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(57) Abstract: Methods and systems for building arbitrary
motor controllers are described. An example motor control-
ler may include multiple motor power boards connected in
a stacked configuration and coupled in parallel. Each motor
power hoard may include one or more power transistors
and one or more gate drivers having an input terminal
coupled to a control signal connector and an output termin-
al coupled to a gate terminal of the one or more power tran-
sistors. The example motor controller may also include a
power bus connector coupled, in parallel, to a respective
output terminal of each of the multiple motor power
boards. Further, the example motor controller may include
a control system coupled to the control signal connector
and configured to selectively enable a set that includes one
or more of the multiple motor power boards based on an
output power requirement.
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METHODS AND APPARATUSES FOR SELECTIVELY CONTROLLING
MOTOR POWER BOARDS

CROSS-REFERENCE TO RELATED APPLICATION

{8001} This application claims priority to U.S. Patent Application No. 14/288,662,
filed May 28, 2014, which is hereby incorporated by reference in is entirety.

BACKGROUND

18602} nless otherwise indicated herein, the materials described in this section are
not prior art to the claims iu this application and are not admtited to be prior art by inclusion
in this section.

{8083} Motor controllers are devices or groups of devices that fimetion to control the
operation of an electric motor. A motor controller conmected to a motor may start or stop the
motor, schect forward or reverse on the motor, select or regulate the speed of the motoy, and
regulate or Hmit the torque of the motor, among other fonctions. A motor controller may
mehide a switch or set of switches to connect a motor 10 a power supply. The switch(es) may
have scveral different positions or combinations to select different electrical connections.
When sclected, the different clecirical connections may cause the motor to operate in various
ways, such to start or stop, or to forward or reverse, as noted above, Further, rapid switching
of the elecirical connections, such as by a pulse width modulated signal, may vary the speed
of the motor.

16604} Some motor controllers use metal oxide semicondactor ficld-effect transistors
(MOSFETs) as switches to control operations of the motor. Motor controllers may use a
particular type of MOSFET koown as 2 power MOSFET, some of which are designed to
handle the significant power levels that may be associated with motor operation. To increase

the power handling capability of a motor controller, the motor controller may include
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muftiple power MOSFETs that are connected in parallel, Then, a power amplifier known as a
gate driver may drive the parallel MOSFETs,

SUMMARY

8005} In one example, an apparatus is provided that includes muldtiple motor power
boards conmected in a stacked configuration, wherein each motor power board comprises one
of more power transistors and one or more gate drivers having an input terminal coupled, in
paralicl, to a control signal connector and an output terminal coupled, in parallel, to a gate
terminal of the one or more power transistors. The apparatus also includes a power bus
connector coupled, in parallel, to a respective ouiput terminal of each of the multiple motor
power boards. The apparatus further includes a control systern coupled to the condrol signal
connector and configured to scicctively enable a set that includes one or more of the multiple
motor power boards based on an output power requirement,

{8006] In another example, a method for providing building an arbitvary motor
condroller is provided. The method includes stacking vwltipie motor power boards that cach
have one or more power MOSFETs and one or more gate drivers having an input terminal
coupled, in parallel, to a control signal connector and an output terminal coupled, m parallel,
to a gate terminal of the one or mere power MOSFETS, The mothod also tncludes physically
coupling a control system to the multiple motor power boards, whercin the control system is
configered to enable, over the control signal conmector, the multiple motor power boards.
[B087] I still another example, another apparatus is provided that comprises multiple
motor power boards connected in a stacked configuration, wherein cach motor power board
comprises one or more power MOSFETs and one or more gate drivers having an input
terminal coupled, in parallel, to a control signal connector and an output terminal coupled, in
parallel, to a gate forminal of the one or more power MOSFETs. The apparatus also

comprises a control system coupled (o the conirol signal connector and configured {o
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selectively provide, over the control signal connector, a drive signal to a set of the muhtiple
motor power boards based on an output power requirement,

[3808] In vyet another example, a system is provided that includes a means for
stacking muiltiple motor power boards that cach have one or more power MOSFETs and one
of more gate drivers having an mput terminal coupled, in paraliel, to a control signal
connector and an output terminal coupled, in parallel, to a gate terminal of the one or more
power MOSFETs. The system further includes a means for physically coupling a conirol
system to the multiple motor power boards, wherein the control system is configured to
enable, over the control signal connector, the nultiple motor power boards.

16609] These as well as other aspects, advantages, and alternatives, will become
apparent to those of ordimary skill in the art by reading the following detailed deseription,
with reference where appropriate to the accompanying figures.

BRIEF DESCRIPTION OF THE FIGURES

18014] Figure 1 is a block diagram illustrating an example raotor controlier.
{8011} Figure 2 is a simplified circuit diagram illostrating componeuts of an example

motor power board.

19612} Figure 3A 18 a side-view of an cxample motor controller W a stacked
configuration.
[6813] Figure 3B is a side-view of the example motor controller in an alternate

stacked configuration,

{8614} Figure 4 15 a parspective view of an cxample motor coniroller in a stacked
configuration.

HHIERY Figure 5 is a perspective view of another example motor controller in a
stacked configaration.

80196} Figure 6 is a tlowchart tllustrating an example method for building an arbitrary

»)
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motor controller.

DETAILED DESCRIPTION

18017 Example methods and systems are described herein. Any  cxample
implomentation or feature described herein is not necessarily o be construed as preferred or
advantageous over other implementations or features. The cxample implementations
described herein are not meant to be houting. It will be readily umderstood that certain aspects
of the disclosed systems and methods can be arranged and combined 1o a wide varicty of
different configurations, all of which are contemplated herein,

{8018} Furthermore, the particular arrangements shown in the Figures should not be
viewed as limiting. it should be understood that other implementations might fnclude more or
less of each clement shown in a given Figure. Further, some of the iustrated clements may
be combined or omitted. Yet further, an example implementation may mchude clements that
are not itlustrated in the Figures.

18019] FExample troplementations provide for arbitrary motor controllers which may
be built or re-built to satisfy different operating requirements, such as power oulput. An
example motor controller may include nuidtiple motor power boards I a stacked
configuration. The multiple motor power boards may parallelize certain functions of the
motor controller. In particular, in the stacked configuration, the motor power boards may
receive parallel input and provide parallel outpot, which may cause the muoltiple motor boards
to function in parallel. For instance, each motor power board may switch to a motor a portion
of the total power output to the motor. Accordingly, scaling the number of motor power
boards in the stacked configuration may increase or decrease the power oudput capability of
the motor controller.

18624} Each meotor power board may include one or more components that facilitate

controlling the operation of an clectric motor. For example, the motor power boards may
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mchide, respectively, one or more power transistors {e.g. power MOSFETSs) in an
arvangement that facilitates switching a power source to a8 motor. For instance, on each motor
power board, the one or more power transistors may form an H-bridge circuit, which may
facilitate motor operations such as forward and reverse, or motor braking., Other types of
switches and arrangements thercof are possible as well. For instance, the motor power boards
may nchude bi-polar junction fransistors or relays, among other cxamples.

{8021} Each motor power board may further include one or more gate drivers that
drive the gate terminals of one or more power transistors, Gate drivers may function as power
amplitiers to boost drive signals received at an input terminal of the gate driver. To faciluate
driving the gate terminal, cach gate driver may have its input terminal coupied to a control

signal connector and an output terminal coupled to a gate terminal of the one or more power
transistors. As noted above, the motor power boards may receive parallel input. In one
example, the joput terouiral of cach gate driver of 2 motor power board may be connected in
paralicl with ap input terminal gate driver of the other motor power boards, such that a given
mput terminal of each motor power board may reccive the same drive signal. For mstance, an
example motor controlier may inclade a first motor power beard and a second motor power
board that cach have a first gate driver and a second gate driver. The input terminal of the first
gate driver of the first motor power board may be comnected in parallel with the input
terminal of the first gate driver of the second motor power board. Similarly, the mput terminal
of the second gate driver of the first motor power board may be connected in paraliel with the
mput terminal of the second gate driver of the second motor power board.

18022} An example motor controller may firther include a control system that is
physically coupled to the multiple motor power boards. The control system may ceuple to the
nput terminals of the gate drivers over a conirol signal connector such that the control system

may provide a drive signal to the gate drivers. Signals provided from the control system may
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selectively enable a set of one or more of the motor power boards based on various operating
requirements, such as desired power output. The control system may also receive data from
onc or more sensors and then adjust the set of enabled motor power boards to include
additional or fewer motor power boards based on the received data. The control system may
also perform other functions, such as determining the desived drive signal based at least in
part on one of more inputs to the control system.

{8023} The motor power boards may be alike, such as may result from a
manufacturing process that produces like output. Such similarity among the multiple motor
power boards mmay reduce design time and menufacturing costs, among other possible
benefits. Further, because of the similarity among the multiple motor power boards, the
multiple motor power boards may, in the stacked configiration, form a stack having
substantially consistent length and width. The height of the stack may vary as motor power
boards arc added to or removed from the stack. A motor power controller having motor power
boards in a stacked configuration myay, in some circumstances, have a higher power handling
capability in a smaller volume (L.e. a higher density of power handling capability} compared
with sorae other configurations of motor power controliers.

[8024] Referring now to the figures, Figure § is a block diagram illustrating an
example motor controlier 100, In operation, the motor controller 100 may function to control
performance of an electric moetor. The motor contreller 100 includes multiple motor power
boards 102A, 1028, 102C, and 102D, While four motor power boards are shown by way of
example, the motor controller 100 may inchude any number of motor power boards. The
motor controller 100 may also include a control system 110 comnected to the multiple motor
hoards by a control signal connector 112,

18025] The mukiiple motor power boards 102A, 102B, 102C, and 102D may cach

melade various components on a circuit board. The components may form a circuit that
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facilitates switching a power supply to 2 motor. To facilitate switching, the components may
mehide power transistor(s) 1044, 1048, 104C, and 104D, respectively. In particular, an
example circuit may include a power transistor that switches power supply terminals 0 motor
cutput terminals. When the power transistor 1s "on", current may flow through the transistor
from the power supply termunals o the motor output terminals, which may cause the motor to
start romning. Conversely, when the power fransistor is "off", corrent is unable to flow from
the power sopply terminal to the motor output terminals, which may cause the motor to stop
runming. Other example circuits may have multiple power transistors which may facilitate
operating the motor in any of a variety of different ways.

18026} Motor power boards 1024, 1028, 102, and 102D may support {e.g., be rated
at) certain operating parameters. The supported operating parameters may be based on a
variety of factors, sach as the particular components fncluded on the motor power board or
the particular circuit design of the motor power board used to facilitate the switching function.
In ong cxample, cach motor power board may support operating at a certain output power,
such as 1000 watts (W) continoous. The continuous output rating may depend on certamn
operating conditions, such as environmental temperature. Further, cach motor power board
may support operating at a higher power ocutput for short periods of time (e.g. a peak output),
such as 1550 W peak. However, prolonged operation at peak power output level may caose
heating which may damage components of the motor power boards.

{8627} As noted above, the multiple motor power boards may be stackable with one
another Stacking the motor power boards may result in a stacked configuration. Stacking the
motor power boards may involve commecting one or more removable connectors to provide
physical connection and/or a communicative coupling between two 0r moTe motor power
boards. Many types of connectors may be vsed to connect the motor power boards in the

stacked configuration, such as screw-type or snap-type, among many others. The particular
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natare of the connectors is not important, but the conneciors may be removable to facilitate
scaling the mumber of motor power boards in the stacked configuration of the motor
controller.

[B028] Within exampies, each motor power board may include similar comnectors.
Similar connectors may facilitate conmecting an arbitrary number of motor power boards into
the stacked configuration. For instance, one or more parficular connectors on the bottom of
motor power board 102A may facilitate connecting the motor power board 10ZA to
corresponding connectors on the top of motor power board 102B. Further, one or more
particular connectors on the bottom of motor power board 1028 may facilitate connecting the
motor power board 102B to corresponding connectors on the top of motor power board 102C.
This pattern may repeat as the number of motor power boards in the stacked configuration is
scaled up and down.

18029} While comnectors on the top and bottom of cach motor power board have been
described by way of example, the multiple motor power boards may inchide connectors in
any suitable location, such as along the side of the multiple motor power boards. In some
examples, the connectors may screw-type conmectors, For instance, bolts may extend through
holes in cach motor power board. Then nuts may fasten the nweltiple motor power boards {o
one ancther.

{8838 As noted above, the multiple motor power boards 1024, 1028, 102C, and
1020 may be alike, such as may result from a menufacturing process that produces like
output. In some examples, the multiple motor power boards 102A, 1628, 102C, and 102D
may be identical, except for insubstantial differences that may result from imperfections in
the manufacturing process used to produce the motor power boards. ldeuntical motor power
boards may facilitate the arvangement of the motor power boards into a stacked configuration.

(8831} fn other examples, motor power boards 102A, 1021, 102C, and 102D may be
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produced t0 one or more specifications. For example, one specification may suggest
producing motor power beards having 2 certain length and width, This specification may
facilitate arranging the motor power boards into a stacked configuration having substantially
consistent length and width, Another specification may suggest locating certain components,
such as the terminals of bus 114, in particular locations. For instance, a specification may
locate power supply ferminals i particular positions on the motor power boards. This
specification may facilitaie interconnecting the motor power boards when the motor power
boards are stacked. A specification may also suggest orientating components of the motor
power boards in certain ways. For instance, according to a specification, capacitors may
extend along a particular side of the motor power boards. Yet another specification may
suggest that ecach motor power board support certain operating parameters. Other
specifications are possible as well,

[8832] As noted above, motor power boards 1024, 10628, 102C, and 102D may cach
imcihude onc or more power transistor(s) 104A, 1048, 104C, and 104D, respectively. The
power trapsistors may facilitate switching a power supply to a motor. Although power
transistors arc shown by way of example, motor power boards 1024, 1028, 102C, and 102D
may include different types of switches other than power transistors, such as relays. In some
examples, the motor power boards may use a particular type of power transistors, such as
power MOSFETS or bi-polar junction transistors (e.g. msulated-gate bipolar transistors).
Certain types of switches may be suitable for certain applications. For instance, relatively
high frequency switching may suggest using power MOSFETS as switches.

18833} As noted above, motor power boards 102A, 1028, 102C, and 10213 may use
power MOSFETs, Power MOSFETS are a type of MOSFET designed to handle significant
power levels. Power MOSFETs may include an isolated gate. An isolated gate in a power

MOSFET may form a capacitor known as a gate capacitor, which is charged and discharged
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when the MOSFET 1s switched on or off. In operation, a power MOSFET may switch "on”
when its gate capacitor is charged above a threshold voltage and switch "off” when s gate
capacitor is discharged below a threshold voltage.

{8834} Charging and discharging the gate capacitor takes 8 non-zero amount of time,
during which the transistor may transiently support both a high voltage and conduct a high
current across its source and drain terminals, Accordingly, power is dissipated in the
ransistor during this transicnt switching period, which generates heat. During operation,
power transistors 1044, 1048, 104C, and 104D may switch rapidly to vary the speed (and
power, as power is proportional 1o angular velocity) of the motor, Higher frequency swiiching
(i.e. shortening the swiiching time) reduces power loss and heat gencration. Further, the
switching time of a transistor is inversely proportional to the amowunt of current applied to
charge the gate. Therefore, some applications may use significant current to drive the gate
{c.g. on the order of hundreds of millismperes to several amperes) in order to reduce the
switching time. However, while higher current may reduce the switching time, the switching
frequency still is limited by the non-zere amount of time taken to charge the gate capacitor.
18435} Motor power boards 102A, 1028, 102C, and 102D may also include one or
more gate drivers 106A, 1068, 106C, and 106D, respectively. Gate drivers 106A, 1068,
106C, and 106D may imchide power amplifiers that accept a relatively low-current input and
produce a high-current output. Gate drivers 106A, 1068, 1066C, and 1060 may include an
mpui terminal that is coupled to a conirol system, such as conirol system 110. The high-
current output gate drivers 1064, 1068, 106C, and 106D may drive the gates of the one or
more power transistor(s) 1044, 1048, 104C, and 104D, respectively. Each gate driver may be
mmplemented using an integrated circuit, one or more discrete transistors, or a transformer,
among other examples. The high-current output of the gate drivers 106A, 1068, 106C, and

106D may shorten the switching time of the one or more power transistor(s) 104A, 104B,
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104C, and 104D, which may in turn reduce the current through cach power transistor during
switching.

8036} To further reduce the current through cach power fransistor {and accordingly
the power dissipated during switching), the motor power board 100 may include power
transistors in parallel. Parallel transistors may support higher output power requirements
since cach power trausistor receives @ portion of the total current switched by the motor
controller. However, the power dissipated in charging the gate capacitor is muitiplied by the
number of parallel transistors, so adding transistors n parallel increases the total power
drawn by the motor controller. Tn some cases, supporting a high output power requirement
using parallel transistors may justify the increased power draw. On the other hand, the power
dissipated in charging the gate capacitors of the parallel transistors is independent of the load.
Therefore, when the motor 1s under a relatively lower load (and fewer transistors would be
sufficient to mect the output power requircment), the paralicl transistors draw the same
amount of power o charge their gate capacitors as in cases when the motor is under a higher
load. Driving the gates of nuidtiple power transistors in parallel may also require a gate driver
having & higher power output,

18037} Altematively, fo support higher power output requirements, the motor
controller 100 may inchide a variable mmmber of motor power boards. This may also allow
the motor controller to variably support lower output power requirements as well, For
imstance, the motor controller 100 may control & motor in a first application having an output
power requirement of 1500 W and a second application having an ocutput power requirement
of 3500 W. As noted above, motor power boards 1024, 1028, 102C, and 102D may be rated
at 1000 W for continuous output, for example. To support application A, motor controller 100
may include motor power board 102A and motor power board 102B (haviog a combined

power rating of 2000W). Then, to support application B, motor power boards 102C and 102D

i1
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may be added to the motor controller 100 such that the motor controller 100 includes motor
power boards 102A, 1028, 102C, and 102D (having a combined power rating of 4000W).
Accordingly, though motor controller 100 is shown as inchuding four motor power boards by
way of example, motor controller 100 may include any number of motor power boards.
[B838] fn some examples, motor power boards 102A, 1028, 102C, and 102D may
additionally include one more sensors 108A, 1088, 108C, and 108D, respectively. In some
cxamples, cach motor power board may inclade one or more temperature sensors. The
temperature sensors may be arranged on the motor power board 1o measure the temperatures
of one or more components, such as the power transistor(s). Measuring such temperatures
may generate data indicating the temperature of the components. The sensors may send such
generated data to a control system, such as control system 110, Alterpatively, the sensors may
generate an analog signal that is sent to a control system for digitization {e.g. by an analog-to-
digital converter). In some cascs, the control system may adiust the operation of the motor
conirol system based on the generated data. The temperature scusor may be a thermocouple, 8
thermistor, or a resistance thermometer, for example.

18039} Within examples, the one more sensers on cach motor power board may
include one or more power sensors. The power sensors may be arranged to sense the power
cutput of the motor power board. In some cases, the power sensors may directly sense power
output of the motor power board. In other cases, the sensors may sense current or voltage and
power ouiput may be derived from such measurements. The power scnsor may be any of a
variety of different types of sensors, such as an IC sensor or a transformer. In some cases, the
data may be sent to the control system. For instance, a bus, such as inter-integrated circuit
({12C) or serial peripheral interface (5P1), roay carry the data to the coutrol systemn.

[63848] As noted above, motor coniroller 180 may include a powser sensor on cach

motor power beard. Some meotor power controllers (such as those having a single power
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board) may have a power sensor to measure the total power ouiput of the motor power
controller. However, by sensing the power output of each motor power board, rather than the
total power output of the motor power controller, the motor power boards may include power
sensors having a relatively lower power level sensing capability. Such power sensors may be
relatively less expensive than a power sensor that has the capability to sense the total power
output of the motor power controlier 100, During operation, cach power sensor may gencrate
data mdicating the power output and the sensor may send such daia to a control system, such
as control system 110. Then, the control system may adjust the operation of the motor
controller based or the generated data. Tu some cases, the control system may reccive data
periodically, and adjust the operation pericdically in tormn.

[B041] The control system 110 may be any entity or controlier arranged to camry out
the control system fimctions described herein. The control system 110 may include at least
one processor 116 (which could include at least ome wicroprocessor) that exccutes
mstructions 120 stored in 2 non-transitory medium such as memory 118, The control systom
110 may also represent a plurality of computing devices that may serve to control individual
componenis or subsystems of the motor cordroller 100 1n a distributed fashion

8042} In some implementations, memory 118 may contain instructons 120 {c.g,
program logic) executable by the processor 116 to exccute various fimetions of motor
controller 100. Such functions may include enabling one or more of the multiple motor power
boards. Memory 118 may contain additional mstructions as well, including instructions to
iransmit data to, receive data from, interact with, and/or control one or more of the motor
power boards 120A, 1028, 102C, or 102D,

18043} In some cases, the control system 110 may selectively enable one or more of
the multiple motor power boards. The conirol system 110 may select which of multiple motor

power boards to enable based on an output power requirement. For instance, the conirol
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system 110 may enable one or more of motor power boards 1024, 1028, 102C, or 102D, In
some cases, the output power requirement may be predetermined. In other cases, the control
system 110 may receive the output power requirement over interface 122 or the control
system 110 may determine the sutput power requirement.

{6044 Instructions 120 may be further executable by the processor 116 to receive
scusor data. In some examples, the control system 110 may receive seusor data over interface
122. As noted above, each motor power board may include one or more power sgnsors. The
control systern 110 may then receive data indicating power draw from one or more of the
power sensors, The contrel system 110 may then determine the ocutput power requirement
based on the data indicating the power draw. In some cases, the control sysicra 110 may
selectively cnable one or more of the motor power boards based on the cutput power
requirement.

18045] The conmtrol system 110 may receive data from one or more tomperature
sensors. The data may indicate one or more temperaturcs, such as the temperatures of the
power transistors. In some cases, based on the received data indicating temperature, the
control systern 110 may deternine that one or more of the received temperatures is over a
predetermined threshold temperature. The threshold temperature may indicate a rated
operating temperature of the motor power board (or a component thereof, such as the power
transistors). The control system 110 may then enable one or more additional power boards,
such as by providing, over the control signal conuector 112, a drive signal to one or more
additional motor power boards. Enabling one or more additional power boards may reduce
the current through each enabled motor power board, which may in twn reduce the
tenmperature of the motor power beard.

18846} As noted above, the countrol system 110 may include an interface 122,

fnterface 122 may include one or more outputs that may provide drive signals. For instance,
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imterface 122 may include one or more ouiputs configured to provide a pulse-width
modalated (PWM) signal to drive the motor power boards. Pulse-width modulation is a
modulation technique that alters the width of peviodic pulses {c.g. a square wave) based on
the modelator signal mformation.

[8047] In some cases, interface 122 may receive input that indicates different motor
operations. For instance, the received juput roay indicate forward motor operation at half-
speed. The controf system 110 may reccive this input and generate a drive signal that causes
the indicated motor operation. Interface 122 may also receive data from the one or more
sensors 108A, 1088, 108C, and 108D, As noted above, PWM signals alter the width of
periadic pulses based on modulator signal information. The proportion of "on” fime to "off”
time during one pulse 1s known as the duty cycle of the PWM signal. For example, control
system 110 may generate a1 PWM signal having a 50% duaty cycle (i.e. 50% of the pulse is
"on" and 50% of the pulse s off) to cause forward motor operation at half-speed.

[8048] Also shown in Figure 1, a control signal conpector 112 commumicatively
couples the multiple motor power boards 102A, 1028, 102C, and 102D to a control system
110. In operation, condrol systern 110 may enable one or more of the multiple motor power
boards 102A, 1028, 102C, and 102D over the control signal connector 112, As noted above,
the control system 110 may selectively enable a set of motor power boards that includes one
ot more of the multiple motor power boards.

18849} Control system 110 may provide one or more drive signals over the conirol
signal conmector 112 to motor power boards [02A, 102B, 102C, and 102D. The drive signal
may take a variety of forms, such as a pulse-width modulated (PWM) signal. The control
signal connector 112 may include roultiple signal patbs to sclectively drive the one or more
power transistors on cach motor power board individually. Alterpatively, 8 signal path may

selectively "turn on” multiple power transistors. For nstance, two or more power transistors
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may receive the same drive signal and "tom on'” at the same time.

18054] The motor controller 100 may operate the motor power boards in paralle

using the control signal counector 112, In particular, the control signal connector 112 nyay
connect multiple motor power boards 1024, 102B, 102C, and 102D in parallel. For instance,
each motor power board may have a first power transistor and a second power transistor. The
condrol sigeal connector 112 may comnect the gate terounals of the first power transistors in
paralicl with one another and the gate terminals of the second power transistors in parallel
with one another. Then, control system 110 may provide a first drive signal and 8 second
drive signal over control signal comnector 112 to ali of the gate torminals of the first
transistors and all of the gate terminals of the second transistors, respectively. As noted above,
a gate driver may be coupled between the control system 110 and cach power transistor {0
amplify the drive signal Thercfore, in some mmplementations, the control system connector
112 may couple the input terminals of gate drivers i paraliel. The output of cach gate driver
may then connect to the gate terminal of one or more power transistors.

8651 Motor controller 100 also includes a bus 114 that couples, in parallel,
terminals of each of the motor power boards 102A, 1028, 102C, and 102D, For instance, the
bus 114 may connect power supply terminals of each motor power board in paraliel. Then, a
power supply may supply power to the multiple motor power boards using one set of
connections {e.g. positive and negative). Further, the bus 114 may conmect motor output
terminals of the multiple motor power boards in parallel. Then output of cach motor power
board may connect to a motor using one set of comections.

18052} Figure 2 is a3 simplified circuit diagram illustrating an example circuit 200
which may be implemenied on a motor power board, such as metor power board 102A, 1028,
102C, and/or 102D, In operation, the example circuit 200 may switch current from a power

supply inputs to motor outputs. One or more drive signals provided 1o the circuit 200 may
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cause the switching. For instance, a control system may provide a PWM drive signal to the
cireuit 200.

16453] Circuit 200 includes MOSFETS 204 A, 2048, 204C, and 204D in an H-bridge
configeration. The H-bridge configeration includes four switches (MOSFETS 204A, 2048,
204C, and 204D) that allow cight different combinations of switch positions. Fach swiich
position may cause a motor connected 1o the motor output terounals 214 to operafe in a
certain way, such as to forward or reverse, to brake, or to stop (1.e. "free run"}, when power is
provide to power supply terminals 212,

16054) The cireuit 200 may also nclude terminals that provide input to and output
from the H-bridge configuration. Power supply terminals 212 may provide input to the H-
bridge from a power supply. Further, the power supply terminals 212 may connect in parallel
with power supply terminals of other motor power boards. The H-bridge may output to motor
output teroinals 214, The motor output tormuinals 214 may connect in parallel with motor
output terminals of other motor power boards. A motor may be connected to the paraliel
output terminals.

18055] The circuit 200 may also include a control signal connector 2072, One or more
drive signals provided on control signal connector 202 may change the switch positions of
MOSFETS 204A, 2048, 204C, and 204D (Le. open or close the switch). Control signal
connector 202 may have a terminal for each MOSFET, such that each MOSFET may be
driven independently of the other MOSFETs in the circuit. Torminals 210A, 2108, 210C, and
2100 are connected o MOSFETS 204A, 2048, 204C, and 2040y, respectively

16856} The cirewit 200 also includes gate drivers 206A, 2068, 206C, and 206D,
Terminals 2104, 2108, 210C, and 210D may provide drive signals as mput to gate drivers
206A, 2068, 2060, and 2065, Gate drivers 206A, 2068, 206C, and 206D may in tm output

amplified drive signals to MOSFETS 2044, 2041, 204C, and 204D, respectively. Such
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amplified drive signals may shorten the switching time of MOSFETS 2044, 2048, 204C, and
204D, By way of example, the output of each gate driver is shown conmected to the gate
terminal of one MOSFET. However, the output of each gate driver may connect to more than
MOSFET in parallel. Then, in operation, the MOSFETS having gate terminals connected in
paralie]l may switch in paraliel.

{8057} When circuit 200 is implemented on a motor power board that is in a stacked
configuration with other motor power boards, terminals 210A, 2108, 210C, and 210D may
cach connect in paralie] to a hke terminal of one or more of the other motor power boards.
For instance, motor power boards 102A, 1028, 102C, and 1020 may cach inclade circuit 200
and be connected in a stacked configuration with one another, Then, MOSFETS 204 A, 2048,
204C, and 204D on each motor power board may operate in parallel For example, drive
signals provided to terminals 210A and 210D from a control system may canse MOSFETS
206A and 206D on cach motor power board t¢ Murn on.”

{8058} As further shown in Figure 2, circuit 200 may include a power seusor 208,
Power sensor 208 may sense the power drawn at the motor output termunals 214 and generate
data indicating the power drawn. As noted above, power sensor 208 may be any type of
power sensor For instance, the power sensor may be an [C Hall Effect sensor that generates
data indicating power, voltage, and/or current. The generated data may be sent to a control
system, such as control system 10,

[6859] Also as shown in Figure 2, circuit 200 may include one or more swiiches 216
o enable or disable drive signals provided over control signal connector 202 to power
transistors 206A, 2068, 206C, and/or 206D, A control system may contrel the one or more
switches 216, For instance, & countrol system (e.g. coutrol system 110} may provide a signal
on terminal 210E of control signal connector 207 to selectively enable the drive signals to the

gate terminals of power transistors 206A, 2068, 206C, and/or 2060, When the drive signals
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are enabled, the motor power board 1s "on” and drive signals {e.g. PWM) signals provided on
termunals 2104, 2108, 210C, and 210D cause the power transistors to turn “on” and "off" 1o
switch power supply current to motor output. But, when the drive signals are disabled, the
motor power board is "off" and the drive signals are not connected to the gates so the power
transistors do not switch. When multiple motor power boards are in a stacked configuration,
the control system can selectively enable one or more of the multiple motor power boards
using on¢ or more switches 216,

{8668} As noted above, multiple motor power boards may be conmected in a stacked
configuration. Figure 3A is a side view illustrating cxample motor power contrelier 300.
Motor controller 300 includes motor power boards 3024, 3028, 302C, and 302D in a stacked
configuration.

{8861} Motor power boards 302A, 3028, 302C, and 302D each imclude various
components for switching power supply to motor output. Such components may be similar to
components described in connection with motor power boards 102ZA, 102B, 102C, and 102D
m Figure 1. For instance, as shown in Figure 3, motor power boards 3024, 3028, 302C, and
302D include power transistors 3044, 3048, 306C, and 306D, respectively. Motor power
boards 302A, 3028, 302C, and 302D may alsc include gate drivers 306A, 3068, 306, and
306D, respectively. Each gate driver may inclode an input terminal that is connected t0 a
control signal connector 312, The control signal connector 312 may conmect input terminals
of gate drivers 306A, 3068, 306C, and 306D in parallel. Motor power boards 302A, 3028,
302C, and 302D may further include ong or more sensors 308A, 3088, 308C, and 308D (not
shown}. The onc or move sensors may nclade a power sensor and/or 8 temperature sensor,
among other exanples.

18062} Motor controller 300 also includes control system 310, Control system 310

may include one or more components that are mounted on a circuit board, as shown. The
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components may include & processor, a8 memory, and an interface, among other possible
components. Control system 310 may provide a drive signal on control signal conmector 312
that is received by cach gate driver. Gate drivers 306A, 3068, 306C, and 306D may amplify
the drive signals and outpot the drive signals to an ouiput termiinal. The cutput terminals of
gate drivers 306A, 3068, 306C, and 306D may couple to a gate terminal of power transistor
304A, 3048, 3060, and 306D, respectively.

{8663} Motor controller 300 further inclodes 8 power bus 314, Power bus 314 may
connect power supply terminals and motor output terminals of each motor power board in
paraliel. In operation, one or more of motor power boards 302A, 3028, 302C, and 302D may
operate in parallel to switch current supplied at the power supply terminals of the power bus
314 to a motor coupled to the motor output terminals of the power bus 314,

[8064] In the stacked configuration, one or more connectors may removably connect
the multiple moetor boards to one another. Such counectors may allow the addition to or
removal of motor power boards from the stacked configuration. Many different types of
connectors may be used to removable comect the multiple motor boards. For example, the
connectors may be screw-type connociors, such as nuts and bolts, Other types of removably
connectable conmectors are possible as welll The connectors may provide rigidity to the
motor controfler to maintain the stacked configuration. In some cases, the connectors may
extend through openings in the motor power boards. For instance, a bolt may extend through
ong or more of the motor power boards. Spacers may set the motor power boards apart to
separate electrically conductive components from one another and to allow for air-flow to
dissipate heat generated during operation of the motor power boards.

18065] In some cases, the contrel signal connector 312 may form all or part of the
removable connection between the motor power boards 3024, 3028, 302C, aad 302D, For

mstance, the control signal conmector 312 may include one or more pin and socket connection
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systems. The pin and socket system may both physically connect the motor power boards and
communicatively couple components of each motor power boards with the control system
310, Other types of communicative coupling are possible as well.

j8866] The power bus 314 may also form part of the removable connection between
the motor power boards 302A, 3028, 302C, and 302D, For instance, the power bus 314 may
nchide conductive elements that covunect the motor power boards into the stacked
configuration. The conductive elemenis may include one or more metal bars or rods, among
other examples. Motor power controlier 300 may also include one or more additional
connections between the motor power boards.

18067 The removable connections between the motor power boards may have
varying degrees of removability. Some implementations may connect the motor boards using
relatively quick velease connectors, such as screw-type connectors, Other implementations
may relatively more pormanerd connections, such as soldered comnections. Certain motor
control apphcations may suggest more or less permanent connections, depending on how
frequently that the required power output of the motor control changes in the apphication.
[6068] Figure 3B Ulustrates motor power countrolier 300 in an alternate stacked
configuration that ncludes motor power board 30ZA and control system 310. Connector
312A of motor power board 302A is connected to control system 310, To merease the power
handling capability of motor controller 300, one or more of motor power boards 3028, 362C,
and/or 3020 may be stacked onto motor power controlier 30ZA to form the stacked
configuration of motor power boards.

{8669} In some implementations, the control signal comnector may be divided into a
respeoctive connector on cach motor power board. Such an tuplementation may facilitate
coupling terminals of the motor power boards to one another in the stacked counfiguration.

Figure 3B shows control signal connector 312 as including connectors 3124, 3128, 312C,
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and 312D on motor power board 302A, 3028, 302C, and 302D, respectively. In such an
mmplementation, stacking additional motor power board (e.g motor power board 302B) to
motor power board 302A may form a connection betwoen the respective connector on cach
additional motor power board and the motor power board(s} in the stacked configuration.
Further, with such an implementation, the control signal commector may be proportional n
size 1o the stacked configuration of the multiple motor power boards.

186746} The power bus 314 may also be divided into different connectors. Figure 3B
shows power bus 314 as comprising connectors 3144, 3148, 314C, and 314D on motor
power board 3024, 3028, 302C, and 302D, respectively. In such a configuration, forming the
stacked configuration may involve making connections between onc or more of conneciors
3144, 3148, 314C, and 314D.

{B8071] Figure 4 is a perspective view of an example motor controlier 400 in a stacked
configuration. Motor controller 404 includes motor power boards 402A, 4028, 402C, and
4020, which may include, for example, componcunts similar to motor power boards 102A,
1328, 102C, and 102D, The motor power boards 402A, 4028, 402C, and 402D may include
One 07 More respective componeuts, such as power transistors 404A, 4048, 404C, and 404D,
gate drivers 4044, 4048, 404C, and 404D, or sensors 4084, 4088, 408C, and 408D {(not
shown). Motor controler 400 may also inclade a control system 410, as shown.

{8872} Motor power boards 402A, 4028, 402C, and 4020 may further include
capacitors 416A, 4168, 416C, and 416D, The motor power boards may include capacitors for
a variety of functions. For instance, the capacitors may be comnected between the supply
terminals in an attempt to smooth the power supply current to the motor power board. As
noted above, motor power boards may be preduced to a specification. Une example
specification may suggest incloding capacitors 416A, 4168, 416C, and 416D at a particular

location on cach motor power board. Then, as shown in Figure 4A, the stacked configuration
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may have substantially consistent length and width.

18873} Motor controller 400 also includes a power bus connector 412. Power bus
connector 412 couples power supply terminals of each motor power board in paralicl. The
power bus connector 412 mclades two conductive bars extending through respective holes in
each of the motor power boards, as shown. Alternatively, the power bus comnector 412 may
nchude any suitable counectors, such as pin and socket connectors. While the power supply
terminals are shown near the edges of the motor power boards by way of example, the power
supply terminals may be located fn any suitable location on the motor power board. In
operation, a power supply may supply curront to power supply terminals on the motor
controller 400. Since the power supply terminals of each motor power board are connected in
parallel, cach motor power board may receive the supplied current. Further, each motor
power board may switch a portion of the supplied current to motor output terminals. As noted
above, in some implementations, the control system 410 may sclectively enable a subset of
the multiple motor power boards. In such an mmplementation, the subset of motor power
boards may switch the supplied current to motor output terminals.

18474} Motor controller 400 also includes a mwotor output conmector 414, Maotor
cutput connecior 414 couples motor ouiput terminals of cach motor power board in paralicl
The motor output connector 414 includes two conductive bars extending through holes in
each motor power board, as shown. In other implementations, the motor output connector
may include any suitable conneciors, such as pin and socket connectors. While the motor
output terminals are shown near the edges of the motor power boards by way of example, the
power supply terminals may be located in any suitable location on the motor power board. In
operation, since the motor ocutput terrainals of cach motor power board are counected in
paraliel, 3 motor connected to the motor output terminals may receive the current switched by

gach of the motor power boards.
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{6675} Additionally, motor controlier 400 includes connectors 418, Connectors 41§
connect the control system 410 and the motor power boards 402A, 4028, 402C, and 402D
together in the stacked configuration. In some examples, connectors 418 may mclude one
more nuts and one or more bolts. Alternatively, comnectors 418 may inchude any soitable
connector configured to removably couple the contrel system 410 and the motor power
boards 4024, 4028, 402C, and 402D together in the stacked configuration.

18676} Figure 5 is a perspective view of another motor controlier 500 in a stacked
configuration. Motor controller 500 includes motor power boards 4024, 4028, 402C, and
40213 shown n Figure 4.

18477 Motor confroller 500 illustrates an alterpate implementation of the power bus
connector and the motor output comnector. Motor controller 500 inchudes power bus
connector 512. Power bus connector 512 1s provided along the stacked configuration of motor
controller 500. Further power bus comnector 512 is perpendicular to motor power boards
407 A, 4028, 402C, and 402D. Motor controller 500 includes motor output conngctor 514,
Motor output connector 514 1s provided along the stacked configuration of motor controller
500. Further power bus connector 512 is perpendicular to motor power boards 4024, 4028,
402C, and 402D.

[B878] Figure 6 is a block diagram of an example method 600 for building arbitrary
motor controllers, n accordance with at least some implementations described herein.
Method 600 shown in Figure 6 presenis an implomentation of a method that, for example,
could be performed by one or more machines as aspects of a manufacturing process.
Alternatively, method 600 may instruct a person (such as an employee) in building a2 motor
controller. Method 600 may include one or more operations, functions, or actions as
iustrated by one or more blocks of 602-604. Although the blocks are illustrated in a

sequential order, these blocks may in some instances be performed in parallel, and/or in a
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different order than those described hercin. Also, the various blocks may be combined into
fewer blocks, divided into additional blocks, and/or removed based on the desired
implementation.

18879] In addition, for the method 600 and other processes and methods disclosed
herein, the flowchart shows fimetionality and operation of one possible implementation of
present implementations. In this regard, cach block may represent a siep in a manufacturing
process or a step performed by a person in building an arbitrary motor controller. In addition,
for the method 600 and other processes and methods disclosed herein, each block in Figure 6
may represend circuitry that is wired to perform the specific logical functions in the process.
{8086] At block 6072, the method mvolves stacking multiple motor power boards that
each have one or more power MOSFETs and one or more gate drivers having an inpot
terminal coupled to a control signal conmector and an output terminal coupled to a gate
terminal of the one or more power MOSFETs. The motor power boards may be implemenied
as any of motor power boards 102A, 1028, 102C, or 102D as described in connection with
Figire 1, any of motor power boards 2024, 20218, 202C, or 202D as described in comnection
with Figure 2, any of motor power boards 302A, 3028, 302C, or 302D as described in
connection with Figures 3A and 38, or any of motor power boards 4G2A, 4028, 402C, or
404D, as described in connection with Figures 4 and 3.

[B081] Stacking muiltiple motor power boards may involve coupling, in parallel, a
power bus connector to a respective output terminal of cach of the multiple motor power
boards. In some examples, the power bus connector may be a power bus bar provided along
the stacked configuration. For instance, power bus connector 514 of Figure 5 15 provided
along the stacked configuration of motor power boards 4024, 4028, 402C, and 402D, A
manufacturing process may provide the power bus bar perpendicular to the motor power

boards. As shown in Figure 3, power bus connector $14 is perpendicular to motor power
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boards 402A, 4028, 402C, and 402D, In some examples, for each of the multiple motor
power boards, the manufacturing process may nsert the power bus bar through a respective
opening in each of the multiple motor power boards. After inscrtion, the power bus bar may
resemble power bus bar 412 of Figure 4. Stacking multiple motor power boards may further
mvolve coupling a ground terminal connector to a respective ground terminal of cach of the
mltiple motor power boards.

{6682} Within examples, the method may further involve selecting a set that inchudes
a particular number of motor power boards, the particolar number of motor power boards
being based on an output power requirement. In some cases, the output power requirerent
may be predetermined. Alternatively, the output power requirement may be determined by a
control system, such as control system 11, The delermination of the output power
requirement may be based at least in part on sensor data, such as data generated by a power
SETSOL.

{8683} At block 604, the method also involves physically coupling a controller to the
multiple motor power boards, wherein the controlier is configured to enable, over the control
signal cormector, the multiple motor power boards. The controller may further be configured
to perform any of the functions described sbove in connection with controf system 110

[B084] In some cases, the control signal connector may include a control signal bar
provided perpendicularly to the multiple motor power boards and extending through
respective openings in each of the muftiple motor power boards.

{8685} It should be anderstood that arrangements described herein are for purposes of
example only. As such, those skilled in the art will appreciate that other arrangements and
other clements {¢.g. machines, interfaces, functions, orders, and groupings of functions, ete.)
can be used instead, and some clements may be omitted altogether according to the desired

results. Further, many of the elements that are described are functional entities that may be
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implemented as discrete or distributed components or in conjunction with other components,
m any suitable combination and location, or other structural elements described as
ndependent siructures may be combined.

18886} While various aspects and implementations have been disclosed hergin, other
aspects and implementations will be apparent to those skilled in the art. The various aspects
and implementations disclosed herein are for purposes of lustration and are not intended to
be limiting, with the tree scope being indicated by the following claims, along with the full
scope of equivalents to which such claims are entitled. It is also to be understood that the
terminology used herein is for the purpose of deseribing particular implementations only, and

1s not intended to be limiting,
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CLAIMS

What is claimed is:

i. An apparatas comprising:

muftiple motor power boards connected in a stacked configuration and coupled in
paralicl, wherein cach motor power board comprises one or more power ransisiors and one
or more gate drivers having an input terminal coupled to a control signal connector and an
cutput terovinal coupled to a gate terminal of the one or more power transistors;

a power bus connector coupled, in parallel, to a respective output torminal of cach of
the muldtiple motor power boards; and

a control system coupled to the control signal commector and configured to:

selectively cnable 2 sot that includes one or more of the mwultiple motor power

boards based on an output power reguirement.

2. The apparatus of claim 1, wherein the control signal counector conuects a

given gate driver of cach motor power board in paralicl.

3. The apparatus of claim 1, wherein the control system selectively enables the
set of the multiple motor power boards by:
providing a drive signal, over the control signal connector, to the set of the multiple

maotor power boards,

4. The apparatus of claim 1, wherein the power bus connector compriscs a power

bus bar provided along the stacked configuration and perpendicular to the multiple motor
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power beards.

5. The apparatus of claim 1, wherein the power bus connector compriscs a power
bus bar provided perpendicularly o the multiple motor power boards and extending through

respective openings in cach of the multiple motor power boards.

6. The apparatus of claim I, wherein the countrol signal connector comprises 2
control signal bar provided perpendicularly to the multiple motor power boards and extending

through respective openings in cach of the multiple raotor power boards.

7. The apparatos of clatm 1, wherein the control signal connectors of the moltiple
motor power boards are each located i a respective position on the respective motor power
board such that, in the stacked configuration, cach control signal comnector physically
contacts one or more control signal connectors of one or more neighboring motor power

boards.

8. The apparatus of claim 1, wherein the output terminals of the multiple motor
power boards are each located in a respective position on the respective motor power board
such that, in the stacked configuration, each output terminal physically contacts one or more

output ferminals of one or more neighboring motor power boards.

9. A method comprising:
stacking multiple motor power boards that cach have one or more power MUOSFETs
and one or more gate drivers having an input terminal coupled to a contro] signal connector

and an output terminal coupled to a gate terminal of the one or more power MOSFETS; and

29



WO 2015/183536 PCT/US2015/030176

physically coupling a control system to the multiple motor power boards, wherein the
control system is configured to enable, over the control signal commector, the multiple motor

power boards.

0. The method of claim 9, wherein stacking multiple motor power boards
COMPTiSes:

selecting a st that includes a particular number of motor power boards, the particular

number of motor power boards being based on an output power requirement.

1. The method of elaim 9, wherein stacking multiple motor power boards further
COMPIises:

coupling, in parallel, a2 power bus connector to a respective output terminal of each of

the muliiple motor power boards.

12, The method of claim 11, wherein the power bus connector is a power bus bar
provided aleng the stacked configuration and perpendicular to the multiple motor power

boards.

I3, The method of claim 11, wherein the power bus connector is a power bus bar,
and wherein coupling, in parallel, a power bus connector 10 a respective output terminal of
cach of the multiple motor power boards comprises:

for cach of the multiple motor power boards, mserting the power bus bar through a

respective operdng in cach of the mouliiple motor power boards.

t4.  The method of claim 9, wherein stacking multiple motor power boards further
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cCOmprises:
coupling & ground terminal connector 0 a respective ground terminal of each of the

multipic motor power boards.

15. The method of clatm 9, wherein the control signal comnector comprises a
condrol signal bar provided porpendicularly to the nultiple motor power boards and extending

through respective openings in cach of the multiple motor power boards.

16, Awp apparatus comprising:
multiple motor power boards connected in a stacked configuration, wherein cach
motor power board comprises one or more power MOSFETs and one or more gate drivers
having an input terminal coupled, in parallel, to a control signal connector and an output
terminal coupled, in parallel, 1o a gate terminal of the one or more power MOSFETs; and
a control system coupled to the conirol signal connector and configured to:
selectively provide, over the control signal conmector, a drive signal to a set of

the multiple motor power boards based on an oulput power requirciuent,

17.  The apparatos of claim 16, wherein cach motor power board further comprises
a power sensor arranged to detect power draw from the output terminal of the vespective
motor power board, and wherein the control system is further configured to:

receive data indicating power draw from one or more of the power sensors; and

determine the output power requirernent based on the data indicating the power draw,

18.  The apparatus of claim 16, wherein cach motor power board further comprises

a temperature sensor, and wherein the control system 1s further configared to:
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receive data indicating one or more temperatures from one or more of the temperature

determine that onc or more of the received temperatores is over a predefermined
threshold temperature; and

provide, over the control signal connector, the drive signal to one or more additional

motor power boards.

19, The apparatus of claim 16, further comprising:
a power bus connector coupled fo a respective output terminal of each of the multiple

motor power boards.

20, The apparatus of claim 16, wherein each gate terminal has a respective gate

driver.
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STARY

STACKING MULTIPLE MOTOR POWER BOARDS THAT EACH HAVE ONE OR MORE
pOWER MOSFETS AND ONE OR MORE GATE DRIVERS HAVING AN INPUT
TERMINAL COUPLED TO A CONTROL SIGNAL CONNECTOR AND AN QUTPUT
TERMINAL COUPLED TO A GATE TERMINAL OF THE ONE OR MORE POWER

MOSFETs

602

PHYSICALLY COUPLING A CONTROLLER TO THE MULTIPLE MOTOR POWER
BOARDS, WHEREIN THE CONTROLLER 1S CONFIGURED TO ENABLE, VIA THE
CONTROL SIGNAL CONNECTOR, THE MULTIPLE MOTOR POWER BOARDS

604
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