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UCHN!CAL FX,BLD p:F m 1mirr+oN 
This invention. relates generally to the field of 

control circuitry and more particularly to a current 
f eeaback amplifier having trim circuitry and a method ~or 
c~trolling and equalizing the stator winding currenc in a 
polypbase direct current motor. 
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BACKGJlOJJND OF THE :t.IJYlftll'IQN 
A variety of applications use polypbase direct current · 

Cdc) motors for providing rotational motion. In 
particular, applications such as hard disk drives and 

s CD-ROM drives often use polyphase de motors, such as three­
phase da motors, to rotate information platters including 
the magnetic disks of a hard disk drive. Tlle control of 
the rotational speed of these infoJ:mation platters is often 
critical to overall application performance. 

10 The rotational epeed of ehese polyphaae de motors is 
controlled through the current applied to the stator 
windings or coils. For example, the stator windings of a 
three-phase de motor may be coupled in a •Y• configuration 
and include an A-coil, a B-aoil, and a c-coil coupled at 

15 one end at a center tap node. The remaining ends of each 
coil are selectively ooupled to either a high side driver,. 
a low side driver, or to an open circuit as commutation 
occurs. The Cll'ivers may be power transistors that are 
implemented as, for exata.ple, field-effect transist.ors 

20 (PET). 

During steady state operation, cur~ent flows from a 
supply source coupled to the high side driver, through the 
high side di-iver, through a first coil coupled to the nigh 

side driver, through tbe center tap, through a sec:ond coil 
25 coupled to the low aide driver, and through the low side 

driver which is also coupled to ground. During this ti.me, 
a third coil couples to the center tap en one end and to an 
open oircuit at the other end so t~t current does not flow 
through the third coil. After a period of t.ime, a 

ao commutation occurs so that current. may now flow througb the 
thiz-d coil and either the first coil or the second coil 
depending on tbQ commutation sequence. A commutation is 
t.he transfer of current from one path in a aireuit co 
another. Thus, current flows thrcugh two of ehe three 

35 coils dur~ng a seeady state operation until a commutation 
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occurs, at which ~im.e, cu%'%"ent then flows through one of 

the two coils and the thi~d coil until the next commutation 

OCC'UZS. 

A eoeal of six C\U:'X'ents may be provided in the stator 

5 windings of a three-phase de motor through six 

commutations. 'the currents, for example, may be provided 

through the stator coils in the following cui:rent flow path 

sequence to impart rotationai motion to the rotor of the 

three-phase de 111Ctor1 A-coil to C•coil, A-coil to B-ooil, 
10 C-coil to B•coil, C•coil to A-coil, B-coil to A-coil, and 

B-coil to Q~coil. 
The current flows are controlled by the high and low 

side driv~s pxovic!ed at each phase of the stator windings. 
A commutat~on circuit sequentially applies control voltages 

15 to the gates cf the respective high and low side drivers to 

cause the CN%':rent to flow in the stator windings in a 

~redete%mined sequence such as is described above. 
The currents in the respective current flow pat~s are 

desirably equal. However, due to variations in fabrication 
20 processes, l'ftas:lc alignments, and so on, the i'ET driver 

transistors, in the respective current flow paths, 

typically have variances and tolarances in such dimensions 
as the channel. widtbs or lengths. These variances and 

tole•ancee result in. inequalities in the currente in the 

25 respective current flow paths in the stator windings. As 

a result of these inequal.ities, 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 gi:eat.e:r and greater, such itnprecisions :result in 

li~itations on the daca densieiee that might be achieved in 

a particular hard disk drive. 
The stator winding currents may be detected and 

conerolled using a control circuitry at each phase of the 
l5 s~ator windings. This is generally performed at the low 
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side driver transistors at each phase of the stator 
windings. ~s aantrol oireui~y may include transistor PET 

de'Vices connected as current mirrors to mirror the current 

in the JIBT driver transistors. Problems arise when the 

5 ratio of the size of the driver transistor to the mirror 

transistors is too small. If the ratio of the size of the 

driver transiator to the mirror transistors is too small, 

a large amoun~ of power is. wasted in the control circuitry 
because of the large current in the mirror transistors. 

10 However, other problems are created wheJl the ratio 

becomes too large. Pot: example, a ratio on the order of 
1500: l reduces cm:rent mirror accuracy because of variances 

and tolerances that ~ist when fabricating mirror 
transistors of this size. The ratio can be expected to 

lS vary on a lot and device baeis. Additionally, when the 

ratio be~omes too large, these fabrication variances .and 
tolerances ~ntroduce differences between the mirror 
transistors used in the control circuitry at eacb phase of 
the stator windings. This may ultitnately contribute to the 

20 unequal current flows in tbe stator windings resulting in 
the problems mentioned 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 frequency. 

25 Furthermore. problems may also arise when the current 

flows in the stator windings are equivalent but a,t an 

undesirable amplitude. Fer e.l(amplet if the current flows 
are too low, the moto~ may not provide the desired torque 

or ~otational velocity. 
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SUMMARY OP tp INVimION 

From the foregoing it may l:>e appreciat.ed that a need · 
has arisen for a current feedback amplifier having trim 
aircuitey that serves· as the control circuitry at each 

S phase of the stator windings to control the cun:ent in the 
coils of t~ stator windings of a polypbase de motor to 
ensure ebat the cuxrenta are somewhat equivalent and at a 
desired amplitude while minimizing power consumption. In 
ac:carda.11ce with .the present invention, a current feedback 

10 amplifi~~ having trim circuitry and a method for 
controlling and equaliming current in the stator windings 
are p~vided which substantially eliminate the 
disaclva.ntages and problems outlined above. The present 
invention uses a plurality cf programmably selectable 

15 transistors or active devices that se:rve as trim circuitry 
to balance or eliminate the problems caused l>y aircuitry 
variances and tolerances t.bat exist when f abriaating mirror 
transistors and· circuitry of a small aize. 

Accol:ding to tbe present invention, a current feedback 
·20 amplifier is provided to control a stator winding pha.se 

current in a polyphase stator wincling of· a polyphase direct 
cuiTent motor. Bach phase or stator coil of the polyphase 
stator winding has a driver .circuit, such as a power 
field-effect transistor, that :receives 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 current sense amplifier. The first 
stage cur~ent sense amplifier detects the stator winding 

30 phase current flowing through a first phase of the 
pOlyphase st.ator winding and generates an equalized sense 
current. in response. This may be accomplished using 
circuitry functioning a.s a current mirror to generate a 
sense current that is related to the stator·w~nding phase 

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



phase crim device in a current lllirror circ:W.t;ry. The phase 
trim devi~e may be an adjustable or selectable device that 
is prograuunably set to a desi~ed value to ensure that the 
proper equalized senee. current 1~ generated. Th~ second 

5 stage currene sense amplifier receives t:he equaliz~d sense 
current f:rolll the first stage cur:ent sense amplifier and 
generates the control sigiial by comparing the equalized 

sense curre~t to an amplitude adjusted reference current. 
'l'be second stage eurrene sense amplifier then provides the 

lD control signal to the driver circuit tor 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 polypbase de motor. This reduces or eliminates torque 
ripple, audil:>le noises caused by resonant frequencies 
because of the unequal cu:rents, and motor inaccuracies. 
Another tec:hnic:al 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 
transistors 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 reduae powe%' consumption of the control circuitry while 
still providing accuracy and minimizing overall circuitry. 
Still another techni~al 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 figurQs, description. and claims. 
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Ji!IIEF n1sca1PitoN or·'l'JG? PRAiIHGS 
For a mcn"e complete understanding of the present 

invention and tbe advantages thereof. refe%enee is now made 

to the following b%'ief description, taken in connection 

s with the accompanying drawings and detailed description, 

wherein like reference numerals represent like pa~te, in 
which: 

PIGTJ'RE l is a circuit diagram i1lustrating a 

three-phase stator winding with driver transistors and a 

10 current feedback ainplifier circuitry configured to regulate 

a steady state cuire~t Iac; 
PIGORE 2 is a circuit diagram illustrating an 

elnbodi10ent of t~ cur.rent feedback amplifier; 
PIGtJRB 3 ie a . circuit diagram illuetZ"ating a trim 

l.S circuitry; and 

FIGtJU 4 is a circuit diagram illustrating a trim 

switch used in the trim circuitry. 
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PET}\It.BP PESCRIP'J'!ON op 'J2IE Im@NTJON 
FXGORE l ie a circuit diagram illustrating a 

three-phase stator winding 10 including various driver 

trausistora ancl a. ~nt feedback amplifier circuitry 
s c:onf igured to regulate the steady state current I Ac. It 

should be noted at the outset that although a three-phase 
stat.or winding 10 of a t:bree .. phase motor is shown and 

desoribeCl, the present invent1on is not limited. to any 

particular number of phases or particular modes of 
10 ope~ation. Three-phase stator winding lO is coupled in a 

~Y• configuration and includes an A-coil 17, a B-coil 13, 
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 ~espeotive high side driver transistor and a 

15 low side driver transistor at the other end. The high side . 
driver transistors may be implemented using field-effect 
transistors (PET~), such as n-abannel MOSi!Ts. that operate 
as switches. The low side driver transistors rn~y be 

implemented as PBTs~ such as n-channel MOSFETs, that 
20 operate in the satuntiOI}. 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 (HSDD) 18 and low side driver B (LSDB) 24 couple 

25 to B-coil l' at node a. High side driver C (BSDCl 14 and 
low side driver c (LSDC) 20 couple to C-coil 15 at node c. 

A commutator cirwit, not shown in FIGURE 1, 
selectively activates combinacions of the high aide driver 
transistors and low side driver transistors to produce 

30 current flows through selected pairs of the coils of 
three-phase stator winding lD, such as Iu:· This produces 
the rotation of tha :rotor, not shown in FIGURE 1, in a 
known fashion. The currents flow f:rom Vcc1 through a 
selected high side driver, through a first coil coupled to 

35 the selected high side driver, through the center eap, 
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through a second coil coupled to a selected low side 
driver, through the selected low side driver, and then to 

ground. 
In the embodiment illustrated in FIGURE l, the coil 

5 current is controlled or adjusted by regulating the 

gate-to-source voltage of the ~elected low side driver. 

For example, when steady stat.a stator current IAc is 

provided through A-coil 17 and c-coil 15, the commutator 

circuit uses HSDA 15 and LSDC 20 as the driver transistors. 
10 

15 

·20 

25 

HSDA 15 acts as a closed switch er short circuit by 

providing ten volts to its gate so that current may flow 

from V~ to A•coil 17 through node A. LSOC 20 controls or 

regulates steady state current IAC by opera.ting in the 

saturation region and allowing current to flow from 

A-coil 17, through the center tap, through C-coil 15 to 

node C, and through LSDC 20 to gro~ by regulating the 

gate-to-source voltage 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 

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 control 

circuitry is illustrated in detail in FIGURES 2, 3, and 4 

and is described more fully below. LSDA 22 and LSDB 24 are 

not turned on during this time and serve as open circuits 

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 

-----
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amplifier already coupled to the selected low side driver. 
For exa11\ple, when et:.ead.y state stato~ current I.,c is 

regulated tbrough A-co;i.l 17 and D-coil 19, LSDB 24 serves 

as the low aide driver.· AB a z-eault, secozid stage current 
S sense amplifier 100 couples to first stage Qurrent sense 

amplifier B lO th~ough switch 101 to regulate the 

gate-t.o•source "oJ.tage of LSDB 24. Thus, the regulation or 

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

side driver transistor is accomplished using control 

10 circu1try including aecond stage current eense 
amplifier 100 and the selected first stage current sense 
amplifier. '1'he control of the gace~to-source voltage by 

l:he control circuitey ensures that the s~ator winding 

currents are somewhat equivalent. 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 reduaed and 
matching i111Proved. 

Thus, there are six possible combinations of current 
20 flow paths using three-phase stator winding 10. For 

example, current may flow in the following manner and 

seczuence: A-coil 1? to C-coil 15; A-coil 1? to B-coil 19; 

C-coil 15 to !-coil l9; C-coil.18 to A-coil 171 B-coil 19 
to A-coil l?; and B·coil 19 to C-coil 15. In the operation 

25 of a three-phase de motor, ea~h of these six current flows 
are established in a eet sequence as current is switched 
from coil-to-coil by the commutator circuit to establish 

and provide rotation to the rotor. It is desirable t.o 

ensure that each of the six current flows are equivalent 

30 and are provided at a desired a~plitude to reduce torque 
ripple, audible noiaes, and other undasirahle effects while 
increasing 
consumption. 

motor precision and minimizing power 

This may be Achieved, as described below, by ensuring 

lS that the control cirC\litzy, such as the firet seage current 
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sense amplifie:rs at each phase, is p~operly designed, 
' sized, and adjumted or programmed xelative to the 

corresponding low ·side driver to ensure that the stator 

winding coil currents may be accurately measured and 

5 controlled ~o provide equivalent atator winding currents. 

'?his may be accomplished by using programmably adjustable 

phase trim circuitry in the first stage sense current 

amplifier circuits to ensure phase-to-phase equivalent 

stator ~inding currents and prcgramma.bly adjustable 

10 amplitude trim aircuitzy in second stage current se.nse · 

amplifier 100 eo adjust the amplitude of the stator winding 

currents to a de$ired or xequired level. The programming 

or adjustment. of the progranrmably adjustable phase trim 

circuitJ:y and the progratamably adjustable amplitude trim 

is circuitry is ~rmally performed during circuitry testing. 

After fabrication of the f 1:rst stage current sense 

amplifiers 2?, 28, 3 o and second stage current sense 

amplifier ioo, this control ci~cuity is coupled to 

three-phase stator winding 10 and circuitry testing and 

·20 adjustment are performed. In order to ensure that the 

statox- winding currents in eaoh of a plurality of etator 

winding current flow paths will be substantially equal 

during steady state operation, the following procedure is 

performed. 'l'he adjustments described below may be made by 

25 calculation or by trial and error. 
First steady state stator winding current, such as IAc' 

is measured, ~ecorded, and serves as a reference current. 

Next, successive steady state stator currents are meaaured 

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 ae part of the control circuitry to regulate 

a particular steady state stator current. Specifically, an 

adjustable phase ~rim circuitry is adjusted in these first 

35 s~age current sense amplifiers until the corresponding 
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steady state stator current is equivalent or somewhat 
equivalent to the reference current. This adjustable phase 
trim cirauitxy may be programmable circuitry so that the 
desired equ.aliiation .settings are sto~ed in a memory 

5 device, such as an DPROM-. 

Once the steady state stator currents are equalized, 
the amplitude of all of the.steady state stator currents 
tnay be adjusted to a desired amplitude. This is 

accomplished by setting adjustable amplitude t~im circuitry 
10 provided in secOQd stage current sense amplifier lOO w~ch 

couples at diffexent tillles to each of the f 1rst stage sense 
amplifiers during actual operqtion ta control the stator 
currents. specifically, an adjustable amplitude trim 
circuitry is adjusted, for any of the steady state stator 

15 currents, 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 circ:uitry may be progratnmable circuitry so that the 

.-~a desired amplitude settings are stored in a memory device, 
such as an EEl'ROM. 

FIGtnlE 2 is a circuit diagram illustrating an 
embodiment of a current feedback amplifier 12 that includes 
seeond stage current sense amplifier 100 coupled to first 

25 stage eurrent sense amplifier C 27 through switch l.Ol., 

Current feedback amplifier 12 functions as a control 
circuitry to eonerol steady state etator current IAc by 

concrolling the gate-to-source voltage of LSDC 20. current 
feedback amplifier 12 is an exemplary circuit and each 

30 current feedback. &tl\Plifier circuit that includes the 
combination of second stage current sense amplifier 100 and 
another first. stage cu:rrent sense amplifier (such as either 
first scage currene sense amplifier 2a or 30 of FIGURE il 
is similarly constructed. 
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First aeage current sense amplifier C 27 couples to 
C•coil 1s ~t node c, to the gate of LSDC 20, and to second 
stage cunent sense amplS.f ier 100 through switch 101. 

Switch lDl couples first stage cur:-ent sense amplifier c 27 
S to second scage current sense amplifier 100 when LSDC 20 

serves as a low side driver to three-phase stator 
winding lO. This occurs, for example, when IAC is being 
provided tboug~ c-coil 15. First stage current sense 
amplifier C 27 mirrors steady state stator current IAc and 

10 equalize!s t.he mirrored current to getiera.te an equalized 

sense C1U:'rent that is prQvided to second stage current 
sense amplifier 100. 

Pirst stage current s~se amplifier c 27 includes a 
sense current mirror circuitry that detects or mirrors !Ac 

15 and generates a mirrored current Ieenae in response, and an 
equalized sense current mirror circuitry that generates ~be 
equalized sense current I....seT in response to receiving I·~~. 
~be_ sense current mirror circuitry .includes a .sense 
FBT llO, a PST lOB, 'and a PET 104 configured to function 

·20 like a ca.scoded current mirror so that !sense will be 
generated through J'E'l' 110 and FET 10s as an accurate 
mirrored current of :tAC. lu an alternative embodiment, when 
the voltage Ve at_ node C approaches Vee, the effectiveness 
of the cascode arrangement is ~eatly reduced and the gate 

25 of i'ET 104 can be pulled to Vee to inq;1rove the accuracy of 
the sense current mirror circuitry in generating IseMe" 

sense FET 110, PET 108, and F!T 104 are all illustrated as 
n-c::bannel MOSFETe, however, any of a variety of other 
transistor types or circuitry technology could be 

30 implemented instead. 
Sense PST 110 and LSDC 20 are coupled at their gates 

and both are coupled to ground at theiz- sources . The 
gate-to-source voltage is controlled by a control signal 
generated by second stage cu~rent sense amplifier 100 and 

35 pravided through switch 101. FET lOB couples to the drain 
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of sense PET UC> through its source, and FET 104 couples to 
the drain of LSDC 20 through its source in an attempt to 
mirror the voltage Ve at the drain of PET 110. FET 108 and 
FBT 104 couple at their gates, and PET 104 couples its gate 

5 and drain. CUn:ent source 44 provide.a a current Irafr to the 
drain of FIT 104 to establish a voltage to drive the gates 
of F3T lD8 and FET 104. Irdr is gene~ated by a variable 
current source 40 of second stage current se?lse 
amplifier 100 and is 4esaribed below. The ratio of the 

10 channel widths of LSI>C 20 to sense PET 110 is large to 

provide x ... as a saaled version of IAc' thus saving power. 
For example, the channel width ratios may be provided at 
10, 000: l. However, the fabrication of Sltlall channel widths 

may introduce some variances in the circuitry xesulting in 
is the inaccurate generation ot I~ and differences in the 

generation of :t
1
enae between the first stage current sense 

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

To compensate for this, the ~qualized· sense current 
20 mirror circuitry is provided to generate the equalized 
'. 

sense current laenaeT' in response to receiving I aens:~ -t: a 
• value t.hat wi-11 ultimately compensate for any problems 

caused by fabrication variances. The equalized sense 
current mirror circuitry includes a phase trim FET 31, 

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

nT 32, implemented using p-cbannel MOSFET devices and 
shown more fully in PIGOREs 3 and 4,· and an EEPROM 4B. 

EEPROM 48 is configured with equalization settings which, 
as cU.l!lc:ues&d ~ith reference. to FIGORE 1, normally are 

30 eatabli19hed and loaded (or programmed) at the time of 

cesting. The equalization settings define the number of 
diacrete J'ETs that will be included as pare of adjustable 
phase trim FET 32 to effectively change the channel width 
ratio between phaee trim PET ll and adjustabl~ phase trim 

35 FET 32. Thia change in tbe channel widch ratio ultimately 
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results in an equalised sense current I 1.,.er that results in 
equivalent or somewhat equivalent stator winding currents. 
The combination of adjustable phase trim PET 32 and 
EEPROM 48 may be refeJ:J:ed to as a programmably adjustable 

S phase t~im device. 
Equalized sense aurJ:ent IsenaeT ia provided to second 

stage current sense amplitier 100 through switch lOl 

through the drain of adjustable phase trim FIT 3 2. The 
,gates o:f adjustable pbaae trim !"ET 32 and phase trim FET 31 

l.O are also provided to second. stage current sense. 
&U\Plif ier 100 through switch 101. Second stage current 
sense amplifier 100 includes an input circuitry, a mirror 
circuitry, and a reference cµrrent mirror circuitry for 
generating the cont:r:ol signal that controls the 

15 gate-to-source voltage of LSDC 20 and~ hence, ultimately 
Ia.c. The input circuit%Y include~ an n- channel FET es , a 
resiseor 90* and a pwchannel FET 92 for receiving equalized 
senae current l11n1et and ensuring that IaenseT is provided to 
the mirror cb:C'llit:y. In effect, the coupling of n~c:hannel 

20 Pl'l' ea, ree.istor 90, and p-channel i'ET 92 is designed t.o 

caseode thQ equalized. sense current mirror circuitry of 
first atage current sense amplifier c 27. 

The mirror ci~cuitry incl)ldes a FET 84 and a FET 86 
that are iq>lelllCted as n-cha.nnel MOS&'ETs coupled as a 

25 current mirror. The mirror circuitry mirrors equalized 

sense current I•enaeT through PET 86. 
The reference current mirror circuitzy is used to 

generate the control signal that is provided to the gate of 

LSDC 20 to control stat.or current IAC. The referencf) 
JO currene. mirror circuitey generates an amplitude adjusted 

reference current Iren at the gate node of regulating FET ~a 

sucb. that the gate voltage of FtT 9B is propo:rtional to Iren 

minus 1 • .,..1 • The gate node of regulating FET 98 may be 
ref erred to as a summing node since the result is based on 

JS the comparison cf two currents in the manner just 
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mentioned. This then i-esult& in the generation of the 

control signal that is provided from the source of 

regulating FE~ 98 to the gate of LSDC 20. Resistor 120 

couples between the eoUl'ce of regulating PET 98 and groUXld. 
S As menticned above, lrefl may also serve as a current source 

at the drain of_ .. FST 104 in effecting a caaoode to tbe sense 

current 10inor circuitry of first stage current sense 
amplifier 2?. 

When the amplitude of the adjusted ref erance current 
10 Ir•fT is greater than 1 .... r the value of the contxol signal 

increases. When the amplitude of the adjusted reference 
current IrefT is less t.ban lcenseT• the value of the control 
signal decreases. As the circuit settles into a steady 
state, these two currents are equal. 

15 The raference current mirror circuitry generates 
amplitude adjusted reference current I~n using an amplitude 
trim F2T 81, implemented as a p-channel MOSFET, an 
adjustable · amplitude trim FET 82, imple'lt!ented using 
p-channel MOSPB'l' devices, EEPIOM 48, and a variable current 

20 source 40 .that is controlled by an external control line. 
The external co~trol line may be provided by a commutator 
circuit~ not. shown. The variable current source 40 

provides Irtt to amplitude trim FET 81 so that I refT can be 

mirrored through adjustable amplitude trim PET a2. The 

25 amplitude adjusted reference current IrefT is generated and 
provided in the same manner to all first stage C\1rrent 

sense amplifiers to ensure that all of the equalized stator 
winding currents are provided at a desired level. 
EEPROM 48 is ccnfigu:;ed wi~h the desired amplitude settings 

30 which, as discussed wich reference to FIGURE l, 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 FBT 82 will be 
included as part of adjustable amplitude triJR FET B2 to 

35 effectively change the channel widch ratio between 



1'1 

aq>litud.e trim :rm 81 and adjustable amplitude trim FET a 2. 
As previously cliscuaaed, this ratio change ultimately 
results in stator winding currents all having the desired 
amplitude. The combin•tion cf acSjustable amplitude trim 

s FBT 82 and BBPROM 48 may be i:-efel::recl to as a prcgrammably 
adjustable ampl!tude trim device. 

In operation, current feedback amplifier 12 functions 
as a control circuitry for controlling stator current I.AC. 
Current feedback amplifier 12 detects stater current I1.e and 

10 generates mirrored current Iunse using the sense current 
mirror circuitry of first stage current sense amplifier c 
27- Next, current feed.bac:k amplifier 12 equalizes the 
eense c:u:r:rent to generate an equalized sense current I•i:naeT 

using the equalized aenae current minor circuitry of first 
16 stage current sense amplifier c 27. The equalized sense 

current airouit:ry includes phase trim rET 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 Second stage current sense amplifier 100 mirrors Icenser 

to the gate of regulating FET 98 using the input circuitry 
and the mirror circuitry. Second stage current sense 
ampli~ier 100 also generates trimtned or adjusted reference 
current Iren and provides th.is current, in the opposite 

25 direction, eo the gate of regulating PET 9B where they can 
be subtracted, or co1t1pared, to generate the control signal 

that controls the gate-to-source voltaga of I.SOC 20 and, 
hence, ultimately IA'' Thie is done using the reference 
current mirror ~irc::uitry that includes amplitude trim 

30 FET Bl, adjustable amplitude trim FET 82, BEPROM 48 

preconfigured with the desired amplitude se~tings, and 

variable current sourae 40. 
FIGURE 3 ie a circuit diagram illustrating a trim 

circuitry that may be implemented as the equalized sense 
35 current mirror circuitry of f1rse stage current sense 
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amplifi&r C 2?, or as the reference current mirror 

circuitry of eecond stage current sense amplifier 100. The 

equalized sense current mirror circuitry i& the combination 

of phase trim FET 31, _adjustable phase trim PB'l' 32, and 

5 BEPROM 48. The reference current mirror cirauitry is the 

combination of amplitude ~~im FBT Bl, adjustable amplitude 

trim PET B2, and EBPROM 48. The trim circuitry is used to 

generate a erimmed or adjusted current having a desired 

value in response to receiving anothe:r current. For 

10 exataple, the equalized sense current 1\lirror circuitry 

receives mirrored current I•-• at phase trim FET 31 and 

generates equalized sense current I•enseT at adjustable phase 

trim FET 32 in i-esponse. Similarly, the reference current 

mirror c::ircuittY receives reference current Iref at amplitude 

15 trim PET Bl and generates amplitude adjusted reference 

current I,en at adjustable amplitude trim FET e2 in 

response. 
The desired current is generated or mirrored by 

selecting a set of t%im FETs from an adjustable FET, such 

20 as . adjustable phase trim. FET 32 or adjustable amplitude 

trim FET 82, through the use of a memory device, such as 

EBPR.OM 48 • By selecting a set of trim FETs from an 

adjustable FET, the effective channel width ratio between 

the adjustable PET and a non-adjusta.):>le FST, such as phase 

as trim FB'I' 31 or amplitude trim PET 81, may be established to 

effect the generation of the desired current. 

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

includes a fir&t trill\ PET 50, a second trim FET 51, a third 

trim FST 52, a fourth trim FET 53, and a fifth trim FET 54 

3 O that aJ.l couple together at their drains and at their 

sources t.o Vo:• First t:rim FST 50 and a non-adjustable FET 

couple directly through their gatee, and thus, first trim 

FET 50 will always be included in tha eet of trim FETs of 

the adjustable FST. 'l'he gates of second trim FET Sl, third 

35 trim PST 52, fcurth ~rim PET 53, and fifth t~im FET S4 are 
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selectively and awitchably coupled to the gate of first 
trim PET so such that when they are coupled., they are 
coupled in pa::allel. These tritn FETs are switchably 

coupled through respective switches thae include a second 
5 switch 61, a third switch 62, a fourth switch 63, and a 

f itth switch 64. These awitohe~ are controlled by 
EEPROM 48 which may provide a digital eignal to control the 
switching of ~be trim PBTs. 

The ef f•ae ot switching of the trim FKTs affects the 
10 channel width rat1o between the adjustable PET and the 

non-adjustable l'ET, suQb aa phase trim PET 31 or amplitude 
trim FB'l' 81. For example, if only second trim PB'l' 51 is 
selected, the effective channel width ratio is 97.5:100. 

If both second trim PET 51 and third trim FET 52 are 
15 selected., the effective. cbann~ width rat:io is 100: ioo. If 

all of the trim J'ETs of PIGOR& 3. are selected, the 
effective channel width ratio is 105:100. 

As previously discussed, the determination of whioh 
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 to the equalized sense current 
mirror circuitry, this selection information may be 
referred to as equalization settings and as amplitude 
settings with respect to the reference current mirror 

25 circuitry. Although five trim FETs are illustrated in 
P!GOR.E 3 as part of the adjustable PET, it should be 
understood that is for illustrative· purposes only and 
number of trim FETS having various channel widths may be 
employed, depending on the resolutio11 and a.dj ustments 

30 desired. ~t should be noted that although one aspect of 
the invention is aimed at 111aking the currents in all of the 
stator winding current flow paths substantially equal, the 
discrete trimming by selactive switching into a parallel 
c:irc:uit of one or more transistors or PETs necessarily 

35 result.a in quantized steps in trimming the circui tx:y. 
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Consequently, the nulllber of transistors that are switchably 
connected controls the resolution in which the currents can 
be made equal. Also, 1:he switches use.d to interface 
EEPROM 46 with the first through fifth trim FETs may be 

S implemented as part of the DPROM, aa part of the trim 

PETs, or separately. 
F:tG'URE 4 is a circuit c:Uagrarn illuet:rating a trim 

switch 1.mplemented as second switch 61.. Although only 
secotid switch 61 is shown and described., each of the 

10 switches 61 through 64 are substantially similar to the 

other switches; consequently, only second switch 61 is 

shown. Second switch 61 has three input terminals, labeled 

G, I, and o. The inp~t, I, couples with the gate of first 
trim FE'1' 5 O, and the output, O, couples to the gate of 

1? second trim PET Sl.. Terminal G couples to output Bl of 
BEPR.OM 48. The signal provided at the output Bl determines 
whether or not input, I, couples to output, o. resulting in 
the coupling of first trim PET so and second trim FE'l,' 51 at 

their gates. 
-20 If the signal provided to terminal G is low or 

30 

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, tbe p~channel transistor 70 will be turned off, 
allowing the signal on the input terminal I. to .. be passe.d 

. . .. 
via n-channel transistor 72 and p-channel transistor 73 

dir6Ctly to the output terminal o. Inverter 71 is used tC? 
ensure that p•channel transistor 73 is turned on when the 
signal provided to terminal G ia high or enabled. 

Thus, it is apparent that there has been provided, in 
acacrdance with the present invention, a current feedback 
amplifier hav·ing trim circuitry and a method for 

controlling and equalizing the stator winding current in a 
polyphase direct current motor that satisfy th~ advaneages 

3 5 set forth above. Al though the pref erred ettlbod.i.tnent has 
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been described in datail, it should be understood that 
various changes, auhstitutiona, and aleerations can ba made 
herein without departing from the scope of the present 
invention. For exatnple~ although the present invention has 

5 geen illustrated and described with respect to controlling 
the currents in the stator windings of a three-phase de 
motor, the present inveneion is JU>t limieed to applications 
involving only three-phase de motore. Also, even though 
the present invention has been described and 111ho\m aa ~ing 

10 implemented using n-channel and p-channel PETs, it should 
be understood. that other transistor or related technology, 
or combinations there.of, may be used in the pre=ient 
invention. Ji'or example, the present invention may be 

implemented by one of ordinary skill in the art using a 
15 variety of other technologies such as bipolar junction 

transistor technology. 
The circuits described and illustrated in the 

preferred etnbodiment as discrete or separate circuits may 
be combined into one circuit or split into separate 

~o circuits without departing from the scope of the present 
invention. Fw:tbermore, the direct connections illustrated 
herein could be altered by one skilled in the art such that 
cwo devices are merely coupled to one another througn an 
in.te:rmec!iate device or devices without being directly 

25 connected while still achieving the desired results 
demonstrated by the present invention. Other examples of 
changes, substitutions. and alterations are readily 
ascertainable by one skilled in the art and could be made 
without departing from ~he spirit and scope of the present 

30 invention as defined by the following claims. 

.,. 
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l. A current feedback amplifier for use in 
controlling a stator wiuding phase current in a polyphase 

stator winding of a polyphase di~ect current motor. each 

s phase or stator coil of the polyphase stator winding ha.vi~g 

a driver circuit, the current feedback amplifier 

comprising: 
a first stage current sense amplifier operable to 

detect a stator wincliiig phase curi-ent ~lowing through a 
10 first pha&e of Che polyphase stator winding and to generate· 

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

a second stage current sense amplifier operable to 

receive the equali2ed sense current from t~e 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 
al'llplifier ope~able provide the control signal 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 transistor 

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 . Tbe current feedback amplifier· of Claim 2 , wherein 

the driver circuit serves as a low side driver. 
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4. 'rhe current feedback amplifier of Claim l, further 
comprising: 

a switch operable to couple the first stage current 
sense a1i1plif ier to the second stage current senee 

-----···-··---

S aq.lifier. 

s. 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 

10 current that is used to generate the equali~ed sense 

current. 

6: The current feedbaek amplifier of Claim l, wherein 
the first stage current sense amplifier includes a sense 

15 current mirror circuitry operable to generate a 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 sense current 
in response. 

20 

25 

7. The current feedback amplifier of Claim 5, wherein 
the current mirror circuitry, the equalized sense current 
mirror circuitry, and the phase trim device are implemented 
u~ing field-effect trans~stors. 

8. The current feedback amplifier of Claim l, wherein 
the second stage current sense amplifier includes a 
reference current mirror circuitry having an amplitude trim 
device and operable to generate the amplitude adjusted 

3 o reference current, and a mirror circuitry operable to 
provide the amplitude adjusted reference current and the 
equalized oense current to a summing node to perform the 
comparison to generate the contro1 signal. 
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9. The current feedback amplifier of Claim a, wherein 
the reference current mirror circuitry and the mirror 
circuitry are implemented using field·effect transistors. 

10 • 'I'he current feedback &1nflif ier of Claim 1, 

wherein the polyphase direct current motor is a three-phase 
direct current motor having a three-phase stator winding 

• i . coupled in a •Y11 configuration. 
1 ~ 

10 11. The cw:rent feedback amplifier of Claim l t 

wherein the driver circuit is a power field-effect 
transistor having a gate, a source, and a drain terminal, 
the driver ci,rcuit serves as a low side driver and receives 
the control signal at the gate terminal for controlling the 

15 stator winding phase cu=ent, the first stage current sense 
~mplif ier includes a sense current mirror circuitry to 
generate the sense current. and an equalized sense current 
mirror ci~cuitry having a phase trim device and operable 
to receive the sense current and to generate the equalized 

20 sense 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 sense amplifier includes a reference current 
mirrar circuitry having an amplitude trim device and 

25 operable to generate the amplitude adjusted reference 
current, and a mirror circuitry operable to provide the 
amplitude adjusted reference currene · and the equa.li2ed 
sense current to a 11umming node for the comparing to 

generate the control signal, the reference current mirror 
30 circuitry and the mirror circuitry are implemented using 

field-ef feet transistors, the current feedback amplifier 
further comprising: 

35 

a switch operable to 
sense amplifier to the 
amplifier. 

couple the first e~age current 
second stage current aense 
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12. The current feedback amplifier of Claim 2, 
further comprisingi 

a plurality of first stage current sense amplifiers 
and wherein the first atage currene sense amplifier ia one 

5 of the plurality of first stage current sense amplifiers, 
e•ch one of 1:h.e plurality of first stage current sense 

amplifiers is operable to detect a stator winding phase 
current flowing tbr0u9h a corresponding phase of the 
polyphase stator winding and to generate an equalized sense 

10 currene 1n respoZlSe, the equalized sense current related to 
the stator winding phase ~ent; and 

a switch operable to selectively couple the second 
stage current sense ampl:l.fier to each one ·of the first 
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 
amplifier. 
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13. The c11rrent feedback ampli.f ier of Claim 12, 
wherein each one of the plurality of first stage current 
sense amplifiers includes a sense current ~irror circuitry 
to generate the sense current, and an equalized sense 

5 current mirror circUit:r:y having a programmably adjustable 
phase trim device and operable eo receive tbe sense current 
and to generate the equalized sense currene in response, 
the sense current mirror circuitry and the equalized sense 
current mirror circ:uitxy are implemented using field-effect 

l.O transistors, the eecond stage current sense amplifier 
includes a reference current mirror circuitry having a 
programrnably adjustable amplitude trim device· and operable 
to generate the amplitude adjusted reference current, and 
a mirror circuitry operable to provide the amplitude 

is adjusted reference current and the equalized sense current 
to a s\irnming node for the comparing_ to generate the control 
signal, the current feedback amplifier further comprising1 

a memory device operable to store equalization 
settings for each o~ of the programmably adjustable phase 

20 trim devices, and to store amplitude settings for the 
programm.ably adjustable amplitude trim device. 
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14. A method for controlli~g a stator winding phase 
c:urrent in any one of a plurality of stator winding current 
£low patbs of a polyphase stator winding. co~prising the 
steps of 1 

5 detecting a stator winding phase current flowing in a 
stator winding current flow path; 

generating a sense current that is related to the 
stator winding pbase current; 

equalizing the sense current, using phase trim 
10 circuitry, ta senerate an equalized sense current; 

adjusting a reference current, using an amplitude trim 
circuitxy, 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 
.20 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 

25 to the gate terminal of the driver circuit for controlling 
the stator winding phase aurrent. 

16. The method of Claim 14, wherein the detecting a 
stator winding phase current step and the generating a 

30 sense current step include the use of current mirror 
ci.rcuitry. 
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17. The method of claim 14, wherein the equalizing . 
the sense current etep and the ad.justing a reference 

current step include using programmably adjustable trim 

circuitry. 
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18. A method for substantially equalizing stator 
winding currents in each of a plurality of stator winding 
current flow paths of a polyphase stator winding used in a 
polyphase direct current motor, the method comprising the 

s steps of: 
measuring a first stator winding curren~ in a first 

stator winding current flow path during a first steady 
state operation; 

measuring a stator winding current in each one of the 
10 remaining plurality of stator winding current flow paths 

during respective eteady state operations; 
adjusting the stator winding curreQC in each one of 

the remaining plurality of stator "inding current flow 

paths during respective steady state operations to 
is suJ::>stantially equal the first stator winding current; and 

adjusting the ampl~tude of a stator winding current to 
a desired level. 

19. The ~ethod 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 flcwing 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 
stater winding current to ensure that eaQh stator winding 
~urrent is substantially equal to ~he Eirst stator winding 
current. 
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21. The method of Claim 20, wherein the adjusting the 
amplitude step includes selectively coupling at least one 
active device having a current path in parallel with the 
stator winding driver circuit to ensure that all of the 

s stator winding currents are at the desired level. 

10 

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

23. 'rhe method. of Claim 19, wherein the adjusting the 

stator winding current step ineludee programming a 
p~ogrammably adjustable phase trim device, and the 
adjusting the amplitUde step include programming a 

15 programmably adjustable amplitude trim device. 


