a renewable

energy powered motor, etc.) that provides a motive force to provide the mechanical

energy to spin a rotor of the generator 120 to generate electrical power, as discussed

above. In such cases, the generator 120 may be used to provide electrical power to a

number of electrical devices and/or to provide power to be stored in one or more

battery modules for use in providing power to an electrical device. For example, an

electrical generator may be used to power an electrical device (e.g., a pump, a lighting

unit, a computer installation, etc.) in locations remote from an electrical grid

connection, at a location in which electrical power delivery has periods of outages, or

in application in which electrical power is critical, such as at a hospital or other

similar healthcare facility.

[0031] In some cases, the generator 120 may be configured to generate alternating current

(AC) voltages at a frequency corresponding to the rotation speed of the rotor. In

many cases, this electrical energy is output as a rectified direct current (DC) voltage

(e.g., via the B+ and B- terminals). In some cases, the generator 120 may be

configured to output an AC voltage at a regulated frequency in addition to or in place

of the DC output voltage, such as a 120V output at 60 Hz, 220V output at 50 Hz, and

the like. To provide regulated DC voltages, the generator-based battery charging

system 100 and/or the generator 120 may include a voltage regulator. The voltage

regulator may operate to regulate the generator output voltage(s) at one or more pre-

defined constant voltage levels as the speed of the generator 120 and electrical load
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130 may vary during operation. For example, electrical devices included in the

electrical load may be connected, disconnected, enabled, or disabled during operation

of the generator 120. This variable load operation may cause disturbances (e.g., a

voltage spike, a transient current, etc.) as the devices operate. In an illustrative

example, a motor or heating element connected as at least a portion of the electrical

load 130 may draw a large inrush current upon power up. These transient load

conditions may affect the operation of the generator 120. Additionally, in vehicular

operations, the rotation speed of the rotor may correspond to the rotational speed of

the vehicle’s engine, where this variable rotational speed may cause the AC voltage

generated via the interaction between the field coils and the rotor to be generated at a

frequency with some variation. In such cases, the voltage regulator may be used to

regulate the conversion of AC electrical energy to DC electrical energy at or near a

predefined set point. In some cases, the regulator 125 may be incorporated into the

generator 120, incorporated into the controller 110 as shown, or may be incorporated

as an external device installed adjacent to the generator 120. In some cases, the

regulator 125 may be configured to provide the regulated output voltage from the

generator 120 via the B+ and B- terminals.

[0032] In some cases, the regulator may include one or more power electronic devices such

as diodes, thyristors, silicon controlled rectifiers (SCRs), gate turn-on thyristors

(GTOs), Triacs, bipolar junction transistors (BJTs), power transistors (e.g., insulated

gate bipolar transistors (IGBTs), power metal oxide semiconductor field-effect

transistors (MOSFETs), MOS controlled thyristors (MCTs), integrated gate-

commutated thyristors (IGCT), and the like. The voltage regulator may include one

or more converters, such as AC/DC converters, DC/DC converters and the like. For

example, the regulator may include a diode rectifier to convert an AC input voltage to

an unregulated DC voltage and a DC/DC regulator to convert the unregulated DC

voltage to a regulated DC output voltage and/or current. In some cases, the regulator

125 may control an AC/DC converter to provide a regulated DC output voltage and/or

current. The regulator 125 may be configured to switch one or more switching

devices (e.g., an IGBT, a BJT, an SCR, an IGCT, etc.), along with additional

electrical components (e.g., resistors, capacitors, inductors, transformers, etc.) to

provide a regulated DC output via one or more power conversion circuits, such as a
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boost converter, a buck converter, a Cúk converter, a flyback converter, a SEPIC

converter, a forward converter, a full bridge converter, and the like.

[0033] In some cases, the controller 110 may be configured to control an output (e.g., a

voltage, a current, both a voltage and a current) of the generator. For example, the

controller 110 may store instructions 162 in one or more non-transitory memory

devices to be processed by the processor 112 to control the output of the generator at a

desired set-point. In some cases, the instructions 162 may cause the output of the

generator to change over time based on feedback received at the controller via the

communication interface 114. The one or more non-transitory memory devices 160

may be any suitable storage, including, but not limited to RAM, ROM, EPROM, flash

memory, a hard drive, and so forth. In some cases, the instructions 162 and/or the

data tables 164 may be pre-loaded on the memory devices 160. In some cases, at least

a portion of the instructions 162 and/or the data tables 164 may be loaded into

memory using one or more communication channels (e.g., a serial communication

connection, a parallel communication connection, a network communication

connection, a wireless communication network, etc.) via the communication interface

114. The communication interface 114 may include one or more network

connections, one or more inputs for receiving sensor signals from the sensor 150, a

communication interface for communicating data to and/or from the sensor, a

command output to facilitate communication of a control signal to the generator to

control operation of the generator, and/or one or more parallel, serial or network ports

to allow a user to upload and/or download information and/or instructions into the

memory 160.

[0034] One or more aspects of the disclosure may be embodied in computer-usable data or

computer-executable instructions (e.g., the instructions 162), such as in one or more

modules, executed by the processor 112 to perform the operations described herein.

Generally, modules include routines, programs, objects, components, data structures,

and the like that perform particular operations or implement particular abstract data

types when executed by one or more processors in a computer or other data

processing device. The computer-executable instructions may be stored on a

computer-readable medium such as a hard disk, optical disk, removable storage

media, solid-state memory, RAM, and the like. The functionality of the modules may

be combined or distributed as desired in various embodiments. In addition, the
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functionality may be embodied in whole or in part in firmware or hardware

equivalents, such as integrated circuits, application-specific integrated circuits

(ASICs), field programmable gate arrays (FPGA), and the like. Particular data

structures may be used to more effectively implement one or more aspects of the

disclosure, and such data structures are contemplated to be within the scope of

computer executable instructions and computer-usable data described herein. In some

cases, the data tables 164 may be stored as data structures (e.g., a tabular data

structure), an XML file, a binary file, and/or the like.

[0035] As will be discussed below with respect to Figure 7, the processor 112 may process

instructions 162 to regulate charging of the rechargeable battery module 140 based on

battery module information and information from the sensor 150 (e.g., a battery

voltage, a battery current, a battery temperature, an ambient temperature, historical

battery operation data, and the like.). In an illustrative example, the processor 112

may process instructions 162 that may cause the controller 110 to monitor conditions

related to the battery module operation, such as a state of charge (SOC) of the battery

module 140, battery voltage, battery current, battery temperature, ambient

temperature, and the like. Based on this information, the controller 110 may

determine that the battery module conditions have met predetermined criteria for

initiating a recharge-operation sequence. Such predetermined criteria may be stored

in the memory 160 as a data table 164, a data structure, or the like. For example, a

state of charge criteria may correspond to a threshold percentage of the maximum

capacity of the battery module, under which the controller 110 may initiate the

recharge of the battery module 140. For example, the state of charge threshold may

be a predetermined percentage of maximum capacity, such as 5%, 10%, 20%, 40%

and the like. Similarly, the predetermined criteria may correspond to a depth of

discharge (DOD) threshold condition, where the depth of discharge threshold may

correspond to a percentage of battery capacity that has been discharged and expressed

as a percentage. For example, the DOD threshold may be a predetermined percentage

of discharge battery capacity, such as 95%, 90%, 80%, and the like. Other battery

parameters that may be used by the controller 110 when to initiate a battery recharge

operation may include a terminal voltage threshold that may correspond to SOC and

the charging/discharge current, an open-circuit voltage threshold which may

correspond to SOC and/or an internal resistance threshold which may correspond to
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SOC. For example, as internal resistance increases the battery efficiency may

decrease and thermal stability may be reduced as more of the charging energy may be

converted to heat. In some cases, the predetermined criteria may also be dependent

upon other parameters that may be sensed in near-real time, such as temperature,

voltage and current. For example, first threshold values may be used at a first

temperature and second threshold values may be used at a second temperature.

[0036] Once the controller 110 identifies whether recharge criteria has been met (e.g., a SOC

threshold, a DOD threshold, a voltage threshold, a current threshold, a temperature

threshold, and/or an internal resistance threshold, etc.), the controller 110 may

identify a charging profile for use in controlling the battery recharge process. The

charging profile may be stored in the memory device as a table, xml file, data

structure and the like. Each charging profile may depend on a battery module

configuration, current (near real-time) battery status information, current (near real-

time) ambient conditions, and the like. When a charging profile has been selected, the

controller 110 may process battery status information sensed by the sensor 150 to

identify a current battery voltage, temperature and/or current value and may generate

a control signal for communication to the generator 120. In applications having a

generator 120 outputting two or more voltage level outputs, the controller 110 may

monitor each voltage level circuit independently and generate a control signal to

control recharge operation of the modules of each circuit. The control signal may

cause the generator 120 to output electrical energy at a specified current level and/or

at a specified voltage level based on the selected charging profile and the current

battery conditions.

[0037] The controller 110 may monitor the battery voltage, battery current, the battery

temperature, ambient temperature, and/or other parameters to determine whether a

battery charged threshold has been met. If so, the controller 110 may output an

indication that the battery module has been charged. If not, the controller 110 may

identify whether a charging profile threshold has been met. For example, in some

cases, a battery module 140 may be associated with one or more charging profiles,

where each charging profile may correspond to a predetermined condition of the

battery module. For example, for some battery modules, such as battery modules

including a single battery type, different charging profiles may be defined for

different battery temperatures or ranges of battery temperatures. In another example,
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for battery modules including mixed battery types, a charging profile may be defined

based on different charging currents or ranges of charging currents. If a temperature

or current threshold condition has been met, the controller 110 may select a different

charging profile based on the current (e.g., near real-time) battery module parameters.

If not, the controller 110 may continue the battery module recharge process using the

same earlier selected charging profile. Once the controller 110 has indicated the

battery module 140 has been recharged (e.g., battery parameter(s) have reached

predetermined criteria), the controller 110 may continue monitoring of the battery

parameters to identify when to initiate the next battery recharge process.

[0038] In some cases, the battery module 140 may include one or more batteries 142, 144 or

battery cells. The batteries and/or battery cells included in the battery module 140

may be connected in one or more configurations. For example, Figures 3A, 3B, and

3C show illustrative battery module configurations according to aspects of the

disclosure. Figure 3A and Figure 1 show an illustrative series connected battery

module 300, 140. Figure 3B shows an illustrative parallel connected battery module

330, and Figure 3C shows an illustrative battery module 360 having both series

connected and parallel connected batteries. While these figures show the battery

modules including individual batteries, the battery modules may include one or more

batteries, battery cells or combinations of batteries, where one or more batteries

include multiple cells. The battery modules 140, 300, 330, and 360 may include one

or more batteries of a single type such as lithium-ion batteries, nickel-cadmium

batteries, and lead-acid batteries. In some cases, the battery modules 140, 300, 330,

and 360 may include a combination of battery types.

[0039] The sensor 150 may be a single sensor (e.g., a “smart” sensor) capable of measuring

one or more conditions corresponding to battery module operation and/or may be

capable of logging battery module operation data over time. In some cases, the sensor

150 may comprise a number of discrete sensors each capable of measuring one or

more battery conditions, such as individual voltage sensors, current sensors,

temperature sensors and the like. The sensor 150 may be located adjacent the battery

module 140, such as near a terminal (e.g., the second negative terminal 146). In some

cases, the sensor may be operably coupled to a plurality of locations at or near the

battery module 140, such as at different positive terminals 143, 145 and/or negative

terminals 146, 148. The sensor 150 may be communicatively coupled to the
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controller 110 to communicate current and/or historical information corresponding to

battery operation. The sensor 150 may also be configured to monitor one or more of a

generator voltage, a generator current, a generator temperature, a ground current, and

the like.

[0040] Figure 2 shows an illustrative “smart” sensor 210 (e.g., the sensor 150) that may be

used in a battery charging control system according to aspects of the disclosure. The

smart sensor 210 may include one or more voltage sensors 220, one or more current

sensors 230, one or more temperature sensors, a processor 2550, a memory device

260, and a communication interface 270. The smart sensor 210 may also include one

or more ports for sensing and/or communication information, such as a voltage sense

port 225, a current sense port 235, a temperature sense port 245 and/or a

communication port 275. In some cases, the memory devices 260 may be used to

store computer executable instructions to be executed by the processor 250 to process

and/or log sensor information. The voltage sensors 220 may include one or more

voltage sensors configured to sense a voltage at one or more locations within the

generator-based battery charging system 100, such as at a battery terminal 143, 146,

145, and 148, at a generator terminal (e.g., B+, B-, etc.), or other such location. The

current sensors 230 may include one or more current sensors configured to sense a

current at one or more locations within the generator-based battery charging system

100, such as at a battery terminal 143, 146, 145, and 148, at a generator terminal (e.g.,

B+, B-, etc.), or other such location. The temperature sensors 240 may include one or

more temperature sensors configured to sense a temperature at one or more locations

within the generator-based battery charging system 100, such as at a battery location

(e.g., internal to the battery module, at an exterior surface of a battery module, etc.)

and/or to sense an ambient temperature corresponding to the location of the generator-

based battery charging system 100.

[0041] In some cases, the voltage sensors 220 may comprise a voltage transducer, a resistor

circuit, or other such voltage sensing technology. The current sensors 230 may

comprise one or more of a hall-effect sensor, a transformer or clamp-based sensor, a

resistor circuit or other such current sensing apparatus. The temperature sensors 240

may include one or more temperature sensing technologies, such as a thermistor, a

thermocouple, a thermometer, or other such temperature sensing apparatus. The

voltage sensors 220, current sensors 230, and/or the temperature sensors 240 may be



15

physically located within a smart sensor housing or external to the smart sensor

housing.

[0042] The processor 250 may be configured to receive sensor signals from one or more of

the voltage sensors 220, current sensors 230, and/or the temperature sensors via the

ports 225, 235, and 245. The processor 250 may be configured to store the sensor

data in the memory devices 260, as raw data, as processed data or both. The

processor 250 may be configured to sample the sensor data at a predetermined rate, at

a near-real time rate, or upon different triggering conditions. The smart sensor may

compile a data log 265 of battery module operational information and periodically

communicate the data log to the controller 110 or to a user. The smart sensor 210

may communicate the data a predetermined intervals or in answer to a received

request. The communication interface 170 may include one or more serial

communication interfaces, parallel communication interfaces, network

communication interfaces and/or analog communication interfaces. For example, the

smart sensor may be configured to communication analog sensor information to the

controller 110 via one or more analog communication ports corresponding to one or

more of a current signal, a voltage signal, and/or a temperature signal. In some cases,

the processor may process sensor information to calculate a state of charge of the

battery module, a depth of charge of the battery module, or other such calculation. In

some cases, the controller 110 may send a command to the smart sensor to sense

current, voltage and/or temperature information from the battery module. In some

cases, the controller 110 may communicate a sampling frequency at which the

current, voltage and/or temperature signals may be sampled and/or communicated to

the controller.

[0043] In some cases, the smart sensor 210 may be configured to be attached to a negative

terminal 146, 148 of the battery 142, 144 within the battery module 140. The smart

sensor may be configured to monitor the charging and discharging current, voltage,

and/or temperature of the battery via the voltage sensors 220, the current sensors 230,

and the temperature sensors 240. The smart sensor may be configured to monitor

these parameters with a high level of precision (e.g., ± 0.01, etc.). In doing so, the

smart sensor provides battery information to allow for proactive power management

of a plurality of electrical devices associated with a vehicle or other application (e.g.,

portable electronic devices, industrial applications, transportation applications,
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residential applications, and the like). By using the smart sensor, many advantages

may be realized, such as efficiently managing electrical use and the cost associated

with that use, reducing vehicle mileage in vehicular applications, and reducing CO2

emissions in fossil fuel applications. Based on the sensed parameters, the smart

sensor may be configured to calculate a SOC of the battery module, or a component

of the battery module.

[0044] Additionally, the smart sensor 210 may be configured to provide a number of

diagnostic features, such as during production and operation of the generator-based

battery charging system 100. For example, the smart sensor 210 may be configured to

log and/or report diagnostic trouble codes, record historical battery information and/or

may be programmed to perform certain warranty operations (e.g., a firmware

upgrade). In some cases, the smart sensor 210 may be configured to store information

about the battery including the age of each battery, battery cell or battery module, an

associated manufacturer of the battery, battery cell or battery module, a battery type

or types of each component of the battery module, and the like. In some cases, the

battery module 140 may include a memory device storing battery information such as

the age of each battery, battery cell or battery module, an associated manufacturer of

the battery, battery cell or battery module, a battery type or types of each component

of the battery module, and the like. In such cases, the smart sensor 210 may be

capable of uploading battery information from the battery module 140. In some

cases, the smart sensor 210 may be used to reduce vehicle breakdowns, or other

electrical device downtime, due to weak batteries – which may be up to 50% of

reported downtime. The smart sensor 210 may be configured to operate with a

plurality of battery types and/or voltage levels, where a single device may be

integrated into an existing control system using a standardized communication

protocol (e.g., CANBus J1939), or a customizable communication protocol.

[0045] In some cases, the smart sensor may be configured to operate within a temperature

range of between -40° C and + 105° C. The smart sensor may be configured to

operate within a specified voltage range (e.g., about 0 V to about 40 V, about 12 volt

to about 80V, and the like). In an illustrative vehicle based example, the smart sensor

210 may be configured to measure a battery voltage (e.g., 14V to about 28V, from

about 0V to about 40 V with a specified precision (e.g., ± 0.01, ± 0.1, etc.). The

current sensors may be configured to measure current within a specified range (e.g.,
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from about 0.2A to about 1000A, etc.) with a specified precision (e.g., about ± 1%, ±

0.5%, etc.). The temperature sensors may be configured to measure temperatures

within a specified range (-40° C and + 105° C) with a specified precision (e.g. about ±

.1° C, etc.). In some cases, the processor 250 may be configured to process an

algorithm for measuring and/or conditioning a battery voltage so that the generator

voltage regulator or controller 110 may be able to use this information for real-time

compensation of voltage drop across cables to the battery.

[0046] In some cases, the smart sensor may be configured to perform data collection, such as

on current consumption, in sleep mode for continued monitoring capability during

inactive periods. The data log 265 may be capable of storing large amount of data

over a period of time (e.g., about 40 hours, about 65 hours, about 100 hours, etc.).

Further, the smart sensor may be capable of generating histograms representative of

all parameters with up to 1 million hours being a theoretical limit. The smart sensor

210 may include a status LED showing a status of the smart sensor, a component of

the smart senor (e.g., a sensor status), and/or a battery module charge status. For

example, a charged battery status may be indicated by a first color (e.g., green), a

charging status may be indicated by a second color (e.g., yellow), and a discharged

status threshold level may be indicated by a third color (e.g., red). In some cases, the

smart sensor may include one or more other status indicators, such as a textual

indicator, a graphical indicator, an audio indicator, and the like.

[0047] In some cases, specialized algorithms may be implemented to monitor and/or manage

battery energy usage and/or charging via customizable algorithms. For example, in a

vehicular application the smart sensor may assist engine start/stop idling functionality

by monitoring battery SOC and adjusting the charging algorithms accordingly.

[0048] Figures 4A and 4B show an illustrative representation 400, 450 of a charging profile

according to aspects of the disclosure and Figure 4C shows an illustrative chart

showing maximum charging current vs. temperature for an illustrative Li-Ion battery.

In some cases, the charging profile may be illustrated in a graphical format, such as in

a chart 400 and a chart 480. The charging profile 400 may be individually generated

for each battery module, by type of battery (e.g., Li-ion, Ni metal hydride, lead acid,

etc.), module configuration, number of batteries, number of battery cells,

manufacturer specific characteristics, and the like. In the illustrative example, 400, a

Li-ion charging profile is illustrated, showing a current command value along the y-



18

axis and a battery voltage level along the x-axis. In the illustrative example 480, a Li-

ion charging profile is illustrated, showing a current command value along the y-axis

and an internal battery temperature level along the x-axis. Unlike traditional battery

charging schemes or profiles, the current command value is not necessarily constant

over a time or voltage range. Rather, the current command may vary in near real-time

based on the real-time measured voltage at the battery. In some cases, the charging

profile may include a maximum current profile 410 or a maximum current profile 410

and a minimum current profile 420. The maximum current profile may be determined

based on manufacturer provided information, measured values and/or interpolated

results. In some cases, the command current may be allowed to be anywhere within

the maximum current profile 410 and the minimum current profile 420. In some

cases, the maximum and minimum current profiles may mirror each other. In other

cases, the minimum current profile 420, 440 may be different than the maximum

current profile 410.

[0049] In some cases, the charging profile 400 may be represented in a tabular format, such

as in charging profile 450. For example, a command current value (e.g., I1, I2, I3, etc.)

may correspond to a measured voltage value (e.g., V1, V2, V3, etc.). In some cases, the

controller may interpolate between points. In other cases, the current command value

may remain constant or increase/decrease at a defined rate (e.g., slope). In some

cases, the charging profile may be represented as an algorithm as a function of voltage

and/or temperature.

[0050] Figure 5 shows an illustrative charging profile 500 for a mixed-type battery module

according to aspects of the disclosure. In some cases, a battery module 140 may

include a plurality of battery types, such as a battery module having both Li-ion

batteries and lead acid batteries, or another combination of battery types. In such

cases, the battery characteristics may differ based on the individual characteristic of

the used battery types. To allow for safe and efficient charging of such mixed-type

battery modules, a charging voltage limit may be set based on a sensed temperature

(e.g., a real time temperature signal). In the illustrative example, the charging profile

500 may include two or more charging profile sections 510 and 520. For example,

section 510 may correspond to a first voltage V1 command at temperature readings of

less than or equal to a first temperature threshold (e.g., 0° C), a second voltage

command V2 over a second temperature range from 0 to T1, a third ramped voltage
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command over a third temperature range T1 to T2, and a fourth voltage command

(V1) over a fourth temperature range equal to or greater than T2. In some cases, the

command voltage profile 500 may be interpolated as a function of temperature

between two or more specified command voltage and temperature pairs.

[0051] Figure 6 shows illustrative representation of a charging profile variable system 600

according to aspects of the disclosure. In many cases, two or more charging profiles

may be identified for a particular battery module. For example, a first charging

profile (e.g., charging profile 400) may be defined for use at a specified nominal

temperature (e.g., 30° C) or within a nominal temperature range. In some cases, the

nominal temperature or nominal temperature range may correspond to a nominal

operating temperature as specified by a battery manufacturer. In some cases, battery

operation, discharging characteristics and/or charging characteristics can change

based on certain operating conditions. For example, for a Li-ion battery, the charging

characteristics may change dependent upon a temperature of the battery. Similarly,

for mixed battery type battery modules, the charging characteristics may change based

on current flow through the battery during charging. For example, specified voltage

command may cause one battery type to heat more than a second battery type.

[0052] In such cases, the selected charging profile may be dependent on temperature, current

and voltage. As can be seen, a charging profile may be generated within a three-

dimensional space (or three dimensional table or data structure) such that changing

conditions may be accounted for during charging operations. For example, a charging

profile may be generated as a three dimensional surface to allow the controller 110 to

command the generator to output a specified voltage and a specified current based on

a particular sensed temperature. In mixed battery operations the real-time sensed

charging current may cause the controller 110 to switch charging profiles based on

expected heating or measured heating of different battery components in the battery

module. For example, a Li-ion battery module may be charged using a first profile

(e.g., a current vs voltage charging profile such as charging profile 400) when the

temperature is within a range near Temperature T1. The controller 110 may switch to

a second charging profile when the temperature comes within a second temperature

range near T2. Similarly, for mixed battery modules using a voltage vs temperature

profile such as profile 500, the controller may be configured to use a third charging

profile when the charging current is within a range near a first current I1 and a second
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charging profile when the charging current is within a range near a second current I2.

In some cases, the charging profile and/or the threshold conditions for switching

between different charging profiles may be dependent on a battery type installed as

part of the battery module 140.

[0053] Figure 7 shows an illustrative method 700 of battery charging using a charging profile

according to aspects of the disclosure. For example, at 710, the controller 110 may be

configured to monitor a state of charge of the battery module 140, along with other

battery module parameters (e.g., current, voltage, temperature, etc.) during operation,

such as when the generator is operating and/or the electrical load 130 is drawing

electrical energy from the battery module 140. In some cases, the controller may

receive one or more of the monitored values in near real-time from the sensor 150. At

715, periodically or continuously, the controller may determine whether the SOC has

met a predefined threshold condition. If not, the controller continues to monitor the

battery module parameters at 710. If so, the controller 110 may identify a battery type

and/or battery module type used within the battery module 140 at 720. In some cases,

the controller 110 may be pre-configured with the battery type information and

retrieve the information from the memory 160. In other cases, the controller 110 may

obtain the battery type information from a memory device stored on the sensor 150

and/or a memory device installed as part of the battery module. In some cases, the

battery type information may include a number of batteries and/or cells installed as

part of the battery module 140, a type of each battery or cell installed in the battery

module, a configuration type of the battery module (e.g., series connection, parallel

connection, a mixed series and parallel connection.

[0054] At 725, the controller 110 may determine whether a single battery type has been used.

If so, the controller 110, at 740, may select a first charging profile (e.g., current

profile 400 for an illustrative Li-ion battery module) based on the identified battery

type, the identified module configuration, and one or more battery parameters (e.g., a

real-time current value, a real-time voltage, a real-time temperature, etc.). If not, at

735 the controller 110 may determine whether multiple battery types are installed. If

so, at 740 at charging profile may be selected by the controller (e.g., the charging

profile 500) corresponding to the identified battery types, the configuration of the

battery module, and one or more battery parameters (e.g., a real-time current value, a

real-time voltage, a real-time temperature, etc.). If the battery module configuration
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cannot be identified, the controller may issue an error and/or may follow a predefined

charging profile, such as a multiple battery type charging profile.

[0055] At 750, the controller 110, along with the sensor 150, may monitor the battery current,

voltage and temperature in real-time, near real-time, or by sampling at predetermined

intervals. At 760, based on the sensed current, voltage and/or temperature, the

controller issues a command to the generator 120 to either output a commanded

current and/or a commanded voltage based on the selected profile. At 765 or 775, the

controller 110 may determine based on the sensed battery parameters, an indication of

whether the battery module has been charged (e.g., met a charging criteria such as a

predefined SOC, voltage and/or current level). If so, the controller 110 will end the

charging procedure at 770 and/or output an indication that the battery module 140 has

bene charged. If not, the controller 110 may identify whether a charging criterion

(e.g., a temperature threshold at 785, a current threshold at 795, etc.) has been

reached. If not, the controller 110 continues to sense the battery parameters at 750. If

so, the controller 110 may be configured to determine whether to use a different

charging profile at 740, based on the sensed battery parameters and/or the battery

module type or configuration.

[0056] Figure 8 shows an illustrative block diagram representation of a control strategy

utilizing a dual control loop according to aspects of the disclosure. A generator

control system 800 (e.g., a vehicle electrical system) may include a regulator 810, a

generator (e.g., an alternator 820) and a battery 830. The regulator 810 may

implement a control strategy for controlling an output of the alternator 820 to charge a

battery including one or more control loops, such as the shown dual control loop

strategy. For example, the illustrative regulator 810 may implement a first control

loop 813 as a voltage control loop and a second control loop 817 as a current control

loop.

[0057] In this illustrative example, the primary control loop is the voltage control loop 813

that is implemented by the regulator 810 as the main control loop for the alternator.

As such, the regulator controls the output voltage of the alternator 820 using the

voltage control loop 813. This control loop may be run at a defined frequency that

may be running at higher speed than the current control loop 817. In this illustrative

example, the voltage control loop may run may be processed once every 0.004 sec or

at 250Hz and may control the alternator output voltage (Valt) to be equal to the
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alternator set point (Vsp). A battery voltage (Vbatt) parameter may be used, for

example, in a calculation of a voltage drop across the cables between the alternator

and the battery. The regulator 810 may be programmed compensate for this voltage

drop in the voltage control loop 813 to ensure that a voltage at the battery terminals

follows a defined curve, rather than the voltage at the alternator terminals.

[0058] Additionally, the regulator 810 may process a second control loop, the current control

loop 817, to control a maximum battery charging current. This current control loop

817 may be run at a same frequency or at a different frequency than the voltage

control loop 813. In the illustrative example, the current control loop may run at a

slower frequency (e.g., once every second or at 1Hz). In some cases, the current

control loop may be processed at a frequency faster than the voltage control loop.

The regulator 810 may receive sensor information corresponding to one or more

battery conditions, including the battery charging current, and may compare the

sensed current to the predefined limits based on current battery conditions (e.g.,

internal battery temperature, ambient battery temperature, SOC, SOH, etc.). If the

sensed current exceeds the limit, the regulator 810 may use the second control loop

817 to restrict the field excitation current of the alternator to bring the battery

charging current back within the specified limits. Additionally, if the charging current

is sensed to drop below a minimum current limit, the second control loop 817 releases

any active current to increase the battery charging current. In some cases, the

regulator 810 may process the second control loop 817 to command the charging

current at or near the maximum charging current to ensure the battery 830 is charged

as fast as possible.

[0059] While, in the illustrative example, the first control loop 813 (e.g., the voltage control

loop) may be operating faster (e.g., about 25 Hz, 100 Hz, 250 Hz, 500 Hz, etc.) than a

second control loop 817 (e.g., the current control loop) timing (e.g., at about 0.5 Hz, 1

Hz, 5 Hz, 10 Hz, 25 Hz, etc.), other timings may be used. For example, in a particular

installation, the first control loop 813 and the second control loop 817 may operate at

a same frequency. Further, in some cases, the second control loop 817 may operate at

a faster rate than the first control loop 813. Such configurations may be dependent

upon different system stability characteristics of a particular battery charging system,

battery module characteristics, battery charging characteristics, battery aging

characteristics, and/or other considerations or conditions. In some cases, the
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operational timings of one or both of the first control loop 813 and the second control

loop 817 may change over time based (e.g., as a function of one or more system or

battery parameters), such as on a number of batteries or battery modules being

charged, an age of one or more batteries, a SOC or SOH characteristic of one or more

batteries being charged, a temperature of one or more batteries, and the like.

[0060] In some cases, the regulator 810 may adjust an alternator set point to be in a range

higher than the battery OCV but lower than the value at which the battery can reach

100% SOC. In this example, the regulator 810 may sense an initial battery voltage

(e.g., about 26.0 Volts) before the alternator is started. The regulator 810 may add a

voltage offset (e.g., about 0.2 Volts) to the initial battery voltage and may store the

combined value as an alternator starting set point voltage, about 26.2 Volts in this

example. In some cases, the regulator 810 may identify an alternator end set point

that may be chosen to limit the voltage under a predefined maximum voltage. This

maximum voltage may be a value (e.g., about 29.0 Volts) that may prevent the

voltage from reaching a 100% SOC for a particular battery or battery module. The

regulator 810 may control the set point from an initial starting set point to the end set

point over a predetermined period of time (e.g., about 14 seconds). As such, the

regulator 810 may control the alternator set point to increase from the starting set

point to the end set point at a defined rate. In the illustrative example, the regulator

may determine the voltage set point ramping rate using the equation (SPend-

SPstart)/(Tperiod), resulting in a ramping rate of 0.2 Volts/second.

[0061] During this time, the regulator 810 may use the second control loop 817 to monitor

the battery charging current to ensure the charging current remains within predefined

maximum and minimum charging limits. In some cases, the charging limits may be

constant values. In some cases, the charging limits may be determined based on an

equation, charging profiles and/or battery parameters. In some cases, the regulator

810 may adjust the alternator field excitation limit to make sure the charging current

stays within the predetermined minimum charging current value and the maximum

charging current value (e.g., within 90% to 100% of an absolute value of the

maximum charging current at current battery conditions). By using the dual control

loops, the voltage control loop 813 and the current control loop 817, the regulator 810

may charge the battery 830 to a desired voltage level, while controlling the battery

charging current without changing the voltage set point after an initial ramp up period.
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The voltage set point may remain constant and/or equal to a predetermined maximum

set point to avoid reaching the 100% SOC value, while eliminating a risk that the

voltage set point may be set below the battery OCV.

[0062] The regulator 810 may include a memory device for storing one or more system

parameters. In some cases, the parameters may be configurable to adjust the control

algorithms to specific applications based on alternator specifications, battery types

used, a number of batteries installed, a number of battery modules installed, a number

of batteries in each battery module, and the like. In some cases, a battery charging

profile for a maximum current value may be stored in the regulator’s memory as a

table. In some cases, a current profile may be communicated, as either a digital signal

or an analog signal, to the regulator from an external computing device. For example,

the current profile may be communicated from an external storage device, a smart

sensor, a battery module, a battery, or the like. Additionally, other parameters, such

as temperature values, SOC values, SOH values or the like, may be communicated

similarly. In some cases, multiple batteries may be connected in parallel such that the

regulator 810 receives sensor information from each of the batteries. The regulator

810 may optimize the algorithm based on the sensor information to provide safe

charging for all connected batteries. For example, the regulator 810 may determine a

highest battery temperature value of the connected batteries and calculate voltage and

current set points to enable charge regulation to ensure all connected batteries operate

in a safe operating region.

[0063] When one or more batteries disconnect from the system 800, the regulator 810 may

identify the disconnected status and may automatically adapt the regulation for any

remaining connected batteries. In some cases, an override command input may be

received by the regulator 810 via an input, not shown. The override command may be

used to change one or more operating parameters of the regulator based on an

operating condition of the vehicle, such as a battery state of health parameter, a state

of charge parameter, a current parameter, a voltage parameter, and the like. For

example, in vehicles with multiple batteries, one or more large alternators may be

used to provide electrical energy to the vehicle and charge the batteries. Under

certain vehicle operating conditions, the alternator may use a large portion of the

available engine torque. As a result, the vehicle may not have enough available

torque to allow for desired movement. In such cases, a vehicle component (e.g., an
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engine control unit, etc.) may send an override command to the regulator 810 to

command a lower maximum charging current value, so that extra power may be

available to the vehicle engine to allow proper vehicle movement. In some cases, a

second override command may be received from an external device at the regulator

810. This second override command may be used to initiate limiting of a maximum

SOC value for one or more batteries. Such SOC limitations may be used to allow for

safe battery transportation and/or storage.

[0064] In some cases, the regulator may receive a command to disconnect and/or connect one

or more batteries or battery modules from the system. For example, a vehicle may

include one or more battery packs (e.g., battery modules) that may each include one

or more batteries. In some cases, a vehicle may use a battery pack for starting a

vehicle and a different battery module during normal operation. The regulator may

receive a command to connect or disconnect a battery module, either before or after

the battery module has been charged. In some cases, the regulator 810 may receive an

input to disconnect a battery module immediately. In some cases, the regulator may

receive an input to disconnect a battery module dependent upon the battery module

reaching a predefined voltage set point.

[0065] Additional inputs received by the regulator 810 may be received from a battery and/or

a smart sensor. For example, a battery may include a processor that may be used to

calculate an open circuit value for the battery. This value may be communicated to

the regulator 810 for use in adjusting operation of the first control loop 813 and/or the

second control loop 817. Additionally, one or more of the battery parameters may be

measured by a smart sensor and communicated to the regulator 810. Illustrative

parameters sensed by the smart sensor may include one or more of a battery voltage, a

battery current, a batter temperature, an SOC value, an SOH value, and/or the like.

[0066] Figure 9 shows an illustrative method 900 of battery charging using a dual control

loop algorithm according to aspects of the disclosure. At 910 and 920, the regulator

810 may perform an initialization routine to calculate one or more initialization

parameters. In the illustrative example, at 910, the regulator 810 may calculate initial

voltage set point parameters and/or a pulse width modulation (PWM) frequency

value, a duty cycle value, or both. At 920, the regulator 810 may calculate one or

more current set point parameters. For example, the regulator 810 may calculate

voltage and/or current parameters based on system characteristics, battery
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characteristics, or both. In some cases, the regulator 810 may identify one or more

current and/or voltage parameters based on one or more battery charging profile

curves. At 925, the regulator 810 may determine whether the alternator 820 is

rotating. If not, the regulator 810 may return to 910 to continue or complete

calculation of the initialization parameters. If the alternator has been determined to be

rotating at 925, then the regulator may determine whether the voltage control loop 813

period has expired. If not, the regulator may return to step 920 to calculate one or

more current loop parameters. If the voltage control loop period has expired at 927,

then the regulator may process algorithms of the voltage control loop 813, determine a

PWM command value based on the voltage control loop parameters, and control the

battery charging based on the PWM calculations.

[0067] At 935, the regulator 810 may determine whether the current control loop period has

expired. If not, the regulator may return to 920 to calculate current control loop

parameters. If so, at 945, the regulator may determine whether the battery charging

current is greater or equal to the maximum charging current value. If the battery

current is less than the maximum charging current, the regulator 810 may check

whether the command charging current is less than a minimum charging current at

955. If, at 954, the charging current is greater than the maximum charging current set

point, the regulator 810 may adjust the PWM control such as reducing the PWM

command value by a first predetermined value at 950 and then determine whether the

command charging current is less than a minimum charging current at 955. If, at 955,

the charging current is less than the minimum value, the regulator 810 may increase

the PWM command value by a second predetermined value at 960. In some cases,

the first predetermined step value is different than the second predetermined step

value. In some cases, the first predetermined step value is the same as the second

predetermined step value. At 960, the regulator 810 may compare the PWM

command value to maximum and/or minimum PWM command parameters and may

adjust the PWM command value as necessary. At 980, the regulator applies the PWM

command value to control charging of the battery and the regulator returns to step

920.

[0068] Figure 10 shows an illustrative chart depicting charging parameters over time

according to aspects of this disclosure. For example, Figure 10 shows an illustrative
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plot of battery current and alternator voltage with respect to different parameter set

points over time.

[0069] While this disclosure describes in detail in terms of specific examples including

presently preferred modes of carrying out the invention, those skilled in the art will

appreciate that there are numerous variations and permutations of the above described

systems and methods. Thus, the spirit and scope of the invention should be construed

broadly as set forth in the appended claims.
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CLAIMS

What is claimed is:

1. A system for generator-based charging of a battery module, the system

comprising:

the battery module

a sensor located adjacent the battery module

a generator controller comprising a processor and a non-transitory memory device

storing instructions that, when executed by the processor, cause the generator controller to:

analyze one or more sensor signals received from the sensor, the sensor

signals corresponding to a condition of the battery module;

calculate, based on the one or more sensor signals, a generator current value

for use in charging the battery module;

calculate, based on the one or more sensor signals, a generator voltage value

for use in charging the battery module; and

generate a control signal comprising a command to control a generator field

excitation current to provide the current value based on a current control loop and a

voltage control loop, wherein the voltage control loop operates faster than the current

control loop.

2. The system of claim 1, wherein the sensor comprises a number of sensors for

sensing a plurality of battery conditions and a processor capable of determining a state of

charge of the battery module based on the plurality of battery conditions.

3. The system of claim 1, further comprising a non-transitory memory device storing

a plurality of charging profiles associated with one or more different battery module

configurations.

4. The system of claim 1, wherein the battery module comprises a Li-ion battery.
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5. The system of claim 1, wherein the voltage control loop is processed at a first

frequency and the current control loop is processed at a second frequency and wherein the

first frequency is greater than the second frequency.

6. The system of claim 1, wherein the current value is associated with a plurality of

battery parameters sensed in near real time.

7. The system of claim 1, wherein operational timings of one or both of the

voltage control loop and the current control loop change over time based as a function of one

or more system or battery parameters.

8. A method for generator-based charging of a battery module, the method

comprising:

analyzing one or more sensor signals received from the sensor, the sensor

signals corresponding to a condition of the battery module;

calculating, based on the one or more sensor signals, a generator current value

for use in charging the battery module, wherein the generator current value is

determined based on a charging profile;

calculating, based on the one or more sensor signals, a generator voltage value

for use in charging the battery module; and

generating a control signal comprising a command to control a generator field

excitation current to provide the current value based on a current control loop and a

voltage control loop, wherein the current control loop operates at a slower frequency

than the voltage control loop.

9. The method of claim 8, comprising:

identifying, by the controller, a configuration of the battery module; and

identifying, by the controller, a charging profile for use in charging the battery

module based on the configuration of the battery module and the sensor signals received from

the sensor.

10. The method of claim 8, comprising:
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retrieving, from the battery module, the charging profile for use in charging the

battery module based on a configuration of the battery module and the sensor signals received

from the sensor.

11. The method of claim 8, wherein a configuration of the battery module comprises

a single battery type and the command signal corresponds to a current command to provide a

specified output current based on a sensed voltage.

12. The method of claim 8, wherein a configuration of the battery module comprises

a single battery type and the command signal corresponds to a command to output a specified

output current based on a sensed voltage and a sensed temperature.

13. The method of claim 8, wherein the configuration of the battery module

comprises a plurality of batteries and the command signal corresponds to a condition of a

particular battery of the plurality of batteries.

14. The method of claim 8, wherein the voltage control loop is processed at a first

frequency and the current control loop is processed at a second frequency.

15. A controller for a generator to charge a battery module, the controller comprising:

a processor; and

a non-transitory memory device storing instructions that, when executed by the

processor, cause the controller to:

analyze one or more sensor signals received from the sensor, the sensor

signals corresponding to a condition of the battery module;

calculate, based on the one or more sensor signals, a generator current value

for use in charging the battery module, wherein the generator current value is limited

based on a first charging profile;

calculate, based on the one or more sensor signals, a generator voltage value

for use in charging the battery module; and

generate a control signal comprising a command to control a generator field

excitation current to provide the current value based on a current control loop and a

voltage control loop, wherein the voltage control loop operates faster than the current

control loop.
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16. The controller of claim 15, wherein the instructions, when executed by the

processor, cause the controller to:

sense, in near real time, a plurality of battery module parameters including battery

module current, battery module voltage, and battery module temperature; and

identify, based on a sensed plurality of battery module parameters whether a threshold

condition has been reached; and

if so, select, based on the sensed plurality of battery module parameters, a second

charging profile; and

identify, based on the sensed plurality of battery module parameters, a second

generator output using on the second charging profile in near real-time, and

communicate, to the generator, a second command for the generator to output

the identified second generator output.

17. The controller of claim 16, wherein the threshold condition corresponds to a

temperature threshold.

18. The controller of claim 16, wherein the threshold condition corresponds to a

current threshold.

19. The controller of claim 16, wherein the voltage control loop is processed at a first

frequency and the current control loop is processed at a second frequency, wherein the

battery module is charged to a desired voltage level, while controlling the battery charging

current and keeping the voltage at a voltage set point after an initial ramp up period.

20. The controller of claim 19, wherein the plurality of sensed signals is sensed using

a smart sensor installed adjacent to the battery module, and wherein the smart sensor

communicates a message to the controller including a state of charge of the battery module

calculated using the plurality of sensed signals.


