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10 This invention relates generally to the field of

control circuitry and more particularly to a current
feedback amplifier having trim circuitry and a method for
controlling and equalizing the stator winding current in a
polyphase direct curxent motor.



2 BACKGROUND OF  THE | NVENTI ON A variety of
applications use pol yphase direct current (dc) nmotors for
providing rotational notion. In particul ar, applications such
as hard disk drives and 5 CD- ROM drives often use pol yphase dc notors,
such as three- phase dc notors, to rotate information platters

I ncl udi ng the magnetic disks of a hard disk drive. The control of
the rotational speed of these infornationggeuters is often critica
to overall application performance. 10 The rotational speed of

t hese pol yphase dc notors is controlled through the current applied
to the stator w ndings or coils. For exanple, the stator w ndings
of a . three-phase dc notor nay be coupled in a "Y" configuration
and include an A-BACKGROUND OR IHVENIION 0i | coupl ed at

A variety of applica

tions use polyphase direct current °
(dc) motors for providing <rotational wmotien. In
particular, applications such as hard disk drives and

5 CD-ROM drives often use polyphase dc motors, such as three-
phase dec motors, to rotate information platters including
the magnetic diske of a hard disk drive. The contxol of
the rotaticnal speed of these information platters is often
critical to overall application performance.

10 The rotational speed of these polyphase dc motors is
controlled through the current applied to the stator
windings or coils. Per example, the stator windings of a
three-phase dc motor may be coupled in a *¥# configurétion
and include an A-coil, a B-coil, and a C-coil coupled at

15 one end at a center tap node, The remaining ends of each
coil are selectively coupled to either a high side driver,.
a low side driver, or to an open circuit as commutation
occurs. The Qrivers may be power tramsistors that are
implemented as, for example, field-effect transistors

%O (PET) .

During steady state operation, curxent flows from a
supply source coupled to the high side driver, through the
high side dQriver, through a first coil coupled to the high
side driver, through the center tap, through a second coil

25 coupled to the low eide driver, and through the low side
driver which is also coupled to ground. During this time,
a third coil couples to the center tap on one end and to an
open eircuit at the other end so that current does not flow
through the third coil. After a period of time, a

30 commutation occurs so that current may now flow through the
third coil and either the first coil or the second coil
depending on the commutation eequence. A commutation is
the transfer of current from one path in a ciyrcuit to
another. Thug, current flows through two of the three

35 coils during a steady state operation until a commutation



15 one end at a center tap node.’ The renmai ni ng ends of each coi |

are selectively coupled to either a high side driver,. a | ow side
driver, or to an open circuit as comrutation occurs. The drivers
may be power transistors that™"are i npl emented as, for exanple,
field-effect transistors 20 (PET). During steady state
operation, current flows froma supply source coupled to the high
side driver, through the hi gh side d#iver, through a first coi
coupled to the high side driver, through the center tap, through a
second coil 25 coupled to the low side driver, and through the | ow side
driver which is also coupled to ground. During this tine, athird
coil couples to t ter,t ?ﬁnﬁﬂ@ n Ccugt at
t he other end so ?Eaﬁgguréﬁwéﬁi eggﬁg ow thled fl?%ijthzﬁﬁgﬁtﬁ?éd&€0|l
After a period of thenwo goips and ixd ?ﬁ?‘loeﬁ'ér'\"s‘?& P%éft Ry now
fl ow through the occurs.third COI| and either the first coil or the second
coi | fdependi N0 RTbdddt SOERY BLLALOPHIGT6E p v AELLA RN dhicor

the transfer_of current Tromone anqt he

Thus, current roWéthF%ghq-V\oaof 'i!FF@eraP%%e 353c E‘BF‘PE dEPFRYEY, sFéﬁdy
state operation ucbmmutatbomat atthencurrents, for example, wmay be provided

through the stator coils in the following current flow path
sequence to impart rotational motion to the rotor of the
three-phase dc motor: A-coil to C-coil, A-coil to B-coil,
10 C-coil to B-coil, C-coil to A-coil, B-coil to A-coil, and
B-coil to C-coil.
The current flows are controlled by the high and low
side drivers provided at each phase of the stator windings.
' A.commutation circuit sequentially applies control voltages
15 to the gates of the yespective high and low gide drivers to
cause the ourrent to flow in the atator windings in a
predetermined sequence such as is described above.
The currents in the respective current flow paths are
desirably equal. FHowsver, due to variations in £abrication
20 processes, wmask alignments, and so on, the FET driver
. transistors, in the respective current £low paths,
typically have variances and tolerances in such dimensions
as the channel widths or lengths. These variances and
tolerances result in. inequalities in the currente in the
25 respective curxent flow paths in the stator windings. As
a result of these inequalities, audible noises, torque
ripple, motor inaccuracies, and other 'undesirable effects
may occur. Such unequal currents also reduce the precision
of the motor speed. As data densities of hard disk drives
30 become greater and greater, such imprecisions result in
limitations on the data densiries that might be achieved in
a particular hard disk drive.
The stator winding currents may be detected and
controlled using a control circuitry at each phase of the
35 stator windings. Thie is generally performed at the low



3 occurs, at which tinme, current then flows through one of

the two coils and the third coil until the next conmutation occurs. .
A total of six curents nay be provided in the stator 5 wi ndings of a
t hree-phase do notor through six comut ations. The currents, for
exanpl e, may be provided through the stator coils in the follow ng
current flow path sequence to inpart rotational notion to the rotor
of the t hr ee- phase dc notor: A-coil #®a Ccoil, A-coil to B-coil, 10
C-coil to B-coil, Ccoil to A-coil, B-coil to A-coil, and B-coil to
C-coil. The current flows are controlled by the high and | ow

side drivers provided at each phase of the stator w ndings.

conmut ation circujt i all S n g 1 he
gates of the respgﬁ?l Vgﬂ%@% tﬁéx’gg%“%de&grlkg% \ﬁt(ﬂars@ o §he Sttagﬁt:
current to flow i windimgse atBrsrertiedscizeuity nay inﬁ%ﬁ@?%%%@&@ence
such as is descri aed:.c'&oéennected as currehbemiyorents mirrbhethesm&ﬁdente

current [1ow paDsatChy rer gl IRb AU RUBYEL, S Rl s
5 ratio of the size of the driver tranazstor to the mirroy
tranaistors is too small. If the ratio of the size of the
driver transistor to the mirror transistors is too small,
a large amount of power is wasted in the control circuitry
becaugse of the large current in the wirror traneistors.

10 However, other problems are created whep the ratio
becomes too large. For example, a ratio on the oxder of
1500:1 reduces cuxrent mixror accuracy because of variances
and ctolerancee that exist when fabricating wmirzox
transistors of this size. The ratio can be expected to

15 vary on a lot and device bagis. Additionally, when the
ratio becomes too large, these fabrication variances .and
tolerances introduce differences between the mirror
transistors used in the conmtrsl circuitry at each phase of
the etator windings. This way ultimately contribute to the

20 unequal current flows in the stator windings resulting in

. the problems wentioned above of audible noises, torque
ripple, motor inaccuracies, and other undesirable effects.
The audible noise may be in the 2-4 kHz range, which is a
typical commutation freguency.

25 Furthermore, problems may also arise when the current
flows in the stator windings are equivalent but at an
undesirable amplitude. For example, if the current flows
are tco low, the motor may not provide the desired torque
or rotational velocity.



transistors, in the respective current flow paths, typically
have vari ances and tol erances in such di nensi ons as the channel

wi dths or |engths. These variances and tol erances result in
inequalities in the currents in the 25 respective current flow paths in
the stator w ndings. As a result of these inequalities, audible
noi ses, torque ripple, notor inaccuracies, and ot her undesirable

ef fects may occur. Such unequal currents also reduce the precision
of the notor speed. As data densities of h@rd disk drives 30 becone
greater and greater, such inprecisions result in limtations on the
data densities that m ght be achieved in a particular hard disk

drive. The stator Wi nd| ng currents may be detected and
; - each phase of the 35 st at or

\4’1\” ndings. This is geng&g’lnléieo%ro 8& qtr. w w\’gppreciated that a need -
' has arisen for a currént feedback awmplifier having trim
circuitry that serves as the control circuitry at each

5 phase of the stator windings to control the current in the
coils of the stator windings of a polyphase dec motor to
ensure that the currents are somewhat equivalent and at a
desired amplitude while minimizing power consumption. In
accordance with the present invention, a current feedback

10 amplifier baving trim cirzouitry and a wmethod for
controlling and equalizing current in the stator windings

are provided which  substantially eliminate the
disadvantages and problems ountlined above. The present
invention uses a plurality of programmably selectable

15 transistors or active devices that serve as trim cirecuitry
to balance or eliminate the problems caused by circuitry
variances and tolerances that exist when fabricating mirror

transistors and circuitry of a small size.

According to the present invention, a current feedback

20 amplifier is provided to control a stator winding phase
current in a polyphase stator winding of a polyphase direct
current motor. Each phase or stator coil of the polyphase

stator winding has a dzxiver circuit, such as a power
field-effect transistor, that regeives a control signal

25 generated by the current feedback amplifier to control the
stator winding phase current. The current feedback
amplifier includes a first stage current sense amplifier

and a second stage curyent sense amplifier. The first

gtage curxent sense amplifier detects the stator winding

30 phase current flowing through a €£irst phase of the
polyphase stator winding and geanerates an equalized sense
current in response. This may be accomplished using
circuitry functioning as a current mirror to generate a

sense curyent that is related to the statox winding phase

35 current. The sense current may then be equalized using a




aide driver transistors at each phase of the stator wi ndings. This

control circuity may include transistor FET devi ces connected as
current mrrors to mrror the current in the FET driver transistors.
Probl enms arise when the 5 ratio of the size of the driver transistor to
the mrror transistors is too small. If the ratio of the size of the
driver transistor to the mrror transistors is too small, a |large
anount of power is wasted in the control cdrcuitry because of the

| arge current in the mrror transistors. 10 However, other problens
are created when the ratio beconmes too large. For exanple, a ratio
on the order of 1500: 1 reduces current mrror accuracy because of
variances apflabo| @iaNgeRideN 84 aemfervmﬂrf@mﬁe&mg.m The'phage

transistors of this,size., The ratio c e, expecteq to ary_.on a | ot
and ‘devi ce basis. “FAASTIERPFY ,bev\,ﬁﬁna‘m'?l%abfe oxr P&gFﬁtﬁéceof?&gxf%om?a}r ge,

t hese fabri cati on ipapregoammabdydset to a testvethvaduente cxhseredthdtertheces
bﬁt Weenf the m rr;)rpmper eq,gg;ﬁr%hsggﬁge_rl@_ 8%eht lbeg&%ﬁrtl al.ci ?g_gi &%Norfli teﬁCh
ase o [ ndi nas. ma ez} cont,riQute to e
20 unequal cur F’gﬁ?& ?#%\frg%na???% gf‘%f% +<Fi %ﬁ?én%véear ﬁ?/??“r?g llzﬁg fense e

probl ems menti oneFUXEERE EFOm ha | fdrAb skage (wEeEt sense amplifier nandr
i naccur aci es, and geneeateadese r ebitxcdf§ fsdghal by compakifigatttieblequabised may

be in the 24 ke JohBge i coS ol amplsuahyRlfiil oSO RUH AR LEEGHENCY -
25 Furt hernore, problens na M S0 ari s& when the current
flows in the stat Wﬁ?&ﬁ’g?tas% D% 35Rse,aplifier then provides the
10 control signal t¢ the driver circuit for controlling the
stator winding phase current at a desired level.
The present invention provides various technical
advantages. A technical advantage of the present invention
includes equal currents in the stator windings of a
15 polyphase dc motor. This reduces or eliminates torque
ripple, audible noises caused by resonant frequencies
because of the unequal currents, and motor inaccuracies.
Another technical advantage of the present invention
includes improved motor speed precision allowing for
20 increased data densities in hard disk drive applications.
' Yet another technical advantage includes the use of driver
trangistors and current mirror transistors in the control
circuitry for sensing the current through the driver
transistors that are sized relative to one another to
25 reduce power consumption of the contyol circuitry while
still providing accuracy and minimizing overall circuitry.
Still another technical advantage includes stator winding
currents having a desired amplitude. Other technical
advantages are readily apparent to one skilled in the art
30 from the following figures, description, and claims.



undesi rabl e anplitude. For exanple, if the current flows are too

low, the notor may not provide the desired torque or rotational

vel ocity. 5 SUMVARY
OF THE | NVENTI ON Fromthe foregoing it nay be appreciated that a
need has arisen for a current feedback anplifier having trim

circuitry that serves as the control circuitry at each 5

phase of the
stator w ndings to control the current in the

coils of the stator

wi ndi ngs of a pol yphase do notor to ensure that the currents are
sonmewhat equi val ent and at a desired anplitude while m nim zing power
consunption. In accordance with the present invention, a current
Feedback BRIEF DESCRIPZION OF THE DRAWINGS

For a more complete understanding of the present
invention and the advantages thereof, reference is now made
to the following brief description, taken in comnection

5 with the accompanying drawings and detailed descripticnm,
wherein like reference numerals represent like parts, in
which:

PIGURE 1 48 a circuit diagram illuatrating a
three-phase stator winding with driver transistors and a
10 current feedback amplifier circuitry configured to regulate
a steady state cuyxent I,.;
FIGURE 2 is a circuit diagram illustrating an
embodiment of the current feedback amplifier;
FIGURE 3 is a circuit diagram illustrating a trim
15 circuitxy; and
FIGURE ¢ is a circuit diagram illustrating a trim
switch used in the trim circuitry.



10° marrplifier having trim circuitry and a nethod for

~controlling -and equalizing current in the stator w ndings are
“provided whi ch substantial ly elimnate t he di sadvant ages and
probl enms outlined above. The present i nvention uses a plurality of
programmuabl y sel ectable 15 transi stors or active devices that serve as
trimcircuitry to bal ance or elimnate the probl ens caused by
circuitry vari ances and tol erancds that exist when fabricating
mrror transistors and circuitry of a small size.

According to the present invention, a current feedback 20 anplifier is
provided to .control a stator mﬁndlng phase current in a pol yphase

stator w ndi ngpg SR e -.,1 el ent notor. Each phase or
stator coil of

/[ as.a_driver circuit,
such as a power |eid 1 Rt ?#&H&s%&g’ﬁqht ﬁ'&b‘ﬁ%‘é‘% céhtrol
signal 25 gehrephashy sthdorumwinding edlbivkludpig f various cdrivext , t he

stator w ndi NGy r S ora! dndta cnmht Cﬁécﬁ:%kf ea%ehﬁeker mcumg}ifier
includes a firs e .C rrent and a _second stage
current fense ﬂ‘bﬁ#&d OTFEIR i'?"sﬁ the ' 5tea§¥a§‘éafc%r?‘¥fﬁe“§er¥m angt i fier
detects the stabewldihednogedoat thshavbset whasnalthough rag thrkeeoplsee a fir st
phase of the stator WOhAIMIASED Sbet Al cr8dipih dn&ﬁﬂerﬁst e8hcith e&w' i zed
i reui try funcirBiPined O kRp: i$vs$t¥§“’gene 57 el ipd i ba'Spf
current that i|Parei@atlad t pumber soft opharerii ®F ppaseiggar pedeentof The
sense curg ent op¥ratidn.be Thavelphsd BEatEr &vinding 10 18 coupled in a
ay* configuration and includes an A-coil 17, a B-coil 19,
and a C-coil 15. The three coils couple together at a
center tap node on one end and each of the three coils
couple to a respective high gide driver transistor and a
15 low pide driver tranaistor at the other end. The high side
driver transistors may be implemented using field-effect
" transistors (FETs), such as n-chanuel MOSFETs, that operate
as switches. The low side driver tramsistors may be
implemented as FETs, such as n-channel MOSFETs, that
20 operate in the saturation region to regulate a current
) being provided through the coil coupled to the low side
driver. High side driver A (HSDA) 16 and low side driver A
(LSDA) 22 couple to A-coil 17 at node A, while high side
driver B (HSDB) 18 and low gide driver B (LSDB) 24 couple
25 to B-coil 19 at node B. High side driver € (HSDC) 24 and
low side driver C (LSDC) 20 couple to C-coil 15 at node C.

A commutator ceircuit, not shown in FIGURE 1,
selectively activates combinations of the high side driver
transigters and low side driver transistors to produce

30 current €£lows through selected pairs of the coils of
three-phase stator winding 10, such as I,.. This produces
the rotation of the rotor, not shown in FIGURE 1, in a
known fashion. The ourrents flow from V., through a
selected high side driver, through a first coil coupled to
as the selected high side driver, through the center tap,



phase trimdevice in a current mirror—citrcuitry—The phase _——trim
deV|®e may be an adj ustabl e or s%%ectable device that I s progranmably
set to a desired value to ensure tHE “n&wa“ $roper equal i zed sense
current is generated. The second %: rent sense anplifier
receives the equalized sense the first stage current

sense anplif ier and " generates the control si gnal -by conparing the
equal i zed sense current to an anplitude adjusted reference current.
The second stage current sense anplifiersthen provides the 10 control
signal to the driver circuit for controlling the stator wi ndi ng phase
current at a desired |evel. The present invention provides
various technical advant ages. A technical advantage of the present
i nvention thP&lgHP' s&uata CeHi1€MNdoupled t B8 St ajedeckeddiogssode a 15
pol yphase dc nDtdgg.ver, t uﬁd%ﬁgssgec%le'dnl&?tﬁaetg:.%..e. and then to
ground.,
In the embodiment illustrated in FIGURE 1, the coil
5 current is controlled or adjusted by regulating the

gate-to-gource voltage of the selected low side driver,
For example, when steady state stator current I, is
provided through A-coil 17 and C-coil 15, the commutator
circuit uses HSDA 15 and LSDC 20 as the driver tramsistors.
o 10 HSDA 15 acts as a closed switch or short circuit by
providing ten volts to its gate so that current may flow
from V.. to A-coil 17 through node a. LSDC 20 controls or
requlates steady state current I,, by operating in the
saturation region and allowing current to £low from
15 A-coil 17, through the center tap, through C-coil 15 to
node C, and through LSDC 20 to ground by regulating the
. gate-to-source veltage of LSDC 20, During this time, the
gate-to-source voltage of LSDC 20 is controlled or
regulated through a control signal generated by a control
20 circuitry that includes a first stage current sense
amplifier C 27 and a second stage current sense
amplifier 100 coupled through a switch 100. This contxol
circuitry is illustrated in detail in FIGUREs 2, 3, and 4
and is described more fully below. LSDA 22 and LSDB 24 are
25 not turned on during this time and serve as open c¢ircuits
from drain-to-source, and HSDC 14 and HSDB 18 operate as
open switches by providing zero volts to their gates which
results in an open circuit condition. A first stage
current sense amplifier A 28 and a first stage current
30 sense amplifier B 30 also are decoupled from nodes A and B,
respectively, during this time.
During other commutation states when the commutation
circuitry selects a different low side driver, such as,
LSDB 24 or LSDA 22, second stage current sense
35 amplifier 100 couples to the first stage current sense



ri ppl e, audi bl e noi ses caused by resonant frequencies because of the
unequal currents, and notor inaccuracies. Anot her techni cal advant age

of the present invention i ncl'udes i nproved notor speed precision
allowing for 20 i ncreased data densities in hard disk drive

appl i cations. Yet anot her technical advantage includes the use of
driver transistors and current mrror transistors in the control
circuitry for sensing the current through %d’le driver . transistors
that are sized relative to one another to 25 reduce power connption of
the control circuitry while still providing accuracy and m ni m zi ng
overall circuitry. Still another technical advantage includes stator
wi ndi ng currents having a desired anplitude. Ot her_ t echni cal
advant ages are rcarplifiepireadyt eoupiedske Ithegspheeted APY Sife AXiVeE: he
fol | owi ng figuresfFoflesRamplé onwhend pekadys state stator current I, is

[ regulated through A-coil 17 and B-coil 19, LSDB 24 serves

as the low side driver.  2a a result, second stage current

-1 sense amplifier 100 couples to £first stage current sense

amplifier B 30 through switch 101 to regulate the

gate~to-source voltage of LSDB 24. Thus, the regulation ox

control of the gate-to-source voltage of the selected low

gide driver transistor is accomplished using control

10 circuitry including second stage cuxzent  oense

amplifier 100 and the selected first stage current sense

amplifier. The control of the gate-to-source voltage by

the control circuitry ensures that the stator winding

currents are somewhat eguivalent. Each of the first stage

15 current sense amplifiers are similarly constructed and

couple to second stage current sense amplifier 100 when

needed. In this manner, overall circuitry is reduced and
matching improved. '

Thus, there are @ix possible combinations of current

20 flow paths using three-phase stator winding 10. For

example, current may flow in the following mannexr and

sequence: A-c¢oil 17 to C-coil 15; A-coil 17 to B-coil 19;

C-coil 15 to B-coil 19; C-coil.l1l8 to A-coil 17; B-coil 19

to A-coil 17; and B-coil 19 to C-coil 15. In the operation

2s of a three-phase dc metor, each of these six current flows

are established in a set sequence as current is switched

from coil-to-coil by the commutator circuit to establish

and provide rotation to the rotor. It is desirable to

ensure that each of the g@ix current flows are equivalent

30 and are provided at a desired amplitude to reduce toyque

ripple, audible noises, and other undesirable effects while

increasing motor precision and minimizing power

consumption.
This may be achieved, as described below, by ensuring
a5 that the control circuitry, such a=s the firat stage current



BRI EF DESCRI PTI ON OF THE DRAW NGS For a nore conplete

under st andi ng of the present I nvention and the advant ages t hereof,
reference i s now nade to the following brief description, taken in

connection 5 wi th the acconpanying draw ngs and detail ed description,
wherein |i ke reference nunerals represent |ike parts, in whi ch:

FIGURE 1 is a circuit diagramillustrating a t hr ee- phase stator
winding with driver transistors and a 10 1icurrent feedback anplifier
circuitry configured to regul ate a steady state current Iferr];
FIGURE 2 is a circuit diagram illustrating an enbodi nent of

the current feedback anplifier; FIGURE 3 is a circuit diagram
illustrating a trim15

di agram il | ustrat PPRP%® PF‘Pﬂ'fle” g%\,\f-?%}] phase, i p tﬁe‘gf%f'rdgal;.gnéarcw t

sized, and adjusted or programmed relative he
corresponding low side driver to ensure that the stator
winding coil ocurreants may be accurately measured and
5 controlled to provide equivalent stator winding currents. .
This may be accomplished by using programmably adjustable
phase trim circuitzy in the é£irst stage sense current
amplifier circuits to ensure phase-to-phase equivalent
stator winding currents and programmably adjustable
10 amplitude trim circuitry in second stage current sense
amplifier 100 to adjust the amplitude of the stator winding
currents tc a degired or required level. The programming
or adjustment of the programmably adjustable phase trim
circuitry and the programmably adjustable amplitude trim
15 circuitry is normally performed during circuitry testing.
After fabrication of the first stage current sense
amplifiers 27, 28, 30 and second stage current eense
amplifier 100, this control cii‘cuity is coupled to
three-phase gtator winding 10 and circuitry testing and
-20 adjustment are performed. In order to ensure that the
' stator winding cuxrents in each of a plurality of atator
winding current flow paths will be substantially equal
during steady state operation, the following procedure is
performed. The adjustments described below may be made by
25 calculation or by trial and error.
First steady state stator winding curremt, such as I,
is measured, recorded, and serves as a reference current,
Next, successive s{:eaﬂy state stator currents are measured
and adjusted to correspond to the reference current. The
30 adjustments are made to the circuitry of the remaining
first stage current sense amplifiers, such as 30 and 28,
that are used as part of the contrel circuitry to regulate
a particular steady state stator current. Specifically, an
adjustable phase trim circuitry is adjusted in these first
3s stage current sense amplifiers until the coxresponding



DETAI LED DESCRI PTI ON OF THE | NVENTI ON FI GURE 1 is a circuit

diagram illustrating a t hr ee- phase stator w nding 10 including
various driver transistors and a current feeback anplifier circuitry
S configured to regulate the steady state current I[err]. It

shoul d be noted at the outset that although a three-phase st at or

w nding 10 of a three-phase notor is shown and descri bed, the present
invention is not limted to any partizQul ar nunber of phases or
particul ar nodes of 10 operation. Three-phase stator winding 10 is
coupled in a "Y" configuration and includes an A-coil 17, a B-coi

19, and a CGcoil 15. The three coils couple together at a

eopective high SPEENG| JEREE, SRAESE oPuiRERt, 18- cSSbuitenry v, Billpdhar” °
transistor at theeguhelentdto e mefgresreccurrent. (Thigradjustable phasey be
BT e B e et ors
may be ’ [ rrgl éﬁr}égfgﬁ aeé‘@@’r?,ﬂ“’g‘ucﬁef‘a‘s”‘%c h%%ne?é%%éﬂeffs{, % hé
operate in the safi§VaeforPudyA8naR FEEBON ate a current bei ng provi ded
through the coil couplénké cheheteady State stator currents are equalized,
the amplitude of all of the steady state stator currents
may be adjusted to a desired amplitude. This is
accomplished by setting adjustable amplitude triwm circuitry
10 provided in second stage current sense amplifier 100 which
couples at diffexent times to each of the first stage sense
amplifiers during actual operation tao control the stator
currents, Specifically, an adjustable amplitude trim
circuitry is adjusted, for any of the steady state stator
15 curxents, until the desired amplitude is achieved. Because
the other steady state stator currents have already been
equalized, the dasired amplitude should now be generated by
all steady state stator currents. The adjustable amplitude
trim circuitry may be programmable circuitry so that the
20 deaired amplitude settings are stored in a memory device,
such as an EEPROM.

FIGURE 2 is8 a circuit diagram illustrating an
embodiment of a current feedback amplifier 12 that includes
second stage current sense amplifier 100 coupled to first

25 stage current sengse amplifier C 27 through switch 101,
Current feedback amplifier 12 functions as a control
circuitry to contrxol steady state stator current I,. by
controlling the gate-to-source voltage of LSDC 20. Current
feedback amplifier 12 is an exemplary cjircuit and each

30 current feedback amplifier circuit that includes the
combination of second stage current sense amplifier 100 and
another first stage current sense amplifier (such ag either
first stage current sense amplifier 28 ox 30 of FIGURE 1)
is similarly constructed.




driver. H gh side driver A (HSDA) 16 and | ow side driver A (LSDA) 22
couple to A-coil 17 at node A while high side driver B (HSDB) 18
and | ow side driver B (LSDB) 24 couple 25 to B-coil as at node B. High
side driver C (HSDC) 14 and | ow side driver C (LSDC) 20 couple to
C-coil 15 at node c. - A commutator circuit, not shown in FI GURE
1, sel ectively activates conbi nati ons of the high side driver
transistors and | ow side driver transistor$3to produce 30 current flows
t hrough sel ected pairs of the coils of t hr ee- phase stator w nding
10, such as I[err]. This produces the rotation of the rotor, not
shown in FIGURE 1, in a known fashi on. The currents flow from

V[err], through a Firﬁ'ﬁ%&_@dcﬁiﬁh&i&ﬁsgréﬁﬁiﬁhbr eugh Bolpled veoi |
coupted 1o 35 NG PLECHE notd'd, St %l GYRL of ReBHLD, 5 80" Sledrld
stage curyent sense amplifier 100 through ewitch 101.
Switch 101 couples first stage curxrent sense amplifier C 27
5 to second stage current sense amplifier 100 when LSDC 20
serves as a low side driver to three-phase atator
winding 10. This occurs, for example, when I,, is being
provided though C-coil 15. Firet stage current sense
amplifier C 27 mirrors steady state stator current I,, and
10 equalizes the mirxored current to generate an equalized
sense current that is provided to second stage current
sense amplifier 100.
Pirat stage current sense amplifier C 27 includes a
sense current mirror circuitry that detects or mirrors I,
15 and generates a mirrored curremt I, in response, and an
equalized sense current mirror circuitry that generates the
equalized sense current I .. in response to receiving I,...
The sense current mirror circuitry includes a sense
FET 110, a FET 108, and a FET 104 configqured to function
20 like a cascoded current mirror so that I, . will be
generated through FET 110 and FET 108 as an accurate
mirrored current of I,,. In an alternative embodiment, when
the voltage V, at node C approaches V., the effectiveness
of the cascode ari'angement is greatly reduced and the gate
25 of FET 104 can be pulled to V, to improve the accuracy of
the sense current mirror circuitry in generating I...
Sense FET 110, FET 108, and FET 104 are all illustrated as
n-channel MOSFETa, however, any of a variety of other
transistor types or ecircuitry technology could be
30 implemented instead. .

' Sense PET 110 and LSDC 20 ara coupled at their gates
and both are coupled toc ground at their sources. The
gate~to-source voltage is controlled by a control signal
generated by second stage current sense amplifier 100 and

35 provided through switch 10L. FET 108 couples to the drain



t hrough a second coil coupled to a selected | ow side driver, through

the selected | ow side driver, and then to gr ound. In the
enbodi nent illustrated in FIGURE 1, the coil 5 current is controlled
or adjusted by regulating the gate-to-source voltage of the

sel ected | ow side driver. For exanpl e, when steady state stator
current I[err] is provi ded through A-coil 17 and C-coil 15, the
conmut at or circuit uses HSDA 15 and 14DC 20 as the driver
transistors. 10 HSDA 15 acts as a closed switch or short circuit by
providing ten volts to its gate so that current may flow . fromVerr],
to A-coil 17 through node A LSDC 20 controls or regul at es st eady
state current |[egf lgaBie OBAT ﬂb'\garbﬁ%\ﬁ Ll;%ls sources aétgﬁ FeiPofo4 eHu@ledNto

allowing current to flow thec ter t
through G coil 15°%% afalsd °%m&é %2%5&”93?]6@;419 I.°§BE°§ in & S¥Phy €6
regul ating the mirrogathe twoltags 3% atobhegirain DSDEB’IZGIODurFERJ 10§ sndl e,
the | ated tgate tﬁmolme coipleaae ;Qieik etavdézga mtmlt |c8|dp9és its gate t
regul ate oug ol ener gt e a_contro C|r yitry
that includes ar?q%%g%,n t"ib'ge%tﬁg %4535% mﬁ"i %rér €and a
second stage curr@rinefsEET 104 tmﬁﬁﬁabﬂ-bﬁhld)owéémé@ dﬁ#mgfhﬂagswa{ach
100. This controlof FET 108 Gnd FETi 304/ ust ai@dgdd&rdeéamb &) wdBES 2,

25 andngt t ur ned oﬁigeﬁpscéé\ﬁ:%g mlre féfl | )6 ‘3}1&“"’ akﬁéb\ Cl r%ullg‘[ LS%% 24 e

ur,l ng nd serve as n
amplifier 100 and :.s deseribed below. The ratio of the

10 channel widths of LSDC 20 to sense FET 110 is laxge to

provide I .. as a socaled version of I,,, thus saving power.

For example, the channel width ratios may be provided at

10,000:1. However, the fabrication of small channel widths

may introduce some variances in the circuityy resulting in

18 the inaccurate generation of I, and differences in the

generation of I, between the first stage current sense

amplifiers which ultimately results in stator winding
currents with different values.

To compensate for this, the equalized sense current

20 mirror circuitry is providad to generate the equalized

sense current I ., in response to receiving I, at a

value that will ultimately compensate for any problems

caused by fabrication wvariances. The equalized sense

current mirror circuitry includes a phase trim FET 231,

25 implemented as a p-channel MOSPET, an adjustable phase trim

FET 32, implemented using p-channel MOSFET devices and

shown more fully in FIGUREs 3 and 4, and an EEPROM 48.

EEPROM 48 is configured with equalization settings which,

as discuesed with reference. to FIGURE 1, normally are

30 established and loaded (or programmed) at the time of

testing. The equalization settings define the number of

discrete FETs that will be included as part of adjustable

phase trim FET 32 to effectively change the channel width

. ratio between phase trim FET 31 and adjustable phase trim

as FET 32. This change in the channel width ratio ultimately



fromdrain-to-source, and HSDC 14 and HSDB 18 operate as open

switches by providing zero volts to their gates which results in an
open circuit condition. A first stage current sense anplifier A 28
and a first stage current 30 sense anplifier B 30 al so are decoupl ed
from nodes A and B, respectively, during this tine. Duri ng
ot her commutation states when the comrutation circuitry selects a
different | ow side driver, such as, isSDB 24 or LSDA 22, second
stage current sense 35 anplifier 100 couples to the first 'stage
current sense 10

anplifier already coupled to the selected | ow side driver. For

exanpl e, when st ezaéjg(llitaa{t? an g&t?s{lxczlé&rseer};[sel kL r;lm:' s.t“m., that results in

equivalent or somewhat equivalent stator winding currents.
The combination of adjustable phase trim PET 32 and
EEPROM 48 may be referred to as a programmably adjustable
5 phase trim device.
Equalized sense current I . ., is provided to second
stage current sense amplifier 100 through switch 101
through the drain of adjustable phase trim FET 32. The
gates of adjustable phase trim FET 32 and phase trim FET 31
1o are also provided to second stage current sense.
amplifier 100 through switch 101. Second stage cuxrent
sense amplifier 100 includes an input circuitry, a mirror
circuitry, and a reference current mirror circuitry for
generating the control signal that controls the
15 gate-to~source voltage of LSDC 20 and, hence, ultimately
I« 7The input circuitry includes an n-channel FET 88, a
resistor 90, and a p-channel FET 92 for receiving equalized
senge current I, and ensuring that I ., is provided to
the mirror eircuitry. In effect, the coupling of n-channel
20 PET 88, resistor 90, and p-channel FET 92 is designed to
. cascode the sequalized sense current mixxor circuitry of
£irst stage current sense amplifier C 27.
The mirroxr circuitry includes a FET B84 and a FET 86
that are implemented as n-channel MOSFETs coupled as a
25 current mirror. The mirror circuitry mirrors equalized
senge current I, through FET 86.
The reference current mirror cirocuitry is used to
generate the control signal that is provided to the gate of
LSDC 20 to control stator current I,. The reference
30 current mirror circuitry generates an amplitude adjusted
reference current I, at the gate node of regulating FET 938
such that the gate voltage of FET 98 is proportional to I .
minus I, The gate node of regulating FET 98 may be
referred to as a summing node since the result is based on
a5 the comparison of two currentsa in the manner Jjust



regul ated through A-coil 17 and B-coil 19, LSDB 24 serves as the | ow
side driver. As a result, second stage current 5 sense anplifier 100
couples to first stage current sense anplifier B 30 through ,
switch 101 to regulate the gate-to-source voltage of LSDB 24.
Thus, the regul ation or control of the gate-to-source voltage of the
sel ected | ow side driver transistor is acconplished using
control 10 circuitry i ncl udi ng secoqg st age current sense
anplifier 100 and the selected first stage current sense anplifier.
The control of the gate-to-source voltage by the control circuitry
ensures that the stator w nding currents are sonmewhat equival ent.
Each of the first stage 15 current sense anplifiers are simlarly
constructed and mentionedupl eThis sthesndresuage éur tbat gepesatiom|af i the 100

V\'hf”h neec’géonéfbi hig gHRY NSNatOV €6 aldroriiBedi tiném S%l:’x@dlmécéndof f
mat chi ng i nmprove ere_are 0SS onbi nagions o
current 20 fl oﬁF%‘é’ﬁF}’i%Fﬁ& }H %8 bﬁ%sga%? a?fts)rﬁ%ﬁ% §% %'f% np a‘ii
exanpl e, current nquxe%hetwﬁqrhshemqwﬁengf RegNatingd FET 99 anse gyovmd:
A-coil 17 to C-copb :ﬂé:t;énéd’ldbo% tp, By 128 sexrve as & 6@1‘&%556@:& coi |

19; Ccoil.18 to C B: B-coil 19 to
C-coil 15. In theég @ P}éﬁnﬁtg% ithfefeeJBg%Qa%ésﬁog 8,5 gggh 5879% hese
si x current flomscurrent uivér@%taéwm i 9f afipgt séamwuﬁserm genge| s
swi t ched f aplLPidr ©g-coil by the commutator circuit to establ i sh

anc prov, e 1ot 5h Dk Bk e U5H ARLAAP roerence Blhind '

10 I i8 greater t'.han Loencer the value of the cont:ol signal
increases. When the amplitude of the adjusted reference
current I, is less than I,  the value of the control
signal decreases. As the circuit settles into a steady
state, these two curremnts are equal.

15 The reference current mirror circuitry generates
amplitude adjusted reference curremt I ., ueing an amplitude
trim FET 81, implemented as a p-channel MOSFET, an
adjustable ~amplitude trim FET 82, implemented using
p-channel MOSFET devices, EEPROM 48, and a variable current

20 source 490 that is contyrolled by an external contrel line.
The external ceontrol line may be provided by a commutator
circuit, not shown. The variable current source 40
provides I, to amplitude trim FET 81 so that I , can be
mirrored through adjustable amplitude trim FET 82. The

25 amplitude adjusted reference current I, is generated and
provided in the same manney to all first stage current
pense amplifiers to ensure that all of the equalized stator
winding currents are provided at a desired level.

EEPROM 48 is configuwed with the desired amplitude settings

30 which, as discussed with reference to PFIGURE 1, are
normally established and loaded (or programmed) at the time
of testing. The amplitude settings determine which of the
discrete FETs of adjustable amplitude trim FBET 82 will be

included as part of adjustadble amplitude trim FET 82 to
as effectively change the channel width ratio between




30 ‘ and are provided at a desired anplitude to reduce torque
r-i ppl e, audi bl e noi ses, and other undesirable effects while

i ncreasing notor precision and m ni m zi ng power consunpti on.
This may be achi eved, as described bel ow, by ensuring 35 that the
control circuitry, such an the first stage current

sense anplifiers at each phase, is properly designed, si zed, and

adj usted or progranmed relative to the 17 corresponding | ow side driver
to ensure that the stator wi nding coil currents nmay be accurately
measured and 5 controlled to provide equivalent stator w nding currents.
This may be acconplished by using programably adjustable phase trim

circuitry in the pLifhgal 89 29561 GHa' §8justable amplitude trim FET 82.

2s previously discussed, this ratio change ultimately
results in stator winding currents all having the desired
amplitude. The combination of adjustable amplitude trim
5 FET 82 and EEPROM 48 may be referred to as a programmably
adjustable amplitude trim device.
In operation, current feedback amplifier 12 functions
as a control circuitry for controlling stator current I,..
Current feedback amplifier 12 detects stator current I,. and
10 generates mirrored current I, using the sense current
mirror circuitry of first stage current sense amplifier C
27. Next, current feedback amplifier 12 ecualizes the
sense current to generate an equalized sense current I ..
using the equalized sense current mirror circuitry of first
15 stage current sense amplifier C 27. The equalized sense
current circuitry includes phase trim FET 31, adjustable
phase trim FET 32, and EEPROM 48 configured with
equalization settings. I, is then provided to second
stage current sense amplifier 100 for further processing.
20 Secand stage current sense amplifier 100 mirrors I ..
' to the gate of regulating FET 98 using the input circuitry
and the mirror circuitry. Second stage current sense
amplifiex 100 also generates trimmed or adjusted reference
current I, and provides this current, in the opposite
25 directicn, to the gate of regulating FET 98 where they can
be subtracted, or compared, to generate the control signal
that controls the gate-to-source voltage of LSDC 20 and,
hence, ultimately I,. This is done using the reference
current mivrroxr circuitry that 4includes amplitude txim
30 FET 81, adjustable amplitude trim FET 82, EEPROM 48
precontigured with the desired amplitude settings, and
variable current sourae 40.
FIGURE 3 is a circuit diagram illustrating a trim
circuityry that may be implemented as the equalized sense
as current wmirror circuitry of £irst stage current sense



arrplii fier circuits to ensure phase-to-phase equival ent stator w ndi ng
currents and progranmably adjustable 10 anplitude trimcircuitry in

second stage current sense anplifier 100 to adjust the anplitude of
the stator w nding currents to a desired or required | evel. The
progr anm ng or adjustnment of the programmbly adjustabl e phase trim
circuitry and the programuably adjustable anplitude trim 15 circuitry
is normally performed during circuitry ted8ing. After
fabrication of the f irst stage current sense anplifiers 27, 28, 30
and second stage current sense anplifier 100, this control circuity
Is coupled to . t hr ee- phase stator winding 10 and circuitry testing
and - 20 adj us rigr de Sasur t

stator w ndi ng cuam}aa ggfnrt‘eeaéﬁ g?&a &fa Jéef%s at aﬁmtt ﬁgmrrca:; ng
current flow pat TR EE SRRANG “ﬁﬁf‘%l sense a“‘p §%9180ea d{;}‘estat.e
operation, the faiguehizeg pemdmreems mirror cigenitynis. th?]@%}&%‘t-m!m S
described bel ow gy dihsBRdg RYrED 31, GRGskablOrpidlach Xrifi PETaRg), KON

irst steady state stator | ngcurren suc,

measur ed, %cord&?‘ PROM4 EErvﬂ? fgfﬁr?‘é‘?eel”@ﬁﬁ%n%dﬁfgﬁ’% ‘“’L‘"“l':’“"Nthéhe
successi ve st eadycmmwram%stm FRTa8lw adlijustable mlaﬁ?@%t ed to
Co”eSfond ;Ot}]hecﬁ%.fmr&e aﬂarmrmuw@. 30he tamuatmmeﬁyarseulaadetso the
circuitry o e remai S | S
such as 30 and 2gienerace gtl’fﬁ?‘““ﬁ?% e%"ﬁ@% ?H%#%e&?g% r%lmacf%%litry to
regul ate aVakue | b XeSpeRRAlytat ALECLYHITr ARQRNEENtCUTSEBE: f | cBPFy, ~an

adj ust abl e jphase &xamPle),r Ctid r gquslizddudambe oumrese faixspr circuitry
receives mirrored curreamt I, .. at phase trim FET 31 and
generates equalized sense current I ., at adjustable phase
trim FET 32 in responmse. Similarly, the reference current
mirror circuitry receives reference current I, at amplitude

15 trim FET 81 and generates amplitude adjusted reference
current I, at adjustable amplitude trim FET 82 in
response.

The desired current is generated ox mirrored by

gelecting a set of trim FETe from an adjustable FET, such

20 as adjustable phase trim FET 32 or adjustable amplitude

‘ trim PET 82, through the use of a wmemory device, such asg

EEPROM 48, By selecting a set of trim FETs from an

adjustable FET, the effective channel width ratio between

the adjustable FET and a non-adjustable FET, such as phase

25 trim FET 31 or amplitude txim FET 81, may be established to
effect the generation of the desired curxent.

The adjustable FET, in the one embodiment of FIGURE 3,

includes a first trim FET 50, a second trim FET 51, a thixd

trim FBT 52, a fouxth trim FET 53, and a fifth txim FET 54

30 that all couple together at their drains and at their

souxrces to V..., Pirst trim FET 50 and a non-adjustable FET

couple directly through their gates, and thus, first trim

FET 50 will always be included in the set of trim FETs of

the adjustable FET. The gates of second trim FET 51, third

35 trim FET 52, fourth trim FET S3, and fifth trim FET 684 are



35 stage current sense anplifiers until the corresponding
12 steady state stator current in equivalent or sonmewhat

equi valent to the reference current. This adjustabl e phase trim
circuitry may be progranmable circuitry so that the desired
equal i zation settings are stored in a nmenory 5 devi ce, such as an EPROM
: Once the steady state stator currents are equalized, t he
anplitude of all of the steady state statd® currents may be
adjusted to a desired anplitude. This is acconpl i shed by
setting adjustable anplitude trimcircuitry 10 provi ded in second stage
current sense anplifier 100 which couples at different tines to each

of the Tirst S!alBefidtively and SWPLdab®)ScBUIdW AF'URl SIRET B Firke

trim FET 50 such that when they are coupled, they arxe

coupled in parallel. Theee trim FETs are switchably

coupled through respective switches that include a second

5 ewitch 61, a third switch 62, a fourth switch 63, and a

fifch switch 64. These switchea are controlled by

EEPROM 48 which may provide a digital eignal to control the

switching of the trim FETs.

The effect of switching of the trim FETs affects the

10 channel width ratio between the adjustable FET and the

non-adjustable FET, such as phase trim FET 31 or amplitude

trim FET 81. For example, if only second trim FET 51 is

selected, the effective channel width ratio is 97.5:100.

If both second tryim FET 51 and third trim FET 52 are

15 selected, the effective channel width ratie is 100:100. If

all of the trim FETs of FIGURE 3. are selected, the
effective channel width ratio is 105:100.

As previously discussed, the determination of which

trim FETs will be selected is normally done at the time of

20 testing and this selection information is stored in

‘ EEPROM 48. With respect tc the equalized sense current

mirror circuitry, this selection information may be

refexred to as equalization settings and as amplitude

settings with respect to the reference current mirror

25 circuitry. Although five trim FETs are illustrated in

FIGURE 3 as part of the adjustable FET, it should be

understood that is for illustrative' purposes only and

numbexr of trim FETS having various channel widths may be

employed, depending on the resolution and adjustments

30 desired. It should be noted that although one aspect of

the invention is aimed at making the currents in all of the

stator winding current flow paths substantially equal, the

discrete trimming by selective switching into a parallel

circuit of one or more trangistors or FETs necessarily

35 results in gquantized steps in trimming the circuitry.



currents. Specifically, an adjustable anplitude trim circuitry is

adj usted, for any of the steady state stator 15 currents, until the
desired anplitude is achi eved. Because the other steady state stator
currents have al ready been equal i zed, the desired anplitude should
now be generated by all steady state stator currents. The adjustable
anpl i tude trimcircuitry may be progrannable circuitry so that the
20 desired anplitude settings are storeé®in a menory devi ce, such
as an EEPROM FIGURE 2 is a circuit diagramillustrating an
enbodi ment of a current feedback anplifier 12 that includes second
stage current sense anplifier 100 coupled to first 25 stage current

ignfse a{rpl i fier @ohéeblieilgl) 6Mé trtinbéPlof transistovs!EHHt fandbﬁftK: i I i er
unctions as rc n a e s a or
current I[err] b?/c &%EEQ& co&troﬁ (i.’#a #% l)g(]lgg'gntci%‘ g’%hc’éséh% Fﬁﬁ?%n

Curr ent f R]IbBR ‘P@aﬁﬁpﬂw er Al30,s then swisehesr wasdr g t inkrrfaaeh 30
current feedbackza&nm ifai Qﬁtﬁl (3] Eié&atchgdmghwes:htbﬁm FETB nia@Tienat i on

of second sfage c ggs Hfhgrtﬁgopﬁ% rs'.ts sﬁfa%'r‘]:o% firtst st age

current sense arrp | er Suc age Curtent-s8hse
anpl irfier 28 or BRI, PF@PE@BGM’- is simlarly constructed.

FIGURE 4 is a circuit diagram illustrating a txrim
switch implemented as second switch 61. Although only
gecond switch 61 is shown and described, each of the

10 gwitches 61 through 64 are substantially similar to the
other aswitches; consequently, only second switch 61 is
shown. Second switch 61 has three input terminals, labeled
G, I, and 0. The input, I, couples with the gate of first
trim FET 50, and the output, O, couples toc the gate of

18 second trim FET S1. Terminal G couples to output Bl of
BEPROM 48. The signal provided at the output Bl determines
whether or not input, I, couples to output, O, resulting in
the coupllng of first trim FET 50 and second trim FET 5l at
their gates. .

20 If the signal provided to terminal G is low or

' unenabled, the p-channel transistor 70 will be turned on,
forcing the output on line O to high. On the other hand,
if the signal provided to input terminal G is high or
enabled, the p-channel transistor 70 will be turned off,

25+ allowing the signal on the inmput terminal I to be passed

‘ via n-channel transistor 72 and p-channel transistor 73
directly to the output terminal O. Inverter 71 is used to
ensure that p-channel transistor 73 is turned on when the
eignal provided to terminal G is high or enabled.

30 Thus, it is apparent that there has been provided, in

: accordance with the present invention, a current feedback
amplifier having trim circuityy and a method for
controlling and equalizing the stator winding current in a
polyphase direct current motor that satisfy the advantages
35 set forth above. Although the preferred embodiment has



13 First stage current sense anplifier C 27 couples to
C:coil 15 at node C, to the gate of LSDC 20, and to second st age
current sense anplifier 100 through switch 101. Switch 101 coupl es

first stage current sense anplifier C 27 5 to second stage current sense
anplifier 100 when LSDC 20 serves as a low side driver to

t hr ee- phase stator wi nding 10. This occurs, for exanple, when
I[err] is being provi ded t hough C-cof} 15. First stage current sense
anplifier C27 mrrors steady state stator current I[err] and 10

equalizers the mrrored current to generate an equalized sense
current that is provided to second stage current sense anplifier

100 Mhésl 8LESRMET IAN1aaBYEE PLhSNR Ke AfndediBhkbEESthat
sense current mrror, circuitry that éet cts or mrrors _ILerrJ 5 and
generates a ni rro%%r?’é?ﬂg“g[e? £ Wé@?ﬁoﬂ’éna;?ﬁf ohs ¢ “]E’Eqﬁéﬁ?zed
sense current mrhevedn reithouwr departingrfrass tthee scope ofedphal ipredesense
current I[err] inifiRsRQBAS 'rr Siple)Glth8isl the presehRCind@itSen AHET ent
O Sl oW trY plO0l 4958 e dHRE descried hch feafhct Lo 0fue: 3114 T
the currxents in the stator windings of a three-phase dec
motor, the present invention is not limited to applications
involving only three-phase dc motors. Also, even though
the pregent inveution has been described and shown as being
10 implemented using n-channel and p-channel FETs, it should
be understocd that other transistor or related technology,
or combinations therecf, may be used in the present
invention. For example, the present invention may be
implemented by one of ordimary ekill in the arxt using a
15 variety of other teéhnologies such as bipolar junction
transistor technology.
The circuits described and illustrated in the
preferred embodiment as discrete or separate circuits may
be combined into one c¢ircult or split into separate
20 circuits without departing from the scope of the present
' invention. Furthermore, the direct connections illustrated
herein could be altered by one skilled in the art such that
two devices are merely coupled to one another through an
intermediate device or devices without being directly
25 connected while still achieving the desired results
demonstrated by the present invention. Other examplez of
changes, substitutions, and alterations are readily
ascertainable by one skilled in the art and could be made
without departing from the spirit and scope of the present
30 invention as defined by the following claims.



20 ‘ like a cascaded current mirror so that I[err] will be
generated through FET 110 and FET 108 as an accurate Thgg el
current of I[err]. In an alternative enbodi nent, when

aced
V[err] at node C approaches vl err] the effectiveness ﬁ‘%
arrangenment is and the gate 25 of FET ld jed
to V[err] r”"mm lﬂ"ﬂﬁ

to i cy of t he sense current nlrror
circuitry in generating Sen€d FET 110, PET 108, and FET 104
are all illustrated as n- channel MOSFETs, however, any of a variety
of ot her transi stor types or circuitry technology could be 30
I npl enment ed i nst ead. Sense FET 110 and LSDC 20 are coupl ed at
their gates ﬂnggﬂginnggyaggngpupled to ground at their sources. The

gate-to-source voltage is contlLoll ? b{e%%gﬂt Lé\%ﬂﬂi@l foged tﬁ gy at ed

by second stage curren ense a Ier rovi ough
switch 101. FETSP8B*ettifi%ed £53 ‘Pf’é phase current in a polyphase

14 stator winding of a polyphase direct current metor, each

8 phase or stator coil of the polyphase stator winding having

a driver circuit, the current feedback amplifier

comprising:

a first stage current sense amplifier operable to

detect a stator winding phase current flowing through a

10 first phase of the polyphase stator winding and to generate

an equalized sense current in response, the equalized sense
current related to the stator winding phase current; and

a second stage ocurrent sense amplifier operable to

receive the equalized sense current from the first stage

15 current sense amplifier and to generate a control signal by

comparing the equalized sense current to an amplitude

adjusted reference current, the second stage current sense

amplifier operable provide the control sigmal to a driver
circuit for controlling the stator winding phase current.

20

) 2. The current feedback amplifier of Claim 1, wherein
the driver circuit is a power field-effect Ctransistor
having a gate, a source, and a drain terminal, the driver
circuit receives the control signal at the gate terminal

25 for controlling the stator winding phase current.

3. The current feedback amplifier'of Claim 2, whexein
the driver circuit serves as a low side drivex.



of sense FET 110 through its source, and FET 104 couples_to the drain
of LSDC 20 through its source in an attenpt to
V[err] at the drain—of FET 11.0. FET 108 and FET 1@mw6bmﬁm@B@MR®
gates, and FET 104 couples its gate 5 and drai n. CUrren

D Prhaes 2 gref mﬂﬂﬁﬂ !ll Wﬂﬂm of FET 108 ngFEETlgg;O

$ current souR8e 40 of second stage current
anpllfler 100 and is described below. The ratio of the 10
channel widths of LSDC 20 to sense FET 110 is large to
as a scal ed version of I[err] t hus savi ng pomer For exanple, the

vol tage to drive
generated by a vari ab

sense

channel width ratios gay

0 ve
fabrication of small %iannel ﬁkﬁ%e%ack an?ll nt %085;1;%14:8\"‘”2 vg‘ﬁ%%%es in

the circuitry re B4 15 the inaccurate generation of I[err] and

SOFeF

differences in the a swifsmlerperableftd [wuplebthawclirathethge stustenye

current sense

currents w

equal i zed
at a

caused by fabric
mrror circuitry

p- channel

eensanphinﬂﬁﬁrmesh thd | NRRieBhd ! ASdld S cuRrshat Oéens}taahndl ng
equal i zed sEnse &P

h dlffeﬁeﬁ% val ues. To conpensate for this
mrror circuitry is provided to generate the
sense current [[err] I n response to receiving l[err]

val ue thag, wifhe ghiremBt @éeabaeﬁm:@:mrfexf RF EIWAWPAQDLREEein

oo ke B o, AR, pRESLEEE Bponuen £1PGT,

MOSFET,CUswentj F4rapF c CANEMELNY  pperable to generate a sense

10

5

20

25

30

current that is used to generate the equalized pense
current.

6. The current feedback amplifier of Claim 1, wherein
the first stage current sense amplifier includes a sense
current mirror circuitry operable to generate a sense
current, and an equalized sense curreat mirror circuitry
having a phase trim device and operable to receive the
sense current and to generate the equalized sense current
in response.

7. The current feedback amplifier of Claim 6, wherein
the current mirror circuitry, the equalized sense current
mixror circuitry, and the phase trim device are implemented
uping field-effect transgistors.

8. The current feedback amplifier of Claim 1, wherein
the second atage current sense amplifier includes =a
reference current mirrcr circuitry having an amplitude trim
device and operable to gensrate the amplitude adjusted
reference current, and a wirror circuitry operable to
provide the amplitude adjusted reference current and the
equalized sense ourrent te a summing node to perform the
comparison to generate the control signal.

>

mrror the voltage

provide I[err]



re
Eﬁ“’e“d
t he

FET 32, inplenented using p-channel MOSFET devi ces and i sEo
fully in F ; n EEPROM 48. EEP {
wi th equalization settilngs vvili ch, as di scussed with |} Elﬁﬁm ﬁu
FI GURE 1, normﬂmummlfi | U&stabl i shed and | oaded (or pr[

time of R ol qgqual i zation settings define the nunber of
di screte FETs fthaf will" bé included as par hof adj ust abl e phase trim
FET 32 to effectively change the channel wdth rati o between phase

trimPET 31 and adjustabl e phase trim 35 FET 32. This change in the
channel width ratio ultimately :

results in an equalized sense current I[err] that results in

equi val ent or sonewhatd.eqUhe sugments tfaedbac RUPLLLicur ofClaim 8, wheaiwin
conbi nation of adimst abEerdfiasCotdien: Rkrd? Mdcuitry BRERAWe SniEpbe

referred to as a g{zgtg{m%@agzl:g %I%Mé)elc? uging field-effect transiastors.

15

s 10. The curvent feedback amplifier of Claim 1,

wherein the polyphase direct current motor is a three-phase
direct current motor having a three-phase stator winding
coupled in a *Y* configuration.

10 11, The current feedback amplifier of Claim 1,
wherein the driver circuit is a power £ield-effect
transistor having a gate, a source, and a drain termimal,
the driver circuit sexves as a low side driver and receives
the control signal at the gate terminal for controlling the

15 stator winding phase curxent, the first stage current sense
amplifier includes a sense current mirror oircuitry to
generate the sense current, and an equalized sense current
mirror circuitry having a phase trim device and operable
to receive the sense current and to generate the equalized

20 sense current in response, the sgense current mirror

' circuitry and the equalized sense current mirror circuitry
are implemented using fleld-effect transistors, the second
stage current sense amplifier includes a reference current
mirror circuitry bhaving an amplitude trim device and

258 operable to generate the amplitude adjusted reference
current, and a mirror circuitxy operable to provide the
amplitude adjusted reference current' and the equalized
sense current to a summing node for the comparing to
generate the control signal, the reference current mirror

30 circuitry and the mirror circuitry are implemented using
field-effect transistors, the current feedback amplifier
further comprising: '

a switch operable to couple the first stage current

sense amplifier to the second stage current gsense
38 anmplifier.



S phase trim devi ce. Equal i zed sense current I[err] i —_—
provided to second stage current sense anplifier 100 through switch
101. through the drain of adjustable phase trim FEﬁls%ﬂeetHthenReplaced

gates of adjustable phase trim FET 32 and phase trim FET aI SO
provided to urrent sense. anpl i m ﬂm

switch 101. Elmgﬁwﬂ lmmﬂﬂ““lent sghse anplifier S an
input circuitry, & nmrrb circuitry, and a reference current mrror
circuitry for generatl ng the control signal that controls the
15 gate-to-source voltage of LSDC 20 and, hence, ultimtely

I[err]. The input circuitry includes an n- channel FET 88, a resi st or
90, and a p-channel FE. 92 They ewrxany nfeedhask Amplifier Sns@asdmr r 2nt

I[err] and ensurigjgchédtcdmpeisings provided to the mrror circuitry.

In effect, the coupli anpe E or nd
p-channel FET 92 is d s?g‘ae&c}’%‘g’ L hgg%a%“(% Lt“%geggu%ﬁ &‘?&ﬁ?&eﬁﬁrrent
mrror circuitryagf wherein the siirgsag@mﬁwngmeamuﬁar d¢s2pne
The mirror gircuidsr thienphustity bETEHerinttage Fidrfeht sense drgdlifdkes,

|l erent ed as N<aANcle pthls AQUBL l %5r 6 Rur ocd rc[we:.ugref&throughThe

mrror circuitry mrros equa nse curr FET

86. relit %went% RpNAPIL &Pr FeFee#r%uFqu Finding; phase
generate the contdurh-estgrﬂlow&hgt thropghvigledotredponding e phiase of th&DC 20

Ciroutry ener afSa Vol anpl.?%%lg%aﬁf ol €8 Wy on SHUAENd dhBE. |
at the gat 89node HETRRE g.'pﬁ@oqsg-; equalized sense current related to
the stator winding phase current; and
a switch operable to selectively couple the second
stage current sense amplifier to each one of the firxst
stage current sense amplifiers to allow the second stage
15 current sense amplifier to receive the equalized sense
current from the coupled first stage current sense
amplifierx, -




such that the gate voltage of FET 99 is proportional to I[err]

m nus
I'lerr]. The gate node of regulating FET 98 may be referred to as a
sumi ng nodewe the result is based on 35 the conparison of two
currents in the manner just jUS This Sheet Has Been Replaced

S s o TR 5 R
B SIS

to the gate of* LSDCL20! or 120 26coupl es betwe

regul ati ng FET 98 and ground. 5 As mentioned above, I[err] my also
serve as a current source at the drain of FET 104 in effecting a
cascade to the sense current mrror circuitry of first stage current
sense

10

15

20

anmplifierqy27.
ref erence current

wherein each one of the plurality of first stage current
Sense amplifiers includes a sense current mirror circuitry
to generate the sense current, and an equalized sense
current mirror circuitry having a programmably adjustable
phase trim device and cperable to receive the sense current
and to generate the equalized semnse current in response,
the sense current mirror circuitry and the equalized sense
current mirror circuitry are implemented using field-effect
transistors, the second stage current seense amplifier
includes a reference current mirror circuitry having a
programmably adjustable amplitude trim device and operable
to generate the amplitude adjusted reference current, and
a mirror circuitry operable to provide the amplitude
adjusted reference current and the equalized sense current
to a summing node for the comparing to generate the control
gignal, the current feedback amplifier further comprising:

a memory device operable to0 store equalization

gettings for each one of the programmably adjustable phase

trim devices, and to store amplitude sgettings for the
programmably adjustable amplitude trim device.

The current 28abd&: 20Rbi{¢ide e tBEL /Y p5ted
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10 I[err] is greater than I[err] the value of the co%rﬁl si gnal
I'ncreases. Wen the anplitude of the adjusted reference °°tHf'SB®uR£pﬁ@Jd
I[err] is | ess tianmt{er+]—-the value of the control

decreases. As; Lfcuit settles into a steady E”/Ao
currents are B i (! l”m,”m The reference current m rror cir

gener at es ' 's Justed reference current I[err] using an

anpl i tude trimFET 81 inplenented a8 a p-channel MOSFET, an
adjustable anplitude trim FET 82, inplenented using p- channel
MOSFET devi ces, EEPROM 48, and a variable current 20 source 40 that is
controlled by an external control Iine. The external control line

may be provided by a cgmu not ovvn The vyari abl e
current source érhsﬁﬁ%% qﬁ’ef&j‘{’fcgn&ﬂﬁl Pt r WAPRRERT PRasSe t hat
I[err] can be c“n‘#ﬁ‘r iarany one Rfgh pipuaditylaf atptox udedn-mmxﬁﬁ-‘énﬂz

The 25 anpl i tdalewaﬁw &f lacipolgpsine Wrats: ifling,i SoaePayRiednand
provided in the sggg,gaiyer to all first stage current sense

anplifiers to ensure t at all of the equalized stator wi ndi ng
currents are® provi ded “"&t % 8§a¢ex dtiuding phaserpmewnds Elewirmtingar ed
with the desired anptor sdaddeytcuryentOflow whathh, as di scussed with

reference to FIGURE denekating A sehlt Lﬁ;ﬁ?é t?n%'tl Sed.dy @ﬂehoegeght O e

programmed) at the es I N tude settings
whi ch of the Sta{'j?’éé?i@fién 85t S Riabl e arrpl itude trim FET 82 will
be i ncl uded as egualisingdjthst alsersenphirrede, t nisingETpBRsd 0 t35m

ef fectivel y10 changgrciftary,chagéterathdad eqidliifed MRINARCBurrent ;
adjusting a referance current, using an amplitude trim
circuitry, to generate an amplitude trimmed reference
current; _
comparing the equalized sense current to the amplitude
15 trimmed reference current to generate a control signal; and
providing the control signal to a driver circuit used
to control the stator winding phase current.

15. The method of Claim 14, wherein the driver

'?0 circuit is a field-effect transistor having a gate, a

source, and a drain terminal and coupled to the low side of

the stator winding current flow path to allow the stator

winding phase current to flow through the channel of the

driver circuit, and wherein the control signal is provided

28 to the gate terxminal of the driver circuit for controlling
the stator winding phase current.

16. The method of Claim 14, whaxein the detecting a
stator winding phase curxent step and the dgenerating a

30 sense current step include the use of current wmirror
circuitry.



’ . . . e
17 anplitude trim FET 81. and adjustable anplitude trimFET 82.
As previously discussed, this ratio change ultimtely This §HR3& HbdBeenl Replaced

stator w nding currents—att+—havi ng the desired anplit

conbi nati on nplitude trim5 FET 82 and E#WBN IHe
referred tolmuﬁmiﬂmﬁ G y adj ust abl e anplitude tr .

In operatio ck anplifier 12 functions as a control
crcuitry for controlling stator current I2grr]. Current feedback
anpi fier 12 detects stator current I[err] and 10 generates mrrored
current I[err] using the sense current mrror circuitry of first

stage current sense arrpl ifier Next, current feedback anplifier

12 equal i zes the e current e u z g SE current

usi ng the equalized %gnse i‘ﬁrf"@ﬁ?"%ﬁ 19‘;{3 %uit gf ?ir"étg 1% age

current sense anié f Bens< purremthestepappdedthse “Btmg a reference
current step include using programmably adjustable trim
circuitry.




current circuitry includes phase trimFET 31, adjustabt® —phase

t++m
FET 32, and EEPROM 48 configured with equal i zat i I [er
S then provi ded to second stage current sense a ) e 1
further processing. 20 Second stage current senseg|H -
mrrors || e gate of regulating FET 98 usil '
circuitry ﬁ“mu I“z"lﬂ"l!lgmrrror circuit My, Second stage current sense
anplifier 100 cal $0 enerates tri nmed or ad9 usted reference current
I[err] and provides this current, in the opposite 25 direction, to the
gate of regulating FET 98 where they can be subtracted, or conpared,
to generate the control signal that controls the gate-to-source

vol tage of LSDC 20 add- A methedicfor upubsransially ceqalizing statodone
using the refereqf®iing currénts 4 elth o¥ aCIpuﬁyatiay drabkchesd uﬂi%aiagpl i tude

|to; ;?oﬁgl gur egE\Tm f%gdg@ 3’%%1 %g’ggﬁgeﬁﬂ[ gE‘I° ﬁénd?ﬁg “Be\fidrlf‘aﬁl e

current source 4polyphase direct H\E@P&t wpotox, atb¢ reefhoddragprining @ber at i ng
atrim 5 ciptepg rof:t hat may be inplenented as the equalized sense 35

current mirror circuiydaku@lng & St1a¥t4Ratts " EHAURE Mrrent in a fiver

stator winding current flow path during a first steady
state operation;
measuring a stator winding current in each one of the
10 rewaining plurality of stator winding curvent flow paths
during respective steady state operations;
adjusting the stator winding curreat in each one of
the remaining plurality of stator winding current £low
paths during respective steady state operations to
is substantially equal the £irst stator winding current; and

adjusting the amplitude of a stator winding current to
a desired level.

_ 19. The method of Claim 18, wherein the measuring a
20 first stator winding current step and the measuring a
' stator winding current in each one of the remaining
plurality of stator winding current flow paths step include
using current mirror configurations to sense the stator

winding current flowing through a stator winding driver
25 circuit.

20. The method of Claim 19, wherein the adjusting the
stator winding current step includes selectively coupling
at least one active device having a current path in

30 parallel with the stator winding driver circuit for each
stator winding current to ensure that each stator winding
current is substantially equal to the Eirsgt stator winding
current.



anplifier as the reference current mrror ~circuitry of

second stage cur se anpllfler 100. The equal i zed sense current

mrror ci rc W)S the conbimnati on of phase tri mﬁﬁ'ﬁh&ﬂ.ﬁasggglugﬂml e
t

phase trim EEPROM 48. The reference cur
circuitry is* natlon of anplitude trimFET Hllw m [EB[}*&
anpl i tude tr| , and EEPROM 48. The trimcirc to

generate a trinmed or adj usted current haVing a desired - val ue in
response to receiving another current. For 10 exanpl e, the equalized
sense current mrror circuitry receives mrrored current I[err] at
phase trim FET 31 and generates equalized sense current I[err] at
adj ust abl e phase 21. t rThe: mEXhedl of rCkadmp2hs ehesiin Ithel djudtdngetheence

current M &gl cGRE Cott Mn"cQﬁ@éé’ %1@@&9\5&'}[3 Pco%Hi iﬁ&‘tat' [1RB6t &he

anpl i tude 15 FET enerate I tude te eference
current I[err] %étéy(ﬁ %?’éﬁ?(leha@r?ﬂgﬁt Gagre klF gﬁa lieﬁ. eh°t
response. atator wisdimsi deiverucizauit st@)eemﬂ‘tmeed'-hé# piirofetihey

sel ecting & set gfatidy Wikiihiy lcuepedts adkUst At BEIred Uehe) as
adj ust abl e phase trim FET 32 or adjustable anplitude

22. The method of Claim 21, wherein the stator
winding driver circuit serves as a low side driver and is
implemented as a power field-effect trangistor.

10

23. The method of Claim 19, wherein the adjusting the
atator winding current step includes programming a
programmably adjustable phase txim device, and the
adjusting the amplitude step include programming a

15 programmably adjustable amplitude trim device.



trimFET 82, through the use of a menory device, such as EEPROM 48.
By selecting a set of trim FETs from an adj ust abl e FET, the
effective channel width ratio between t he adjustable FET and a

non- adj ust abl e FET, such as phase 25 trimFET 31 or anplitude trim FET
81, may be established to effect the generation of the desired
current. The adjustable FET in the one enbodi nent of Pl GURE 3,
includes a first trimFET 50, a second tri®FET 51, a third trimFET
52, a fourth trimFET 53, - and a fifth trimFET 54 30 that all couple
together at their drains and at their sources to V[err]. First trim
FET 50 and a non-adj ustable FET couple directly through their

gates, and thus, first trim Fiﬁiﬁ%?& i included in the
set of trimFETs of e %ﬁgﬂ éﬂ% f second trim
FET 51 third 35  trim¥e g?%tﬁ"?rWET PO el % trim FET 54

are AND EQUALIZING STATOR MINDING CURRENT

ABSTRACT OF THE _DISCLOSURE
A current feedback amplifier (12) is provided for
controlling a stator winding phase current in a polyphase
stator winding, such as a three-phase atator winding (10),
5 of a polyphase direct current motox. The current
amplifier (12) includes a f£irxrst stage current feedback
amplifier C (27) and a second stage current feedback
amplifier (100) coupled through a switeh (101). The first
stage current feedback amplifier C (27) detects a stator
10 winding phase current I, £lowing through a C-coil (15) of
the three-phace stator winding (10) and generates an
equalized sense curxent Iemuer 10 Tesponse that is related to
1,;- The equalized sense currenmt I, 18 generated using
a phase trim FET (31) and an adjustable phase trim
1s FET (32). The second stage current feedback
amplifier (100) receives I enger ¥OM the first stage current
feedback amplifier C (27) and generates a control signal.
This may be done by camparing I, to an amplitude adjusted
reference current I,,. The amplitude adjusted reference
20 current I, is generated using an amplitude trim FET (81)
and an adjustable amplitude trim FET (82). The second
stage current feedback amplifier (100) provides the control
signal to a driver circuit for controlling the stator
winding phase ocurrent. The second stage current feedback
25 amplifier (100) may sequentially or commutatively couple to
other first stage current sense amplifiers, such as a first
stage current feedback amplifier B (30) or a first stage
current feedback amplifiexr A (28), to control other stator
winding phase ourxents to generate equalized, amplitude
30 adjusted stator winding phase currents.

Figure 2



sel e'ctively and switchably coupled 'to the gate of first trimFET 50

such that when they are coupled, they are coupled in parallel. These
trimFETs are switchably coupl ed through respective sw tches that

i nclude a second 5 switch 61, a third switch 62, a fourth swtch 63, and
a fifth switch 64. These switches are controlled by

EEPROM 48 which may provide a digital signal to control the swi t ching
of the trim PETs. The effect of _ switching of the trimFETs
affects the 10 channel width ratio beteen the adjustable FET and the
non- adj ust abl e :FET, such as phase trim FET 31 or anplitude trimFET

81. For exanple, if only second
effective channel width ratifo 1

rimFET 51 is sel ected, the

: 100. | f. both second trimFET 51
and third trimFE 52 aie 15 the effective channel wi dth
ratio is 100: 100' If < of FIGURE 3 are

sel ected, the ) V ¥ dth ratio is 105:100. As
previously discu g@ :id ' &;rl m FeTs will be
sel ected is nor % 5 t wthis selection
information is le:tgl':e .

ect to the
equal i zed sense gz ctiqQo infogmati on
may be Bed|to QS|

and asManpl&®t ude
settings with reé-peet--! .Hq cid

Al t hough five trimFETs are

adj ustabl e FET, it shoul (gbe
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understood that is for illustrative, purposes only and nunber of
tri m FETS havi ng various channel wi dths may be enpl oyed, dependi ng
on the resolution and adjustnments 30 desired. It should be noted that
al t hough one aspect of the invention is ainmed at making the currents
in all of the stator winding current flow paths substantially equal,
t he discrete trimmng by selective switching into a parall el

circuit of one or nore transistors or FETs necessarily 35 results in
guanti zed steps in trimmng the circuitey3

20 Consequently, the nunmber of transistors that are switchably
connected controls the resolution in whiclthe currents can be nade
equal . Al'so, the switches used to interfRce, ., EEPROM 48 with the
first through fifth trimFETs nay be 5 | Hrented as part of the
EEPROM as part of the trim

15
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FETs, or separately. FIGURE 4 is a circuit di agramlllustratlng

~4
——

72

¥

atrim swtch inplenented as second switch 61. Although only
second switch 61 is shown and descri bed, each of the 10 swi tches 61
t hrough 64 are substantially simlar to the ot her sw tches;
consequently, only second switch 61 is shown. Second switch 61 has
three input termnals, |abeled G I, and O The input, I, couples
with the gate of first trimFET 50, and the output, O couples to the
gate of 15 second trim FET 51. Term’g Ia G coupl es to output Bl of
EEPROM 48. The signal provided at the ou 2 t Bl determ nes whet her
or not input, I, couples to output, O resulting in the coupling of
first trimFET 50 and second trimPET 51 at their gates. 20
I f the signal 34@8Qi ded to terminal Gis |ow or unenabl ed, the
p- channel transijstor 70 w || b@ tur ned on, forcing the output on
line O to high. YOn the other if the signal provideg, to input
terminal Gis high or en bI ed, the p-channel transistor will be
turned off, 25 al | OWI ng IThe sign i nal 344 8p be passed
via n-channel tralgi §3p-cC h 1,541 50 irectly to
t he out put t er 2pAal . I2r5)har r 7a8Ms \ '.J/.-L.e1 1W§:hannel
transistor 73 is furmped on vvhenthe [ ed rmnal Gis
hi gh or enabl ed. Thus itl isl appark that {here| has jpbeen
provi ded, in accor, Wi th the nventior, A curfent
f eedback a 'ofle ir i i i yjnd a nethod for
! I |
G : ]
A / |
64 63 : :
B0 Bi : B3 ! !
FIG. 8
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controlling and equalizing the stator wwinding current in a pol yphase
direct current notor that satisfy the advantages 35 set forth above.
Al t hough the preferred enbodi nent has
21 been described in detail, it should be understood that.
various changes, substitutions, and alterations can b¢ pesecpyenT SNeE®In
W t hout- departing fromthe scope of the present : i pveRti-en—For—y i
exanpl e, al though the present invention has 5 been ji lil ustrat ed. and
described with respect to controlling the currentd, 2ﬁ~$ﬁ§%%%gt r
wi ndi ngs of a three-phase dc notor, the present iixention L.s..hQ
limted to applications i nvol ving only three-phgse dc notors. Al's
even t hough the present invention has been descri-bed-ané- -
bei ng 10 i npl ement ed usi ng n-channel and p-channel FETs, it should
be understood that other transistor or related technol ogy,

T FEEDHACK AMPLIFIER HAVING

TRIM CIRCUITRY AND METHOD FOR CONTROLLING
AND EQUALIZING STATOR WINDING CURRENT

O
st

EEEEﬂQZ2!L!!EEELSE;EﬁE_IEEEHEZQH

This invention relates generally to the field of
control circuitry and more particularly to a current
feedback amplifier having trim circuitry and a method for

controlling and equalizing the stator winding current in a
Polyphase direct current motor.



or conbi nations thereof, may be used in the present I nventi on.

For exanple, the present invention may be I npl enent e s
ordinary skill in the art using a 15 vari ety of other t gdHnG %gg“é ‘ :

as bipolar junction transi stor technol ogy. ﬁe circuits
described and illustrated in the preferred enbodi nent ?gs&@@t gor
separate circuits my be combined into one circui t of Sp nt o
separate 20 circuits without departing fromthe scope off the-present

i nvention. Furthernore, the direct connegtions illustrated herein
could be altered by one skilled in the art such that two devices are
nmerely coupled to one another through an I nt ermedi ate device or

devi ces without being directly 25 connected while still achieving

the desired respbigh a secodde@Nll rcupledyrbha pieaeetiédi Duensian. O her
exanpl es of anvér.a’l?ﬁ?w %%Qts% e‘é%&”fo&: nggg dd.g;gkﬁr aliPhendts readily

ascertai nabl e by onée art an made W t hout
departing fron1ﬂﬁ@”§blr|t and scope of the present 30 i nvention as
defined by the foll dix rpeclembodiment illustrated in FIGURE 1, the coil

5 current is controlled or adjusted by xegulating the
gate-to-gource voltage of the selected low side driver.
For example, when steady state stator current I, is
provided through A-coil 17 and C-coil 15, the commutator
circuit uses HSDA 15 and LSDC 20 as the driver transistors.
Y4 10 HSDA 15 acte as a closed switch or short circuit by
providing ten volts to its gate so that current may flow
from Vi to A-coil 17 through node A. LSDC 20 controls or
regulates steady state current I, by operating in the
saturation region and allowing current to flow from
15 A-coil 17, through the center tap, through C-coil 15 to
node C, and through LSDC 20 to ground by regulating the
gate-to-source voltage of LSDC 20. During this time, the
gate-to-source wvoltage of LSDC 20 is controlled or
regulated through a control signal generated by a control
20 circuitry that includes a first stage current sense
amplifier € 27 and a second stage current sense
amplifier 100 coupled through a switch 100. This contzol
circuitry is illustrated in detail in FIGUREs 2, 3, and 4
o - and is described more fully below. LSDA 22 and LSDB 24 are
25 not turned on during this time and serve as open circuits
from drain-to-scurce, and HSDC 14 and HSDB 18 operate as
open switches by providing zero volts to their gates which
results in an open circuit condition. A first stage
current sense amplifier A 28 and a first stage current
30 sense amplifier B 30 also are decoupled from nodes A and B,
respectively, during this time.
During other commutation states when the commutation
circuitry selects a different low side driver, such as,
LSDB 24 or LSDA 22, second stage current sense
a5 amplifier 100 couples to the first stage current sense



