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VARI ABLE SPEED MOTORS AND CONTROL THERECF Background of the |nwentson This
i nvention generally relates to any controllable, variable speed notor and

‘to a cturrent regulation circuit for controlling circulating currents int

nmot or and, particularly, to a current regulation circuit for detecting and
controlling circulating currents in the notor with a bi- directional
~current

pr esent

inverter bridge for driving the
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Background of the Invention DATE QF RECEIPT

_ This invention generally'relates to any controllable,
_variaﬁle speed motor and to a current regulation circuit for
controlling circulating currents in the motor and,
_particulariy, to a current regulation circuit for detecting and
controlling circulating currents in the motor with a bi-
'directiqnal current sensing circuit.

A variable speed motor system according to the

present invention typically-includes a brushless DC motor.

- having an inverter bridge for driving the motor. The inverter

bridge has a number of power switching devices with a flyback
diode coupled to each of the devices and is used to connect 'the
motdr's windings to a power supply through a power supply link.
The power supply link has positive and negative rails
connecting the motor to the power supply. Generally, two
windings of a ﬁhree-phase motor are energized at a time and the
power is pulse width modulated for control ﬁurposes. Such a
motor system provides pulse width modulation (PWM) of the power
to the windings by turning on and off one of the power
switching devices. Under the normal PWM control scheme, the
motor system turns off one device at a time which causes a
flyback current to Cifculate in the invefter bridge. Such
circulating currents result from energy stored in the phase
winding inductances and flow through one power device and one
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connecting the motor to the power supply. Generally, two w ndings of a
.three-phase notor areenergized at a tinme and the power i-s. pulse w.dth
modul ated for control purposes. Such a motor system provides pul se width
nDduIatio%d“ﬂgngﬁ the power to the wi ndings by turning on andggffoene7af
*t he power sw t'chi'ng devices. Under the normal PWM control schenpATENE not or
systemturns off one device at a tine which causes a flyback current to

circulate jn the inyerter bridge. . Such circulating currents result from
oner gy st 0F8AS A% FEeARYETRSTIH d8RuCt h IR PRRNA T BughL SRl pbiee
devi ce andueirents dediagdeapidlie bevmidercis imgtor | Baclordbd c Ot 1 ¥, ‘

CirCU|ati@%rce (EMF) opposes their flow. In abnormal operation,
however, circulating currents are out of position and the back
S EMF voltage causes ;hem to increase rather than to decay which
can result in damage to the current-carrying power devices as
well as to the motor's permanent magnets. A momentary
reversal of rotation at start-up or being out of position due
to a failure to properly sense rotor position are exampies of
10 abﬁormal'opesation céusing increasing circulating currents.
_ Generally, current sensors are required in all phases
of the motor to determine what currents are in the motor.
i ' Further, systems empldying only a single current sensing )
element are unable to detect circulating currents because they
15 cannot be observed in a shunt resistor (or other current
sensor) in the power supply link. |
Brushless DC motors are disclosed in U.S. Patent No.
4,757,241 and application Serial No. 08/108,328, filed August
. ' 18, 1993, both of which are commonly assigned with the present
20 appiiéation and the entire disclosures of which are

incorporated herein bf reference in their entirety. A copy 6£
USSN 08/108328 is available in the dossier of this European

‘Application.
Summary of the Invention
@ S

25 g Among the several objects of this inyention may be
noted the provision of an improved current regulation circuit
for a variable speed motor which permits use of a single
current sensing element; the provision of such a current
regulation circuit which permits detection and control of

30 abnormal ci:culating currents in the motqr; the provision of

such a current regulation circuit which prevents false
indications of abnormal circulating currents due to diode
recovery currents; the provision of such a current regulation
circuit which provides a degree of safety and overcurrent

protection from abnormal circulating currents without having
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currents decay rapidly because the notor back el ectronotive -force (EM)

- opposes their flow. |In abnormal operation, however, circulating currents
are out of position and the-back-EM:=_voltage causes themto increase rather
. than to decay which can fesult in danage to the current-carrying power

* devices as well as to th ? asB@eRepMagNt Magnet s. A nmonentary reversal

of rotaplgn start-up o position due to a faidyre t
{}t‘geﬁgb ﬂﬂ‘ es of abnornal operatéﬁfg%% l's7|%1g '

proper| rotor posi :
i ncreasing circulating currents. |y, current sensors are required.in

all phases of the notor to determ ne what currents are in the notor.
Furt her, systens enploying only a single current sensing el enent are unable
to detect circulating currents because they cannot be observed in a shunt

resi st 0fohinblE" kadW1dgeS VTS Ahe inbddie WIHEIng UAPYedt$K -and the
provision of such a current regulation"circuit which is
economically feasible and'commercially practical.
Briefly described, a variable speed motor according
5 to the present invention includes a stationary assembly having
windings adapted for energization in at least one preselected
sequence and a rotatable assembly in magnetic coupling relation
to the stationary assembly. A power supply link connects the
) windings to a power supply and includes power switching devices
‘10 - for selectively energizing the windings in the preselected
sequence by selectively connecting the power supply link to the
windings to produce an electromagnetic field for rotating the .
.rotatable assembly. The power switching devices each have a
conducting state and a nonconducting state. The current
15 regulation circuit includes a timing circuit, a current sensing
circuit and a control circuit. The timing circuit defines
preset petiods during which each of the power switching devices
'may be nonconducting. The current sensing cifcuit senses
current in the power supply link. The control circuit controls
20 the power switching devices so that each of the power switching
' devices is nonconducting when the seﬁsed current exceeds a peak
current reference level during the preset periods. 1In this
manner,'the current regulation circuit controls current which
circulates during periods when only one power switching device
25 is conducting. ' '

N

In another form, the invention is directed to a
method of operating a system for driving a rotatable component.
The system comprises a motor including a stationary assembly
having windings adapted for énergization in at least one
30 p:eselected sequence and a rotatable assembly in magnetic
‘coupling relation to the stationary assembly.' The rotating
assembly is in driving relation with the rotatable component.
A power supply link connects the windings to a power supply and
includes power switching devices each having a conducting state
35 and a nonconducting state. The method includes the step of
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. Brushless DC notors are disclosed in U S. Patent No. 4,757,241 and -
<application Serial No. 08/108,328, filed August 18, 1993, both of which are
comonly assigned with the present application and the entire disclosures
- of. which are incorporated hererm by Teference in their entirety. A copy of

*USSN 08/ 108328 |s avai | abl e. | the 0SS Rlegt i s European Application.

Summary Eutg vention AnD %" epld Jects of this |nvent|on na% be
not ed th% pr ?i il on of an inpr gulation circuit g 647

vari abl e speed notor which per ingle current sen ﬁﬁ&Nglenpnt,
t he provision of such a current regulatlon circuit which permts detection

and control of abnormal circulating currents in the notor; the provision of
such a current regulation circuit which prevents false

selectively energizing the windings in_the preselected sequence
by connecting the power supply link to the windings to produce
an electromagnetic field for rotating the rotatable assembly.
Further, the method includes regulating current by defining

s preset periods during which each of the power switching devices

- may be nonconducting, sensing current in the power supply link
and controlling the power switching devices so that each of the
power switching devices is nonconducting when the sensed

: current exceeds a peak current reference level during the

210 preset periods.

Alternatively, the invention may comprise various
other Systems'and methods.

Other objects and features will be in part apparent
and in part pointed out herelnafter.

15 Brief Descrigtion of the Drawings -

Fig. 1 is a block diagram of one preferred embodiment
of a variable speed motor drive sysﬁém of the invention and
inclﬁding a bi-directional current comparator circuit and a
control circuit according to the invention.

€9 : Figs. 2A-D illustrate currents in an inverter ‘bridge
" driving the motor of Fig. 1 according to the invention. '

Fig. 3 is a schematic diagram of the bi-directional
current comparator circuit of Fig. 1 according to the
invention. ' _

25 Fig. 4 is a schematic diagram of the control circuit
of Fig. 1, ihcluding a blanking circuit, according to the
invention. ' .

Figs. 5A-B illustrate another preferred embodiment of
the invention including an alternative bi-directional current

30 comparator circuit and including an alteérnative control circuit
according to the invention.

~ Corresponding refergnce characters indicate-
corresponding parts throughout the drawings.
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i ndi cations of abnormal circulating currents due to diode recovery
currents; the provision of such a current regulation circuit which provides
a degree of safety and overcurrent prot-ection from abnormal circul ating

eurrents w thout having 3-conti nuous know edge of the notor wi nding
 currents; and the provishgn of—gﬁEﬁ‘a\euL\ent regulation circuit which is

vari abl e speed notor acc te@sent invention incl UPATENT
stationary assenbly havi pted for energization in at |east
one presel ected sequence an 3 e assenbly in magnetic coupling
rel ation :

econom egiN wdEsnsi bl e an aaaﬁgs(‘é ally practical. Briefly desgniLibedgsds
‘J

Detailed Description of Preferred: Embodiments

Fig. 1 shows a system 100 according to one preferred
- embodiment of the present invention. The system 100 includes a
system control 102 which provides system control signals, such
5 as a temperature signal, to an application specific integrated
circuit (ASIC) 104. The ASIC 104 may be alternatlvely embodied
as a universal electronlcally commutated motor 1ntegrated
circuit (UECM IC, not shown). ASIC 104 provides gate drive
'signals via lines 106 for electronically controlling a
10 plurality of gate drives 108 which provide enough voltage to
' switch a plurality of power switches 110. Preferably, the gate
drives 108 provide voltage signals shifted from 5 volts to 15
volts for driéing-the power switches 110 and condition the
signals provided from ASIC 104 via line 106 for optimal
15 operation of power switches 110. In turn, power switches 110,
control rotation in any controllable, variable speed motor 112
- such motors include a brushless DC motor, such as an
electronically commutated motor, or a switched reluctance
.. motor. ' ' | '
20 The motor 112 of the present invention has a
C;, stationary assembly, or stator (not shown), and a rotatable
assembly, or rotor (not shown). The rotatable assembly is in
magnetic coupling relation to the stationary assembly and is
mechanically'connected via a shaft 114 to a particular device
25 ° to be driven, such as a rotatable component 116. In order to .
control the speed of the component 116, system 100 controls the
speed of motor 112'by controlling the power delivered to the
load. Preferably, system 100 regulates torque to obtain the
desired motor speed by matching the load and motor loss demand
30 torque at the desired speed.
A power supply 128 provides power v1a line 130 to
operate ASIC 104 which drives power switches 110 by gate drives
108. The power supply 128 also provides high voltage DC power
via line 132 to power switches ilo for coﬁmutating the windings
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to the stationary assenbly. A power supply link connects the windings to a
.power supply and includes power sw tching devices for selectively
energi zing the windings in the presel ected sequence by selectively
.connecting the power supply link to the w ndings to produce an
rel ectromagnetic field for rotating the rotatable assenbly. The power
smﬁtching gqvbgg% each hav_—a‘éﬁﬁdUtTlng State and a nonconductlgg 1ot 4?
The current régulation cir, u|£ i ncl udes |n1ng circuit, a currgﬂ% i“ng
circuit and a control C|r8ﬁ o “ ¥ IFCUIt defi nes preset peri ods
during which each of the po H devi ces may be nonconducting. The
current sensing circuit sen t he power supply link. The
~control circuit controls the power sw tching devices so that each of the

power swi tﬁﬁéﬁ@@é&é\&rﬁe&é Ss QELONELGt hBgenbEP bhem&%&edmurr@ab&xceeds a

- peak curr%@&té% %ﬁﬁ? se ectgyé ygp%9318e638&e36533d31ne ISQ %0 the

windings of motor 112 in at 1east one preselected sequence by

switching the power supply 128 in connection with the windings.
5 As such, lines 132 and 134 in comblnatlon with power SW1tches
110 constitute a power supply llnk for connecting power supply
128 to the windings of motor 112..
According to the invention,‘ASIC 104 generates a

- commutation signal which causes system 100 to produce a peak

10 current that matches the load torque demand in_response to a
peak current reference signal IOUT. Matching torque load with
produced torque causes motor 112 to operate at a desired speed.
The commutation signal includes a series of commutation pulses
wherein each pulse causes a corresponding switching event of

15 power switches 110. The windings are adapted to be commutated
in at least one preseiected sequence and pover switches 110
selectively provide power to the windings of motor 112 in the
preselected sequence. Current flow in the windings produce an
-electromagnetic field for rotating the rotating assembly of

20 motor 112. ASIC 104 preferably controls the speed of motor 112
which in turn controls the speed of component 116.

(iz ‘ In a preferred embodiment of the invention, power
switches 110 consist of an inverter bridge which has a
plurality of switches and corresponding flyback diodes (shown

25 in detail in Figs. 2A-D). ASIC 104 commands two of three
windings of motor 112 to be energized at a time and pulse width
modulates the power being applied to the energized windings for
control purposes. System 100 provides pulse width modulation
(PWM) control of the power to the windings by ﬁurning on and

30 off one of power switches 110. By doing so, the PWM.control
scheme of system 100 causeé a flyback current to circulate when
only one of power switches 110 and one flyback diode are
conducting. , o . '

As shown in Fig. 1, system 100 also includes a bi-
35 directional current compafator circuit 140 for sensing current
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manner, the current regulation circuit controls current which circul ates
during periods when only one power sw tching device is conducting. In
"another form the invention is directed to a method of operating a system
for driving a rotatable conponent. The system conprises a notor including a
stationary assembly having windings adapted for energization in at | east
one preselgcéﬁg3sequence and a rotatable assenbly in magnetic g%%

rel ationCt st at i qnBKNeeAI%:s BaAIRGplactIE Ot ating assenbly is Iy

relation with the rotat . A power supply lTink co the ,
wi ndi ngs to a power sup Eﬂﬂlﬂes power sw tching devices each having
a conducting state and g state. The nethod includes the step

of

in the power supply link. The bi-directional current
comparator 140 cooperates with a control circuit 142 resident
in ASIC 104 for regulating current in system 100.
Particularly,'the control circuit 142 and bi-directional.
5 -comparator 140 regulate circulating currents in ﬁhe inverter
" bridge during periods when only one of powef_switches 110 is
. conducting. Fig. 1'illustrates bi-directional comparator 140
- external to ASIC 104 and control circuit 142 internal to ASIC
s 104. Alternatively, both circuits may be éither external or
‘10 internal to ASIC 104.

'~ Fig. 1 further illustrates that ASIC 104 receives a
signal via line 150 from motor 112 representative of a back
electromotive force (EMF) in the windings. 1In a preferred

. embodiment, the beck EMF signal provides information relating
15 to detection of zero crossings for sensing the position the
' rotating assembly of motor 112. Preferably, each of the
commutation pulses of the.commutation signal corresponds to a .
zero crossing. As described above, motor 112 has two of its
three windings energized at any given time during operation for
20 developing torque. ASIC 104 selects the unenergized winding
| for position sensing by observing the motor phase back EMF
{ waveforms when current in the selected phase has decayed to
zero. A back EMF sensing network (not shown) detects the zero
crossings of the difference between the back EMF voltage of the
25 selected winding of motor 112 as compared to a reference level.
The reference level is, for example, the sum of the voltages of
the energized windings. )
ASIC 104 preferably determihes'rotor position as a
function of the iero crossings andjgeneratee commﬁtation
30 signals in response thereto. The commutation instances of a
motor phase are determined from the information about the zero
crossings of back EMF in that phase. Torque production in a
phase of motor 112 is determined by the product of the current
in the phase and the back EMF of that phase. It is necessary
35 to energize a winding of motor 112 when the back EMF has
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4 selectively energizing the windings in the presel ected sequence by
connecting the power supply link to the w ndings to produce an

el ectromagnetic field for rotating the rotatable assenbly. Further, the
met hod i ncludes regul ating current by defining preset peri ods durrng whi ch .
each of the power sw tching-deviees—may—be nonconducting, sensing current

in the rgfﬂypl i nk and controllrng t he power switching ggv 6%

t hat each of” the powerﬁhmﬂl ¢ i s nonconducti ng wheg E Tsensed
current exceeds a peak c ce level during the preset perrods
Alternatively, the |nven |se vari ous other systens and

met hods. O her objects and features wll be in part apparent :

crossed zere in the direction that will oppose the voltage
‘energizing the winding to sustain positive torque. At low
speeds, for example. it is convenient to energize a winding of
motor 112 when it is experiencing maximum rotor flux.

5 ' Commonly assigned'U.S. patent application Serial No.
08/108,328, the entire disclosure of which is incorporated by
reference herein in its entirety, describes a preferred means
for detecting zero crossihge. In order to detect zero

- crossings, ASIC 104 includes a muitiplexer'circuit (not shown)
‘10 for-multiplexing the back EMF signal (received via line 150).
" ASIC 104 compares the multiplexed signal to the reference level
input szgnal to obtaln a comparlson signal. A noise timer (not
shown) filters the comparison signal before it is input to a
position sensing circuit (not shown). The position sensing
15 circuit provides a zero crossing detector signal to which ASIC
. 104 responds. ASIC 104 eontrols commutation as a function of
the elapsed time between commutations and zero crossings and
generates gate drive 51gnals at lines 106 for driving power
switches 110 in response to the position sensing.
20 As'shown in Figs. 2A-D, power switches 110 are part
of a three-stage full-bridge inverter 210 having a positive
rail 212 and a negative rail 214 supplied by power supply 128.
Preferably, power switches 110 of the inverter bridge 210
include three upper switches 216A, 216B and 216C and three
25 lower switches 218A, 218B and 218C. Flyback diodes 220A, 220B
and 220C and 222A, 222B and 222C are coupled in an
antl—parallel relationship with each switch of switches 216A-C
and 218A-C, respectively. Each phase connects to power supply
128 through one of upper switches 216A-C and one of lower

30 switches 218A-C. In the illustrated embodiment, one switch is
closed for each winding of motor 112 to be energized so that
power switches 110 are activated in pairs. Power switches 216A
and 218A correspond to phase A; power switches 216B and 218B

COrrespond to phase B; and powver switches 216C and'2180
35 . correspond to phase C.
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and in part pointed out hereinafter. Brief Descrlptlon of t he Draw ngs Fig.
1is . a block diagram.of one preferred enmbodi nent of.a variabl e speed mot or
drive system of the invention and including a bi-directional current .
conmparator circuit and a cont+el—eircuit according to the inventi.on. Figs.
2A-Dillustrate curre %s |n an I nverter bridge driving the notor of Fig. 1

accor di ggy @A i nventyy . Been Berilgedn . SChemat i ¢ di agram of phero- 6472
bi -directional current | )

‘cui-t of Fig. 1 accordi ngph@eife
invention. Fig. 4 is al i yram of the control circuit.of Fig. 1

i ncl udi ng a bl anki ng circuit, ~according to the invention. Figs. 5A-B
I1lustrate another preferred enbodi nent of

=
—

A preferred excitation scheme for motor 112 involves
three-phase excitation with trapezoidal current excitation.
Two switches are commanded on during each motoring interval,
one from the upper set of switches 216A-C and one from the
-5 lower set of switches'218A4C. Current flows in only two of the
three motor phases dur1ng each excitation interval. ASIC 104
selects which of upper switches 216A-C and lower switches
218A-C is to be used to pulse width modulate the power applied
to the windings of motor 112 at a given time.
© 10 - Phase currents of motor 112 can be sensed using shunt,
resistors, current transformers, Hall-effect current sensors or
other sensors or circuits. As shown in Figs. 2A-D, a shunt
resistor R57 is placed in the negative rail 214 of inverter
bridge 210. Motor phase currents only flow through the shunt
15 resistor R57 when power is being exchanged from power supply
128 to motor 112 and yice versa. Although shunt R57 senses
motor phase currents, it cannot directly detect circulating
currents in inverter bridge 210 because shunt RS57 is open
circuited during periods when only one of power switches 110 is
20 conducting. ' '
As an example of the operation of inverter brzdge
210, gate drives 108 drive power switches 110 to-connec; both
the. B phase and the C phase to power supply 128 by causing
upper switch 2163-and lowef switch 218C to be in the conducting
25 state. ASIC 104 controls lower switch 218C to pulse width
modulate the power being applied to-the energized phases. 1In
- this example, the unenergized A phase is used for back EMF
sensing. .Fig. 2A illustrates current flow in inverter bridgg
210 immediately at turn-on of switches 216B and 218C. At this
30 instant in time, both switch 216B and switch 218C are in the
conducting state and switch 218C will be used for pulse width
modulation. Further, a diode recovery current flows through
diode 220C before sufficient charge has been removed to
establish diode blocking. Both motor winding current and diode
35 recovery current flow through shunt RS57.

—
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the invention including an alternative bi-directional current conparator

circuit and including an alternative control circuit according to the

i nvention. Corresponding reference characters indicate correspondi ng parts

t hr oughout the draw ngs. 5 Detailed Description of Preferred Enbodi nents

Fig. 1 shows a system1b6-according—to—one preferred enbodi nent of the

present dgyession. The systen1100 i ncl udes a.system control 1Q4 Wy.4y72

. provi des systemcontro[rhl cels a tenperature si gnal ,pATENn
application specific int aﬂ t (ASIC 104 The ASIC 104 may be

alternatively enbodled

With respect to the diode recovery current, the
flyback diodes 220A-C énd 222A-C, each coupled to one of
switches 216A-C and 218A-C, generally comprise 1) a heavily
doped n type substrate, 2) a lightly doped n- epitaxial layer

5 of specified thlckness and 3) a heavily doped P type region.
The heavily doped p type reglon forms the anode of diodes
' 220A-C and 222A-C. The basic diode pn junction does not
require the middle n- epitaxial layer yet the ability to
withstand voltage is significantly improved by this lightly
10 doped n- layer. The forward conduction of diode 220A-C and
222A-C is accomplished by the injéction of carriers (electrical
charge) into the lightly doped region without unduly affecting
forward voltage drop when diodes 220A-C and 222A-C are in
conduction. At turn-off, a quantity of electrical charge is
15 swept'ffom the lightly doped n- layer to establish current
blocking in diodes 220A-C and 222A-C. As the quantity of
current being conducted increased, the amount of charge
increases to-a peak while the voltagé remains only a few volts
reversed on diodes 220A-C and 222A-C. When sufficient charge
20 has been removed to establish diode blocking,.thé reverse
voltage increases and an additional quantity of charge is
required to charge the capacitance of the blocking junction.
For, these reasons, dlode recovery currents flow through
inverter brldge 210 at turn-on.

£

25 . As shown in Fig. 2B, the diode recovery current
normall& decays and current flows in the B and C'windings when
switch 216B and switch 218C are'conducting, The motor winding
current continues to flow through shunt R57. Fig. 2C shows the
circulating currents existing when switch 218C is in the

30° nonconducting state. As described above, the PWM control of
system 100 turns off one of power switches 110 at a time (lower
switch 218C in Fig. 2C) which causes a flyback current to
circulate through the conducting power switch (upper switch
216B) and one of the flyback diodes (diode 220C). - However,

35  such currents do not flow in rail 214 and, thus, shunt resistor

10
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I versal electronically commutated notor integrated circuit (UECM I C

wn). ASIC 104 provides gate drive signals via lines 106 for
nically controlling a plurality of gate-drives 108 which provide
voltage to switch a plurality of power switches 110. Preferably,

wi tches 110 contr

12 - such notors

i"ne 106 fﬁms HasieeRepladddi ON Of power switches
speed

um ﬂw any controllable, varia

Iess DC nmotor, such as an

t he

ni-cal ly connutated nD or, SMAtChed reluctance not or. The notor

the present invention has a stationary assenmbly, or stator (not
Y (@ YA AAE current sensor) is unable to observe these

circulating currents. In normal operation, circulating _
currents decay rapidly because'the motor back EMF opposes their
flow. In abnormal operation, however, citculating currents are
out of position and the back EMF voltage causes them to
increase rather than to decay. A momentary reversal of
rotation at start-up or being out of position due to a failure
to properiy sense rotor position are examples of abnormal
operation causing increasing circulating currents.

Generally, circulating currents which have ndt'
decayed below a current regulate threshold occur when motor 112
is first started. At start-up, there is as great a likelihood
of the rotor position being in advance of the intended field
rotation as there is of it being behind. OQut-of-position
circulating currents are produced when the advancing field
forces a feversal'in rotor rotation when the rotor has started
in a direction opposite to the field rotation. In low power
motor drives, such currents are managed by the overcurrent
rating in power switches 110 and the permanent magnets (not

- shown) of motor 112. However, in higher power motor drives,

over rating the motor magnets and power switches 110 is not
economically feasible. ' '

L As described above, direct detection of increasing
circulating current by shunt R57 is not possible. However,
circulating current is inferred by the response at the turn-on
of the~PWM power switch (lower power switch 218C in Fig. 2A).
The inference is based on the expectation that had the current
decayed normally, a period of time after PWM turn-on will be
required before the cur:eni regulate threshold is reached. If
the current regulate threshold is signaled during a period
immediately following turn-on, then the fact that the

"circulating current did not decay and, thus, that an abnormal

condition exists, is inferred. For these reasons, the diode

recovery current which flows in inverter 210 immediately at
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assenbly, or rotor (not shown). The rotatable assenbly is in nmagnetic
coupling relation to the stationary assenbly and is nechanically connected
via a shaft 114 to a particular device to be driven, such as a rotatable
conponent 116. In order to control the speed of the conponent 116, system
100 controls the speed of nmotor 112 by controlling the power- delivered to
the load. Preferably, system 100 requlates torque to obtain the desired
not or speggEYg P4 ching the load and notor Toss denmand torque aigsth@.gs72

desired speed. A power suppﬂ;ys&a&apée@( Joover via line 130 t paqpat €
ASI C 104 which drives pomer ﬁﬁy gate drives 108. The power .

supply 128 al so provides;hi ower via line 132 to power
switches 110 for connutating

turn-on complzcates the 1nference of an out-of-p051t1on or
otherwise abnormal clrculatlng current in system 100.

Fig. 2D illustrates current flowing back to power

supply 128 from the windings when each of power switches 216A-C

5 and 218A-C are not conducting.' If both of upper switches

.216A-C and lower switches 218A-C are turned off, then the

currents in the windings are forced through two flyback diodes
(diodes 222B and 220C), shunt resistor R57 and a bulk capacitor
(not shown) connected across rails 212 and 214. Current passes

10 through shunt R57 in the reverse direction until all of the
energy stored in the windings is extracted. Since the current
through shunt RS57 ié now of an opposite polarity, voltage
across shunt R57 from -S to +S is essentially positive.
Therefore, abnormal circulating currents are reduced to an

15 ‘acceptable level.

Fig. 3 111ustrates bi-directional current comparator
circuit 140 in detail including a pair of resistor-capacitor
networks 308 and 310 for effectiné control of peak current.
Bi-directional comparator 140 senses the peak current reference

20  ~ command IOUT provided by ASIC 104. The signal IOUT is a
variable duty cycle signal representative of the peak current

{lf or torque requirement of motor 112. As described above,

' voltage is developed across shunt resistor R57 by current
supplied to the windings of motor 112. in this manner, system

25 100 senses motor phase currents by the current flowing through
shunt resistor R57 when power is being ekchanged from power
supply 128 to motor 112 and vice veréa.

A pair of comparatofs 312 and 314 respond to the
normal currenfs delivered from the bulk capacitor to motor 112

30 as well as to the reverse currents supplied from the motor
inductance back to the bulk capacitor when both upper power
switches 216A-C and lower power switches 218A-C are first
turned off. As shown in Figs. 2A-D, +S and -S define the
positive and negative directions of current in shunt R57. The

35 diVider networks'308 and 310 bias the comparators 312 and 314
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6 included in the stationary assenbly of motor 112. Power swi tches 110

. selectively provide power via.line 134 to the wi ndings of notor 112 in at
| east one presel ected sequence by switching the power supply 128-in
connection with the windings. As such, lines 132 and 134 in conbi nation

> W th power swtches llo_canstL%H%e'arpomer"supply link for connecting power
supply J48yt&#258e w ndings of nDtor 112 ccordlng to the |nvefg I ,Ggii(l

104 generates a conmut’at i Tiis auses system 100 to 1%%}:
peak current that natches t demand i n response to a_ peak
current reference signal I orque load with produced torque

causes notor 112 to operate at a deS|red speed. The commutation signal
i ncludes a series of connutatlon pul ses

into a common mode range. Resistors R6, R7, R1ll and R12 and a
capacitor C4 form divider netwprk 308. Similarly, resistors
R2, R3, R13 and R1l4 and a caﬁacitor C3 form divider network
310. When resistors R4 and R5 are pulled positive, networks
5 308 and 310 are upset in a direction so that an increase in the
absolute current in shunt R57 (negatively for comparator 312
and positively for comparator 314) to cause a low transition of
the connected outputs 316 and 318 of comparators 312 and 314,
_ respectively. In other words, the voltage at -S is more
:'10 negative with respect to common for positively directed
currents or the voltagé-at -S is more positive with respect to
common for negatively directed currents. Likewise, when
resistors R10 and R15 are pulled positively, networks 308 and
310 are upset in a direction requiring a decrease in the
- 15 absolute current in shunt R57 to cause a high to low transition
of the'connected outputs 316 and 318.
Outputs 316 and 318 are commonly connected at a node
"320 and provide a signal IREG to ASIC 104 representatlve of an
overcurrent condition. Preferably, IREG is logzc level low
20 when current in shunt R57 exceeding the current.regulate
threshold. System 100 regulates circulating current in motor
112 by turning off power to each of the windings in response to
fIREG being low during a predetermined window of time (described
in detail with respect to Fig. 4).

25 Fig. 3 further illustrates a potentzometer 322
including a resistor R18 for adjusting the maximum current
threshold value through the adjustment afforded by the
resistors R10 and R15. The potentiometer 322 acts to calibrate
bi-directional comparator 140 by setting a maximum current

30 magnitude. Comparétors 312 and 314 signal that absolute shunt
current has exceeded the'peak,fegulate current threshold by a

P
.3
Soar

low voltage output at 316 and 318 (IREG low). In response to a

low IREG signal during the predetermined window of time, each

of power switches 110 are nonconducting until the overcurrent
35 condition is reduced. 1In a preferred embodiment, each of power

13
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wherein each pul se causes a correspondi ng switching event of power sw tches
110. The windings are adapted to be commutated in at |east one presel ected
sequence and power swi tches 110 sel ectively provide power to the w ndings -
of notor 112 in the presel ected sequence. Current flow in the w ndings
produce an el ectromagnetic-fieldfor—rotating the rotating assenbly of

notor 11 A 104 preferably controls the speed of notor 112 j ch
turn con%?glg&gﬁe speedhisBhe ¢6. In a preferred enbo T '6%9?he
N

. BermRepl
-invention, power sw tche of an inverter bridge wh s a
plurality of sw tches an g flyback diodes (shown in detail in
Figs. 2A-D). ASIC 104 conmands two of three w ndings of notor 112 to be
energized at a tinme and pul se width nodul ates the power being applied to
t _hgt ener bﬁgg;x\ggnqlfag%éeornmt{aic@me%sa atyBe&8t 190 PEQUL IR RUGSE
Wi U : _

amount of time in response to the abnormal circulating current

condition.
As described above, system 100 essentially infers the
5 exis;enée of abnormal circulating currents when an overcurrent
condition exists in a period'of time immediately following
turn-on of power switches 110. However, a PWM circuit also
contends with a momentary delivery of current to shunt R57 due
to the diode recovery current. The diode recovery current,
10 caused by the forced turn-off of the flyback recovery diodes
" 220A-C and 222A-C protecting power switches 216A-C and 218A-C,
exceeds the instantaneous circulating current by a substantial
amount. Thus, diode recofery current being added to the
winding immediately at turn-on, even when the winding current
15 has decayed, complicates the inference of abnormal circulating
currents. The conventional means for preventing an incorrect
response, namely a false indication of abnormal circulating
currents, is a combination of capacitor filtering on the input
and output of a current comparator. '
20 " As described.in detdil below, system 100
advantageously exempts a predetermined interval of time _
;ﬁ}  (approximate1y'1O microseconds) from observation of shunt R57
immediately following the PWM transistor (power switch 218C)
being turned on as an alternative to heavily filtering current
25 comparator 140. A timed blanking interval .at the turn-on of
| the PWM period is designed to ignore the output of current
comparator 1&0 until a sufficient time has elapsed for diode
recovery current to_decay. If the sensed current still exceeds
the threshold value at the conclusion of the'predetermined
30 blanking interval and during the predétermined window, .then a
condition exists requiring that both power devices (upper
switch 216B and lower switch . 218C) be turned off to bring the
current under control. 1In this respect, current regulation is
achieved by turning off all of power switches 110 rather than

14



( PVW) control of the: power to the wi ndings by turning on and off one of
.power swi tches 110. By doing so, the PWM control schene of system 100

causes a flyback current to circul ate when only one of power swtches 110

and one flyback di ode are conducting. As shown in Fig. 1, system 100 al so N
‘i ncl udes a bi - 7 in the power supply link. The bi-directional current

conpar at og#A@ 2zaoper at es wi t by gsﬁgma{s@eencneﬁ@&at 142 resident ig3AG0Cea94

“for regulating current in syste larly, the control psTER®it 142
and bi-directional conparator “I ml
i nverter _

rculating currents in the
-Just one as would be the response for normal PWM operation and
abnormal circulating currents are reduced. _
Referring further. to Fig. 3, the determination that
circulating currents exceed the current regulate threshold is
5 also complicated by electrical noise present in every switch
- mode power circuit. 'The differential mode capacitors C3 and C4
assist in thé filtering of electrical noise in comparator
circuit 140. Advantageously, capacitors C3 and C4 are fewer in
" number, locations and of lesser value than the capacitors which
10 " would otherwise be necessary if the purpose was filtering diode
recovery current.

Fig. 4 illustrates a preferred embodiment of control
circuit 142 including a ripple counter 410 fo;.timing the
blanking interval. Preferably, the blanking interval is

15 predetermined to be 11.2 to 12.8 microseconds in duration to
allow the normal decay of diode’recovery current. The ripple
counter 410 is comprised of D flip flops (DFF) 412, 414, 416
and 418 and is preferably clbcked at 625 kHz by a clock signal
0S4 input to DFF 412. At the end of the diode recovery current

20 blanking interval, a DFF 420 initiates a window of time (ALL
_ OFF SET WINDOW) for setting an ALL OFF condition. Only during
"(:f the ALL OFF SET WINDOW does the acknowledgment of a low IREG

'signal from current comparator 140 initiate the ALL OFF
éondition-commanding each of power switches 110 to be

25 . nonconducting. By.defining the window, counter 410 constitutes
a timing circuit for defining preset periods dﬁring which each
of the power switching devices 110 may be nonconducting.
Preferably, the window is equal in duration to the diode
recovery current blanking interval because the DFF 420, which

30 is an extension to ripple counter 410, causes ripple counter
410 to count twice.

_ In the embod1ment illustrated in Fig. 4 DFF 420
provides the ALL OFF SET WINDOW via line 422. An RS flip flop
(RSFF) 424 comprised of NOR gates 426 and 428 stores ALL ON/OFF

35 status. The blankihg interval terminates when the output

15



bri dge during periods when only one of power switches 110 is conducti ng.

Fig. 1 illustrates bi-directional conparator 140 external to ASIC 104 and
control circuit 142 internal to ASIC 104. Alternatively, both circuits may
be either external or internal te-ASFrCT04. Fig. 1 further illustrates that
ASI C 104 receives a signal via line 130 frem notor 112 representative of a

back el eggnormtyisve force ¢ eef 1acgllngs. In a preferredgguppadeannt,
t he back EMF signal provide relating to detectionpaffeger o
crossings for sensing the p ating assenbly of notor 112

Preferably, each of the co ation pul ses of the comutation signal
corresponds to a zero crossing. As described above, notor 112 has two of
its three wi ndings energized.at any given tine during operation for
devel opi sd gnalqus DER Gl1Digees ckow dtiel imenédQi whilchi imli tyrn causes the

output of a gate 432 to go'high at line 434. The high output
at line 434 causes the output of a gate 436 to go high at line
438, thus, signaling the end of the predetermined blanking
S - interval. In this manner, a gate 440 is free to reflect at
line 442 the inverse of IREGBAR. The signal IREGBAR is input
to the gate 440 at line 444 and represents the inverse of the
IREG signal outpﬁt from bi-directignal current comparator 140.
R Thus, the output of gate 440 at line 442 represents the IREG
10 signal when a logic level high is present at line 538.
Preferably, control circuit 142 further includes a
gate 446 which permits the ALL ON/OFF status of RSFF 424 to be
reset during the time that the output of DFF 420 at line 422
remains low (the ALL OFF.SET WINDOW). In other words, the gate
15 446 has a high output via line 448 when the IREG signal is low
during the ALL OFF SET WINDOW. An AND gate 450 ensures that
'the race between a subsequeﬁt'low IREG signal, a high PWMB
signal and reset of DFF 420, is not falsely seen as a condition
to reset the ALL ON/OFF status of RSFF 424. The PWMB signal
20 represents the inverse of the PWM signal.
"RSFF 424 sets the ALL ON/OFF status by a power-on-
QL: ~ reset signal POR or by a high IREG signal along with the
storage in a DFF 452 of a begin PWM signal BPWM. 1In a
preferred embodiment of the invention, the BPWM signal commands
25 the beginning of a commutation .sequence and is generated either
by the timing out of an off timef_circuit (not shown) or by
. commutation to the next winding. The off'tiher circuit is
preferably inéluded in ASIClloa and regulates the current in
the windings of motor 112 as a function of the peak current
30 reference value IOUT by turning off power to each of the
windings for a ptedetermined amount of time based on the
interval between_zero crossings.
" Fig. 4 further illustrates an RSFF 454 embodying a
PWM latch. The RSFF 454 is comprised of NOR gates 456 and 458.
35 As described above, the DFF 452 stores the request to begin
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for position sensing by observing the notor phase back EMF waveforns when
current. in the sel écted phase has decayed to zero. A back EMF sensing
network (not shown) detects the zero crossings of the difference between
-the back EMF voltage of the sel ected windi-ng—of notor 112 as conpared to a
reference level. The refereﬂCE’ evel for exanple t he sum of the
vol t ages of ..t he ergi zed MA

1 2

Hmﬁ&kik preferably det erm nes rotor
p05|t|onzﬁ§¥1 tion of th and generates conmfd8alPef472
signals in response thereto. instances of a not BATENdse ‘are

determned fromthe |nfornat| zero crossi ngs of back EMF in
that phase. Torque production in a phase of notor 112 is determ ned by the
product  of the current-in the phase and the back EMF of that phase. .It is

necessary gy enepf 2853 YA 0GE00eRL BRbLLaBAMNEREhEE DASK BMERN%Re ALL
ON/OFF status latch (RSFF 424) and the PWM latch (RSFF 454)
acknowledge this request through a gate 460. Under specific
conditions, a signal ATFS may be input to a gate 462 at line

5 464 to force the PWM latch (RSFF 454) to be reset. The PWM
latch (RSFF 454) is also reset by a low ALL ON/OFF status at
line 466 or a low IREG signal after completion of the diode
recovery current blanking interval. The PWM latch (RSFF 454)
is set similarly to the ALL ON/OFF status latch (RSFF 424) by a-

10 ° high IREG signal along with DFF 452 storing the BPWM signal.
The inverse PWM signal PWMB provides a reset to
ripple counter 410 for the time that current drive of motor 112
is turned off either due to a PWM off condition or an ALL OFF
condition. When PWMB is low, the one of power swztches 110
15 'being pulse width modulated turns on (e.g., lower power switch
218C in Fig. 2B). Further, ripple counter 410 re-initiates
timing of the diode recovery current blanking 1nterva1 in
response to PWMB being low. In this manner, ripple counter 410
" synchronizes the blanking interval with the_beg1nn1ng of the
20 PWM on condition.

‘ Figs. 5A-B shows another embodiment of the present
1nvent10n in block and schematic diagram form. Shunt R57.
detects current flowing in the windings of motor 112 when one
of upper switches 216A-C and one of lower switches 218A-~C are

25 conducting or when both of these devices are turned off and
force reverse current through two of flyback diodes 220A-C and
222A-C, the bulk capacitor and shunt R57. As shown in Fig. 5A,
a bi-directional comparator circuit 510 senses current from
power supply 128 and sets a'negative current‘limit threshold

30 with a comparator 512 and a positive current limit threshold
with a comparator 514. The comparators 312 and 514 have
outputs at lines 516 and 518, respectively. In this-
_embodiment, comparator Sla'detects a current limit when the
current in shunt R57 is in the normal positive direetion and

35 indicates a positive overcurrent condition with a low output
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8 crossed zero in the direction that will oppose the voltage energizing the
«W nding to sustain positive torque.. At | ow speeds, for example, it is
convenient to energize a winding of notor 112 when it is experiencing
maxi numrotor flux. Commonly assigned U S. patent application Serial No.
"08/ 108, 328, the entire discl osurée of—whieh—s incorporated by reference
herein '&tﬁté egtlrety deﬁﬁﬁ%gﬁﬁ preferred neans for detecting zero

crossi ngs. 1D25F der to dete ﬁgs ASI C 104 includ 0-6472
mul tiplexer circuit (not sh pIeX|ng t he back EMF

(received via line 150) A s the nultiplexed signal to the
reference |evel _ :

-signal at line 518. -Likewise, comparator 512 detects a current
limit when the current in shunt R57 is in the negative
direction and indicates a negative overcurrent condition with a
low output signal at line 516. As described above, an

5 overcurrent condition in shunt R57 in the positive direction
does not necessarily indicate increasing circulating currents
due to an abnormal operating condition. When the positive
direction current exceeds the current regulate threshold during

.- the ALL OFF SET WINDOW, one can infer that the overcurrent
10 condition is due to abnormal c1rculat1ng currents.' The
presence of abnormal circulating currents can also ‘be inferred
from the ﬁagnitude of reverse currents flowing in shunt R57
when both conducting devices of power switches 110 are first
turned off. However, if all of power switches 110 are turned
15 off each time an overcurrent condition is detected in the
positive direction, performance will be degraded. That is, the
peak-to—peak ripple current in the.winding will increase so
that the average current will decrease for a given peak
current. Add1t1ona11y, swztchlng loss in the power dev1ces
20 will increase.
According to thlS alternatlve embodlment of the
(. 1nvent10n, the number of gate turn-off events ~during pulse
width modulation is counted after detection of a pos1t1ve
current exceeding'the current regulate threshold. For example,
25 if upper switch 216B is normally conducting and lower swztch
218C is being pulse width modulated, additional control
circuitry 520 counts the turn-offs of both dev1ces in the
current carrying path (switches 216B and 218C). All of power
switches 110 are then periodically caused to be in the
30 nonconducting state for regulating current.
Referring to Fig. 5B, the output of bi-directional
comparator 510 is input to a drive enable/disable circuit 522

which can disable all of gate drives 108 simultaneously after n

turn-off events followihg detection of a positive overcurrent
35 condition. In this preferred embodiment, a logic translation
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i nput signal to obtain a conparison signal. A noise tiner (not shown)
Jilters the conparison signal before it i.s input to a position sensing
circuit (not shown). The position sensing circuit provides a zero crossing
detector signal to which ASIC.104 responds. ASIC 104 controls comutation
as a function of the el apsed—tire-between—eommutati ons and zero crossings
and.gener aE&s > drive si als at I|nes 106 for driving.power03+l0c6&32

110 in response to the p05| Replaced hown i n Fi gs. 2A- CPADENRr
switches 110 are part of a th -bridge inverter 210 having a
positive rail 212 and a negat uppli ed by power supply 128.

Preferably, power swi tches 110 of the inverter bridge 210 include three’
upper switches 216A, 216B and 216% and three | ower switches 218A, 218B and
218C. Fl yBadcHhodtat 2meTH988 ah(2 2BOR-NAR networbrdecadasothe apte

coupl ed | Bigthals to a single PWM signal at line 526. A divide-by-n
| circuit 528 constitutes a timing circuit which counts the

number of PWM turn-offs, and outputs a short duration pulse via
S line 530 every n turn-offs. In the embodiment illustrated in
Fig. 5B, a counter, éuch as a shift register 532, and a one-
shot circuit 534 constitute the divide-by-n circuit 528.
' The outputs of the one-shot circuit 534 at line 530
_ and bi-directional comparator 510 at line 516 are input to the

10 drive enable/disable circﬁit 522 through an AND gate 536. 1In
turn, drive enable/disable circuit 522 disables all of gate
drives 108 for turning off each of power switches 110
simultaneously after n turn-off events when either the PWM/n
signal is high or the negétive limit control signal from

15 comparator 512 is low (indicating an overcurrent condition in
the negative direction). An AND gate 538 in combination with
another one-shot circuit 540 provide a signal indicating with
gate drives 108 are re-enabled by an acceptable condition on
the current limit circuits of bi-directional comparator 510. _

20 The signal via line 542 is input to an AND gate 544 along with
the output of compafator 514 inverted. - The gate 544 in turn
provides an input signal to a UECM 546 at a voltage regulation
pin VREG. The UECM 546 generates signals for controlling gate
drives 108 for switching power switches 110. The overall"

25  result of this divide-by-n strategy is that the performance of
motor 112 will not degrade as much as it would if both
conducting power switches 110 were turned off after each PWM
stroke (the n=1 case). -Also, a degree of safety and protection
from abnormal circulating currents is achieved without having -

30 continuous knowledge of the motor winding currents.

-

Preferably, n is an integgr determineéd as a.function
" of the acceptable amount of time that system 100 can be blind
to-circulating cukrents. This time depends on parameters
associated with motor 112 that regulate the rise time of the
35 currents in the windings, such as the winding resistance,
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anti-parallel relationship with each swtch of switches 216A-C and 218A-C,
respectively. Each phase connects to power supply 128 through one of upper
swi tches 216A-C and one of |ower switches 218A-C. In the illustrated
enbodi ment , one switch is closed for each w nding of notor 112 to be

energi ze power switches.110 are activated in pairs. r.swiches
216A an&%§ é%??grrespond to phase A, power sw tches 216B and °°gﬂ;f

correspond to phase B; and power sw tches 216C and 218C corre To phase
C 9 A preferred. excitation schenme for nmotor 112 invol ves three-phase
excitation wth trapezoidal current excitation. ' '

winding inductance, and the back EMF. For example, if the PWM
period is 50 microseconds, and a designer of system 100 thinks
that trouble can occur in 225 mlcroseconds, then the disabling
sequence preferably occurs after no more than four PWM periods.
S In this example, n is set to be less than or equal to four.
Referring again to Fig. 4, yet another embodiment of

the invention combines the features of the preferred embodiment
of Fig. 1 and the preferred embodiment of Figs. 5A-B. As shown
inhFig. 4, an input ALOFF to RSFF 424 provides a signal for

10 resetting the ALL ON/OFF status latch (RSFF 424). For example,
the ALOFF signal represents an oVercurrent, overvoltage, ‘
underspeed or other condition for which turning of f power
switches 110 may be required. 1In the alternative, the ALOFF
signal represents a PWM/n signal and ASIC 104 performs the

15 divide-by-n strategy described above with respect to Figs. 5A-

' B. In this embodiment of thé invention, ASIC 104 counts the
number of PWM turn-off events by counting the number of high
pulses of the PWMB signal. Thus, ASIC 104 performs the
functions of logic translation circuit 524, divide-by-n circuit

20 528 and drive enable/disable circuit 522.

' In view of the above, it will be seen that the
(“: several objects of the invention are achleved and other
advantageous results attained.
As various changés could be made in the above

25 constructions and methods without departing from the scope of
the invention, it is intended that all matter contained in the
above description or shown in the accompanying drawings shall
be interpreted as illustrative and not in a limiting sense.
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Two switches are conmanded on during each notoring interval, one fromthe
upper set of switches 216A-C and one fromthe | ower set of switches 218A-C—
Current flows in only two of the three notor phases during each excitation
l-nterval . ASIC 104 sel ects which of upper sw tches 216A-C and | ower

switches 218A-Cis to be used to pulse width nodulate the power applied to

t he mﬁndcngs9973nntor 112.at a given ttnme. Phase currents of n@o3eLoid27gan

be sensed using shunt resistors, current transforners, Hall-efPATENTurrent

sensors or other sensors or circui shown in Figs. 2A-D, a shunt _
resistor- R57 is placed in the negaf?;gA$§TF\2$4\\\\ngerter bri dge 210.

Mot or phase currents only flow thro hunt resrstor R57 when power is
bei ng exchanged from power supply 1 ﬂmp nd vi cesversa. Al though
shunt R5g€lgdmses notor phase currents, Gty ectly det ect

circulating T :

1. A variable speed motor comprising:

a stationary assembly and a rotatable assembly in
magnetic coupling relation thereto, said stationary assembly
including windings'adapted to be energized in at least one

5 preselected sequence; _ _ '

- ' a power supply link for connecting the windiﬁgs to a
i power supply, said power supply link including power switching
devices for selectively energizing the wzndlngs in the

preselected sequence by selectively connecting the power supply
10 link to the windings to produce an electromagnetic field for.

rotating the rotatable assembly, said power switching devices

each having a conducting state and a noncondudting state; and

a current regulation circuit including a timing
circuit for defznlng preset periods during which each of the

15 power switching devices may be nonconductlng, a current sensing
'~ circuit for sensing current in the power supply link and a
control circuit for controlling the power switching devices so
_ that each of the power switching devices is honconducting-when
(. the sensed current exceeds a peak current reference level
20 during the preset periods.

2. The motor of claim 1 wherein the power switching
devices comprise an inverter bridge including a positive rail
and a negative rail supplied by the power supply and wherein
the current sensing circuit comprises a shunt resistor for

5 sensing current in one of the rails of the power supply link.

3. The motor of claim 1 wherein the current sensiﬁg
circuit comprises a bi-directional current comparator for
comparing'the sensed current in the powér supply link to a
positive peak current reference level when the sensed current
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currentSIMBshR¥ﬁ&&5&1 e 210 because shunt R57 is open circuited during

.periods wh omer switches 110 is conducting. As an exanpl e of
t he operatﬂww ,E r br| dge 2 ate drives 108 drive power swi tches
110 to con B phase anéﬂ?ﬁg‘tfbhase\Lo\pgmpr supply 128 by
*causi ng upper switch 216B and | over ' ij to be in the conducting

e

state. A9EN I9z7zontrols [ower swt lrlmnﬁ w dt h nodulpat.e oz 72 -
power being applied to the energi zed phas exanple t PATENT

unener gi zed A phase is used for back EMF senS|ng Fig. 2Aillustrates
current flowin inverter bridge 210 i nmedi ately at turn-on of switches 216B
and 218C. At this instant in tinme, both switch 216B and switch 218C are in
the conducting state and switch 218C will be used for pulse width

nodul at i orks mesheive aand ofier r eemparynguthensehiseds culrreaghin the power

supply link to a negative peak current reference levél when the
sensed current is negative.

4. The motor of claim 3 further comprising a network
for scaling the sensed current input to the current comparator.

5. The motor of claim 3 further comprising a circuit
for generating the peak current reference level and including
an adjustable resistor network having an adjustable resistance
for varying the peak current reference level.

. 6. The motor of claim 1 wherein each of the power
switching devices is nonconductlng for a predetermined 1nterva1
-of time when the sensed current exceeds the peak current
reference level during the preset periods whereby current which

5 circulates during periods when only one power switching device
is conducting is reduced.

7. The motor of claim 1 wherein the curfent sensing
circuit generates an overcurrent signal in response to the
{ senséd current exceeding the peak current referencé'level,
. wherein the timing circuit comprises a current blanking circuit
'S for inhibiting the overcurrent signal during a predetermined
blanking interval triggered by the energization of the
w1nd1ngs, and wherein each of the power switching devices is
nonconductlng in response to the overcurrent signal whereby the
powver switching devices are nonconducting durlng the preset
10 periods except during the predetermined blanking interval.

‘8. The motor of claim 7 wherein the power switching
devices comprise an inverper bridge having a pcsitive rail and

a negative rail supplied by the power supply and including a
free-wheeling diodeé each corrésponding to and connected across

5 one -of the power switching devices, and wherein the rails.cf

S22



di ode 220C before sufficient charge has been renoved to establish di ode
_ bl'ocking. Both notor wi nding current and di ode récovery current flow

" through shunt R57. 10 Wth respect to t he dlode recovery current, the
fl yback di odes 220A-C and 222 one of sw tches 216A-C

~and 218A-C, generally conprise vi|ly doped n type substrate, 2) a
lightly ﬁﬁb‘eﬁzﬁl’ epi taxi al |aye mﬂu I [igj f i ckness and 3) 03-h8ab#ry
e pn |
ty to

doped p type region. The heavil glon forms t hePARBYHE of
di odes 220A-C and 222A-C. The basic d| unction does not require the
m ddl e n- epitaxial |ayer yet the abi

the power supply link normally carry a diode recovery current

at energization, the predgtérmined blanking interval exceeding
 an interval of time corresponding to a time period during which

the diode recovefy current decays below a predetermined'level.

9. The motor of claim 7 wherein the current blanking
circuit comprises a blanking interval counter triggered by the
energization of the windings fér timing the predetermined
blanking interval, said blanking interval counter generating a

5 blanking signal for inhibiting the control circuit during the
predetermined blanking interval. )

10. The motor of claim 9 wherein the control circuit
comprises an RS flip flop responsive. during the preset periods
to the overcurrent signal for generating a control signal for
controlling the power switching devices so that each of the

5 power switching devices is nonconducting, the blanking intérval
counter providing the blanking signal and a window signal
defining the preset periods to the RS flip flop whereby during
the preset periods the RS flip flop generates the control
signal in response to the overcurrent signal except dur1ng the

(ﬁfo . predetermined blanking interval.

. "11. The motor of claim 7 wherein the preset periods
during which each of the power switching devices may be
nonconducting includes a first preset period of approximately
20 microseconds beginning with the energization of the windings

5 and wherein the predetermined blanking interval is
approximateiy one half of the first preset period.

12. The motor of claim 1 wherein the control circuit
controls the power switching devices so that each of the power
switching devices is nonconducting when the sensed current
exceeds a negativé peak current reference level during the

S preset periods and further comprising a pulsé width modulation
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wi thstand voltage is significantLyfTﬁﬁTBVéd*by“rhT3j++ghtly doped n- |ayer.
JThe forward conduction of diode-ZzgﬁTﬁg'ng 2 -C is acconplished by the
injection of carriers (electrical cha e} Repl dght | y doped region

wi t hout unduly affecting forward volt i odes 220A-C and 222A-C
are in conduction. At turn-off; a qua I ical charge is swept
fromthe I¢Eitoy78oped n- layer to establish current blocking i Qa2
220A- C and 222A-C. As the quantity of current be|ng'anducted,lnqrngafd,

t he ampunt of charge increases to ﬂ (zﬂ Hml m vol tage remains only a-
few volts reversed on di odes 220Ajﬂ' g uL ”ﬁ'" Ln sufficient charge has
been renoved to establish di ode bl ocking, the Yeverse voltage increases and
an additional quantity of charge is required to charge-the capacitance of

t he bl ockiegr¢uitt fon. pRdset widdlr ansariqtidigdhe quesr beding grtosr ifdeniv to

through st jeast one of the windings at a duty cycle having alternating '
on and off periods, said timing circuit defining the preset

periods to be a predetermined number of off periods after the
10 sensed current exceeds a positive peak current reference level.

13. The motor of claim 12 wherein the timing circuit
comprises a counter for counting the predetermined number of
off periods. ' '

14. The motor of claim 12 wherein the predeterminéd'
number is a positive integer greater than 1. '

15. A variable speed motor comprising:

a stationary assembly and a rotatable assembly in
magnetic coupling relation thereto, said stationary assembly
including windings adépted to be energized in at least one

5 preselected sequence; ' ' ' .

a power supply link for connectiné the windiﬁgs to a
power supply, said power supply link including power switching
devices for selectively energizing the windings in the

« preselected sequence by selectively connecting the power suppiy

10 - link to the windings to produce an electromagnetic field for -
rotating the rotatable assembly, said power switching devices
each having a conducting state and a nonconducting state; and

a current sensing circuit for sensing current in the
power supply link; _ -

15 . a current blanking'circuit_fof inhibiting the sensed
current for a predetermined blanking interval triggeréd by the
energization of the windings; and . '

_ a control circuit for defining a first:preset-périod
during-which each of the power switching devices may be

20 nonconducting and for controlling the power switching devices.
so that each of the power switchiﬁg”devices is nonconducting
when the sensed current exceeds a peak current reference level
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inverter bridge 210 at ;urn on. As shown in Fig. 2B, the diode recovery
cuarrent normally decaﬁ’?" HauBéeﬁlREplch@ws in the B and C wi ndi ngs when

switch 216B and smﬁfchJA cti'ng. .The notor w nding current
Fig. 2C shows the circulating currents

continues to flow throudsl
exi sting when switch 218C |s |n onconducting state. As described

above, tGENPY&FBoNtrol of systen11 turns off one of power sw3iamssiAD at
atinm (lower switch 218C C q&h auses a flyback CRATENR to
circulate through the conducti m (upper switch 216B) and one
of the flyback diodes (dlode such currents do not flow in
rail 214 and, thus,

during the first preset period except during the predetermined
blanking interval whereby current which circulates during

25 periods when only one power switching devi;e is conducting is
reduced. '

16. The motor of claim 15 wherein the power
switching devices comprise an inverter bridgé including a
positive rail and a negative rail supplied by the power supply
and wvherein the current sensing circuit comprises a shunt _
5 resistor for detecting'current in the one of the rails of the
power supply link.

17. The motor of claim 16 wherein the invertér
bridge includes free-wheeling diodes, each corresponding to one
of the power switching dev1ces, and wherein the shunt resistor.
normally carries a diode recovery current at energization, the

5 predetermined blanking interval exceeding an interval of time
corresponding to a time period during which the diode recovery
current decays below a predetermined level.

18. The motor of claim 15 wherein the current
i blanking circuit comprises a blanking interval counter
triggered by the energization of the windings for timing the
predetermined blanking interval, said blanking interval counter
5 generating a blanking signal for inhibiting the control circuit
during the predetermined blanking interval.

19. The motor of claim 18 wherein the current
sensing circuit generates an overéurrent signal in response to
the sensed current exceeding the peak current reference level
and wherein the control circuit includes an RS flip flop

S résponsive during the first preset period to the_ovefcurrent
' signal for generating a control signal for controlling the
power-switching devices so that each of the power switching
devices is noncondhcting, the blanking interval counter
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'R57 (or similar current sensor) |s unable to ‘observe these circulating

gurrents. In normal operation, ci¥ haiHn ea g&%s decay rapidly because
the nmotor back EMF opposes their f operation, however,
-C|rculat|ng currents are out of. po back EMF vol tage causes
themto increase rather than to decay y reversal of rotation at

start-up @eppeszout of position %ﬁi to a fallure‘tﬁ properly sen ﬁ;r#}%
0

position are exanpl es of abnormal 'ﬂm M w&; nc[ e35| ng
no ecaye

~currents. Generally, circulating c

. current regulate threshold occur - mhen ot br M irst started. At

' start-up, there is as great.a likelihood of the rotor position being in
advance of the intended field rotation as there is of it being behind.

- Qut - of - pogindvadinhg cthat blgnkingestignaleapdoducan e s gt Irderigiing fimd d
; 10 first preset period to the RS flip flop whereby during the
first preset period the RS flip flop generates the control

W a

signal in response to the overcurrent signal except during the
predetermined blanking interval.

20. The motor of claim 15 wherein the first preset
period is approximately 20 microseconds beginning with the
energization of the windings and wherein the predetermined
blanking inter#al is approximately one half of the first preset

5 period. |

21.- The motor of claim 15 wherein each of the power
switching devices is nonconduéting for a predetermined interval
of time when the sensed'cgrrent exceeds the peak current
reference level during the first preset period.

22. The motor of claim 15 wherein the control
circuit defines a second preset period during which each of the
power switching devices may be nonconducting and controls the

' power switching devices so that eaéh of the power switching

-5 devices is nonconducting when the sensed current exceeds a
negative peak current reference level during the second preset
peribd and further comprising a pulse width modulation circuit
for pulse width modulating the pbwer being provided to at least
one of the windings at a duty cycle having alternating on and

10 off periods, said control circui; defining the second preset

- period to be a predetermined number of off periods after the

sensed current exceeds a positive peak current reference level.

23. The motor of claim 22 further comprising a
counter for counting the predetermined number of off periods.

24. The motor of claim 22 wherein the predetermined
number is a positive integer greater than 1.
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forces a reversal in rotor rdhaSh@HMWREN JhS. jotor has started in a-

. direction opposite to the fiel c?om/pomer not or drives, such
currents are nmanaged by the ov UH 'Ing in power switches 110 and .
t he permanent magnets (not sho 12. However, in higher power

“nmotor drives, over rating the notor nagnets and\£5¥ﬁ¥ switches 110 is not
econom cagty §eagible. As described agﬁve, direct detection of gNqleRasi 0

circulating current by shunt R57 is n ﬂ”ﬂﬂﬂmm ver, cir gy Nmg
”’ mt.he PWM power swi tch

current is inferred by the response a y
(1 ower power switch 218Cin Fig. 2A). The iffefence -based on the :
expectation that had the current decayed nornmally, a period of tine after
PWMturn-on will be required before the current regulate threshold is
reached. If the cureént Theumstert lfesilaich 22 stheraliad ther iourremeri od

sensing circuit compriseé a bi-directional current comparator
for comparing the sensed current in the power supply link to
the poSitive and negative peak current reference levels.

. 26. The motor of claim 25 further comprising a
network for scaling the sensed current input to the current
comparator. o

27. The motor of claim 25 further comprising a
circuit for generating the positive and.negative peak current
reference levels and including an adjustable resistor network
having an adjustable resistance for varying thé positive and

5 negative peak current reference levels. ' '

28. A variable speed motor comprising:

a stationary assembly and a rotatablg assembly in
magnetic coupling relation thereto, said stationary assembly
including windings adapted to be energized in at least one

5 preselected sequence; ' '
a power supply link for connecting the windings to a
‘;f power supply, said power supply link including power switching
' devices for selectively energizing the windings in the
preselected sequence by selectively connecting the power supply
10 link to the windings to produce ‘an electromagnetic field for
rotating the rotatable assembly, said power switéhing devices
each having a conducting state and a nonconducting state;
~ a pulse width modulation circuit for pulse width
modulating the power being provided to at least one of the
15 windings at a duty cycle having alternating on and off periods;'
a current sensing circuit for sensing current in the
power supply link; o - |
- ' a current regulation circuit for controlling the
power switching devices so that when the sensed current exceeds
20 a first peak current reference level each of the power
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i medi ately foll ow.ng turn- onTImtSheemHhsmeeﬁ Reéplacddhat the circul ati ng current

, did not decay and, thus, that
" For these reasons, the di odé r
i medi ately at 12 turn-on co a

d|t|on exists, is inferred.
which flows in inverter 210
|nference of an

»out-of -position or othefw se abnor |rculat|hg current In system 100.
Fig. 2D iIIust gEﬁs current flow ng back to po 128 fr e

wﬁndings

of power smntcheﬁ“ﬂ 18A—C are not gg%gﬁ%??%ﬁ.
1f both of upper sw tches 216A-C an 218A—C are turned

of f,then the currents in the wi nding$ are

10

ough two flyback diodes

switching devices is nonconductihg after a predetermined number
of off periods whereby current which circulates during periods
when only one power switching device is conducting is
controlled. |

29. The motor of claim 28 further comprising a
counter for counting the predetermined number of off periods.

30. The motor of claim 28 wherein the predetermined
number is a positive integer greater than 1.

31. The motor of claim 28 wherein the power

.switching devices cbmprisé an inverter bridge including a

positive rail and a negative tail.suppiiéd by the power supply
and wherein the current sensing circuit comprises a shunt
resistor for sensing current in one of the rails of the power
supply link. '

32. The motor of claim 28 further comprising a
timing circuit for defining'a first preset period during which
each of the power switching devices may be nenconducting, said
timing circuit defining_the.first preset period to be the

. predetermined number of off periods after when the sensed

current exceeds the first peak current reference level, said
current regulation circuit controlling the power switching
devices so that each of the power switching devices is
nonconducting when the sensed current exceeds a second peak
current reference level‘during the first preset period.'

33. The motor of claim 32 wherein the current
sensing circuit comprises a bi-directional current comparator
for comparing the sensed current in the power supply link to
the first and second peak cﬁrrent reference levels.
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(di odes 222B and 220C), shunt resistor R57 and a bul k capacitor (not shown)
,connected across rails 212 and 214. Current passes through shunt R57 in.
the reverse direction until all of the energy stored in the windings is
extracted. Since the current through shunt R57 is now of an opposite
-polarity, voltage across shunt F m-Sto +Sis essentially positive.
Ther ef or g N";tb@ f?m circul-ating currents uced to an accepy: fi.ta—%wz
u

| evel . Flg strates bi- d|re rrent conparator ci rpA4gNE40 |

det ai | |nclud|ng a pair of reS|st 4@@? rks 308 and 310 for
effecting control of peak current. " BE-der conparator 140 senses the
peak current reference conmand | QUT provi ded by*ASIC 104. The signal |QUT

is a variable duty cycle signal representative of the peak current or
torque requirenent @k.nothe hbdZorAsfdedeindadd Fhether comprising a

network for scaling'the sensed current input to the current
comparator. '

35. The motor of claim 33 further comprising a
circuit for generating the first and second peak current
reference levels and including an'adjustable resistor network
having an adjustable resistance for varying the first and

5 second peak current reference levels. '

36. The motor of claim 28 further comprising a
control circuit for defining a second preset period during
which each of the power switching devices may be nonconducting
and wherein the current sensing circuit generates an _ '

5 overcurrent signal in response to the sensed current exceeding
the first peak current reference level, wherein said control
circuit includes a current blanking circuit for inhibiting the
overcurrent signal during a predeterm;ned blanking interval
triggered by the energization of the windings, and whereiﬁ each

10 of the power switching devices is nonconducting in response to
the overcurrent signal whereby the power switching devices are

. nonconducting during the second preset perlod except durlng the
predetermlned blankzng interval.

37. The motor of claim 36 wherein the power
switching devices comprise an inverter bridge having a positive
rail and a negative rail supplied by the power supply and
including free-wheeling diodes, each corresponding to one of

5 the power switching devices, and wherein_the rails of the power
supply link normally carry a diode recovery curreht at
energization, the predetermined'blanking interval exceeding an
interval of time corresponding to a time pericd during which
the diode recOver& current decays below a predetermined level.

—
———
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vol tage is devel oped across shunt resistor R57 by current supplied to the
w ndi ngs of notor 112. In this manner, system 100 senses notor phase
currents by the current flow ng through shunt. resi stor R57 when power is

bei ng exchanged from power supply—%zaeLg“gglg%Hifiﬂind vice versa. A pair
of conparators_ 312 and 314 respond to the nor rents deliy [ fraom

t he bul k Qfa’ba%ﬂ%)r to notor 112 a "ﬂ, he reverse curr 14 ed
fromthe notor inductance back to t{ﬂm mw r when both power
switches 216A-C and | ower power 'swi't chest first turned off. As

shown in Figs. 2A-D, +S and -S define the positive and negative dir.ections
of current in shunt R57. The divider netmnrks 308 and 310 bias the

conparators 312 d3§14 The motor of claim 36 wherein the current
' blanking circuit comprises a blanking interval counter
triggered by the energization of the windings for timing the
‘predetermined blanking interval,,K said blanking interval EOunter
5 generating a blanking signal for inhibiting the control circuit
during the predetermined blanking interval.

39. The motor of claim 38 wherein the control
circuit comprises an RS flip flop responsive to the overcurrent
signal for generating a centrol signal for controlling the

. power switching devices so that each of the power switching
5 devices is nonconducting, the'blanking interval counter
providing the blanking signal and. a window signal defining the
second preset period to the RS flip flop whereby during the
second preset period the RS flip flop generates the control
signal in response to the overcurrent signal except during the
10 predetermined blanking interval.

40. The motor of claim 36 wherein the second presét
period is approximately 20 microseconds beginning with the
energization of the windings and wherein the predetermined

. blanking interval is approximately one half of the second
S preset period. '

.

-~
S0,
.

41. The motor of claim 36 wherein each of the power
switching devices is nonconducting for a predetermined interval
of time when the sensed current exceeds the first peak current
reference level during.the second preset period.

42. . A method of operating'a system for driving a
-rotatable component, said system comprising a motor having a
etationary assembly and a rotatéble'assembly;in magnetic
coupling relation thereto, said stationary assembly including
5 windings adapted for energization in at least one preselected
sequence, said rotatable assembly in driving relation to the
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13 into a conmmon node range. Resistors R6, R7, R11 and R12 and a capacitor
C4 formdivider network 308. Similarly, resistors R2, R3, R13 and R14 and a
capacitor C3 form di vi der network 310. Wen resistors R4 and R5 are pul | ed
positive, networks 308 and 310 are upset in a direction so that an increase
1n the absolute current in shunt R57 (negatively for conparator 312 and

posi tivel ggNorgogpar at or 314) t ause a low transition of theg goE 98239 _
out puts 316 and 318 of conparato?gggiﬁ“aﬁd‘314‘\Lespect|ver I E
words, the voltage at -S is nore th respect to common or '
p05|t|vely directed currents or t QM |s nore positive with
respect to comon for negatlvely drrec Li kewi se, when
resistors RLO and R15 are pulled positively, netﬁorks 308 and

rotatable component, said motor also having a power supply link

for connecting the windings to a power supply, said power
supply link including power switching devices each having a
'10 conducting state and a nonconducting state, sa1d method
' comprlslng the steps of
selectively energizing the windings in the
ptéselected sequence by connecting the power supply link to the
windings to produce an electromagnetic field for rotating the
15 rotatable assembly; and
regulating current by defining preset periods during
which each of the power switching devices may be nonconducting,
sensing current in the power supply link and controlling the
power switching devices so that each of the_powgr switching
20 devices is nonconducting when the sensed current exceeds a peak
current referencé level during the preset periods.

43. The method of claim 42 further comprising the
steps of generating an overcurrent signal in response to the
sensed current exceeding the peak current reference level and
inhibiting the overcurrent signal during a predetermined

.. 5 'blanking interval triggered by the energization of the
windings, and wherein each of the power switching devices is
nonconducting in response to the overcurren;-signal whereby the
power switching device are nonconducting during the preset
periods except during the predetermined.blanking interval.

»

44. The méthod of claim 42 further comprising the
steps of pulse width modulating the power being provided to at
least one of the windings .at a duty cycle hav1ng a1ternat1ng on
and off perlods and controlllng the power switching devices so

5 that each of the power switching devices is nonconducting when
the sensed current exceeds a negative peak current reference
level during the preset periods, said regulating current step
def1n1ng the preset per1ods to be a predetermlned number of off.

Sheet Has Been Replaced
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310 are upset in a dlrectlon-feqU‘Tlng a_decrease in.the absol ute current
.in shunt- R57 to cause a high: to mghﬁ§ﬁ§hkqmmabf the connected outputs 316

and 318. Qutputs 316 and 318: ected at a node 320 and
provide a signal IREGto ASI@ ve of an overcurrent
"condition. Preferably, IREGis. I OM/mhen current in shunt R57

exceedi nGEMEZAZ rent regul ate thresg Id SystemTHKTTegulatesoglm@u@q@@ng

current in notor 112 .by turning off ﬂp"m he wi ndi PaATENT =
response to | REG being | ow during a OM/Of time (described

in detail wth respect to Fig. 4). ‘Fig. 3 fbrﬂhem strates a

potenti oneter 322 including a resistor RL8 for adjusting the maxi num
current threshol d val ue through the.adjustnent afforded by the resistors
R10 and RE¥iodf %‘f%ﬁtFB%?@PSSQZCHEFG“FoeaaeeQSaaePOSItlve peak

10 current reference level.

45. A system comprising:
a rotatable component; . _
a motor having a stationary assembly and a rotatable
assembly in magnetic coupling relation thereto, said statipnary
5 assembly including windipgs adapted to be energized in at least .
. one preselected sequence, said rotatable assembly being in
driving relation to the rotatable component; _
a power supply link for conhecting the windings to a
power supply, said power Supply link including power switching
10 devices for selectively energizing the w1nd1ngs in the
preselected sequence by selectlvely connecting the power supply
link to the w1nd1ngs to produce an electromagnetlc field for
rotating the rotatable assembly, said power sw1tch1ng devices
each having a conducting state and a nonconductlng state; and
15 . a current regulation circuit including a timing
.~ ecircuit for defining preset periods dhring which each of the
power switching devices may be nonconducting, a current sensing
‘circuit for sensing current in the;power supply link and a
control circuit for controlling the power switching devices so
20 that each of the power sw1tch1ng devices is nonconducting when.
' the sensed current exceeds a peak current reference level
durlng the preset periods. '

46. ' An application-speeific integrated circuit

(ASIC) for use with a motor having a stationary assembly and a
rotatable assembly in magnetic coupling relation thereto, said
Stationary assembly including windings adapted for energization

5 in at least one preselected sequence, said moter further having
a power supply link for connecting the windings to a power
supply, said power supply link including power switching
devices for selectively energizing the windings in the
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bi -directional conparator 140 by:s%%ting a maxi mum current -magni t ude.
.Conparators 312 and 314 signal tHhat f egfReplticegUr r ent has exceeded the
peak regul ate current threshol d- by ut put at 316 and 318
(IT1REG low). In response to a low IR g the predeterm ned

‘Wi ndow of tine, each of power switches 110 are nonconducting until the

over curreggNcorRgiztion is reduced.-lz 1 enbodi nent, eagh-pb-poyer
14 switches 110 are nonconducting f "ﬂmllﬂkmm&u det er m ned pAPBERT of
time in response to the abnornal ¢irculatin s eM¥l condition. As

descri bed above, system 100 essentially infers the

preselected sequence:by selectively connecting the power supply
10 link to the windings to prbduce an electromagnetic field for
rotating the rotatable aSsembly, said pdwer_switching devices
each having a conducting state and a nonconducting state, said
ASIC comprising: ' .
a timing circuit for defining preset periods during
15 which each of the power switching'devices may be nonconducting;
a circuit for sensihg current in the power supply
link; and o . '
a control circuit for controlling the power switéhing
devices so that each of the power switching devices is
20 nonconducting when the sensed current exceeds a peak current.
reference level quring the presét periods.

_ 47. A current regulation circuit for controlling
excessive circulating currents in a power supply link of a
variablé speed motor having a stationary assembly and a
rotatable assembly in magnetic coupling relation thereto, said

5 stationary assembly including windingé adapted for energization
in at least one preselected sequence, said power sﬁpply link
connecting the windings to aléower suﬁply and including power

L switching devices for selectively energizing the windings in

| the preselected sequenée_by selectively connecting the power
10 supply link to the windings to'producé an electromagnetic field
for rotating the rotatable assembly, said power'switching
devices each having a conducting state and a nonconducting
state, said current regulation circuit éomprising: ]
a timing circuit for defining preset periods during
15 which each of the power switching devices may be nonconducting;
a circuit for sensing current in the'power supply
link; and ' ' '
a cohtrol circuit for controlling the power switching
devices so that each of the power switching devices is
20 nonconducting when the sensed current exceeds a peak current
reference level during the preset periods whereby current which
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exi st ence* of-~abnormal circul ating currents when an overcurrent condition
exists in a period of time i medi at i,y sfiel Ha9BEAReplated- 0N of power switches
*110. However, a PWMcircuit al so cont mentary delivery of
current to shunt R57 due to the di odenlmmmﬂ ent. The di ode recovery
current, caused by the forced turan-of ck recovery di odes

220A-C agnggaAsc protecting pomé? SMAtCh 6Ae£;and 218A—Co3yﬁn¥xquhe
i nst ant aneous circul ating current ubstantlal amount. ThuEATENDde
recovery current being added to i ,w ter at turn-on, even
when the wi nding current has deoay he i nference of abnor mal

circulating currents. The conventlonal nean% fbr*preventlng an incorrect
response, nanely a fal se indication of -abnormal circulating currents, is a
conbi nat cdrcofl at@sadiurdng ifewirady when mninmne pevetgktaiing odevige

conpar at 9¢. conducting is regulated.

48. A method of operating a variable speed motor,
said motor having a stationary assembly and a rotatable
assembly in magnetic coupling relation thereto, said stationary’
assembly including windings adapted for energization in at

.5 least one preselected sequence, said motor also having a power
supply link for connecting the wihdings to a power suppiy, said
‘power supply link including power switching devicee eech having
a conductlng state and a nonconductzng state, sa1d method
comprlslng the steps of:.
10 ' selectively energizing the windings in the
preselected sequence by selectively connecting the power supply
~link to the windings to produce an electromagnetlc field for
rotating the rotatable assembly,
_ _regulating current by def1n1ng preset periods during
15 whlch each of the power switching devices may be nonconductzng,
sen51ng current in the power supply 11nk and
controlling the power switching devices so that each
.0of the power switching devices is nonconducting when the sensed
current exceeds a peak current reference level during the
20 preset periods. '

rd "\:

49. A method of operating a variable speed motor,
said motor having-a stationary assembly and a rotatable
assembly in magnetic coupling relation thereto, said stationary
assembly including windings adapted for energization in at

S5 least one preselected sequence, said motor also having a power
supply link for connecting the wiﬁdings to a power supply, said
power supply link including power switching devices each “having
.a conducting state and a nonconductlng state, .said method .
comprising the steps of: _ .

.10 selectively energizing the windings in the
preselected sequence by selectively connecting the power supply

34



—————
——

As describéd i'n detail below, system 00 advant ageousl y exenpts a
_predeternmined interval of time (approx} fk&m@ qEgseconds) from
“observation of shunt R57 i medi ately f transi stor (power
switch 218C) being turned on as an alt Lﬂm ﬂﬁ.w filtering current
*conparator 140. A timed blanking interval at t n-on of the PWM peri od

i s designggytegprgnore the output of current conparator 140 untigl3-20-6472
sufficient tinme has el apsed for diode recovery current to decapaTeNT he
sensed current still exceeds the thr Hﬂ" he conclusion of the .
predeterm néd bl anking interval and mnl—lm Hmﬂﬂm erm ned wi ndow, then a
condi tion exists requiring that both pover ‘deVi cés tfupper switch 216B and

| ower switch 218C) be turned off to bring the current under control. In
this respeimk tortbet wisdihgsi 60 produkiecaad eﬂyeemmmaa;xecﬁfc dlile ldf fmwer

switches 10, i BeEnbh3Btatable assembly;
sensing current in the power.supply link;

15 - inhibiting the sensed current for a predetermined
blénking interval triggered by the energization of the
windings;

defining a preset period during which each of the
power switching devices may be nonconducting; and

0 ~ controlling the power switching devices so that each
of the power switching devices is nonconducting when the sensed
current exceeds a peak current reference level during the
preset period except during the predetermined blanking interval
whereby current which circulates during periods when only one

25 power switching device is conducting is reduced.

50. A method of operating a variable'speed motor,
said motor having a stationary assembly and a rotatable
assembly in magnetic coupling'relation thereto, said stationary
_assembly including windings adapted fer energization in at

5 least one preselected sequence, said motor also having a power
supply link for connecting the windings to a power supply, said
( . power supply link including power switching devices each having
a conducting state and a nonCOnducting state, said method
comprising the steps of: _

10 . selectively energizing the windings in the
preselected sequence by selectively connecting the power supply
link to the windings to produce an electromagnetic field for
rotating the rotatable assembly;

pulse width modulating the power being provided to at
15 least one of the windings at a duty cycle having alternatlng on
and off periods;
sensing current in the power supply.link; and
controlling the power sw1tch1ng devices so that when
the sensed current exceeds a peak.current-reference'level each
20 of the power switching devices is nonconducting after a
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15 JUSt one as woul d be the response fq PMNIoperatlon and abnor nmal

C|rculat|ng currents are reduced. F@fer ig. 3, .the
"determination that circulating currents rent regul ate :
threshold is also conplicated by electri ent in every switch
*node power circuit. The differential node capaC|tors C3 an C4 assist in .
the filteggngeofhzel ectrical noise ::mm circuit 140. 03-L0-6472
Advant ageousl y, capacitors C3 and 4@“@@ nber, | ocatpamsnand of

| esser val ue than the capacitors 'whi'ch‘woul ‘se be necessary if the
purpose was filtering diode recovery current: .

predetermined number of off periods whereby current which
circulates during periods when only one power switching device
is conducting is reduced.

S1. A method of operating a variable speed motor,
said motor having & statiohary assembly and a rotatable
assembly in magnetic coupling relation thereto, said stationary
assembly including windings adapted for energization in at

5 least one preselected sequence, said motor also having a power
supply link for connecting the wiﬂdings to a power supply, said

' power supply link including power'switching devices each having

a conducting state and a nonconducting state, said method
comprising the steps of: '
10 selectively energizing the windings in the
' pfeselected.sequence by selectively connecting the power supply
link to the windings to produce an electromagnetic field for _
rotating the rotatable assembly, _

deflnlng by an appllcatlon spec1f1c 1ntegrated

15 circuit preset periods during which each of the power sw1tch1ng
devices may be nonconducting; '

‘sensing current in the power supply'link; and

controliing the power switching devices so that each
of -the power~éwitching'devices is nonconducting when the sensed

20 current exceeds a peak current'reference level during the
preset periods.

52. A method of regulating current for controlling
excessive circulating currents in a power supply link of a
variable speed motor, said motor'ﬁaving a stationary assembly
and a rotatable assembly in magnetic coupling relation thereto,
S said stationary assembly including windings adapted for
energization in at least one preéelected sequence, said power
supply link cohnecting the windings to a power supply and
- including power switching devices for Seléctively energizing
"the windings in ;he preselected sequence by_selectively
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Fig. 4 illustrates a preferred enbodi nent of control circuit 142 inel udi ng

a ripple counter 410 for timng the blanking interval. Preferably, the
‘blanking interval is predetermined to be 11.2 to 12.8 m croseconds in

duration to allow the normal decay of—diede-recovery current. The ripple
~counter 410 is conprised of Dflip flfjii (DFF) 412, 41%, 416 and 418 and is

pref erabl y\GBN a3l at 625 kHz by a cl gfmmlmmm mput at %FEngégﬁTGAAQ

the end of the diode recovery current
initiates a window of tinme (ALL OFF SET for setting an ALL OFF
condition. Only during the ALL OFF SET VVh[KNVdoes t he acknow edgnent of a
l ow | REG signal fromcurrent conparator 140 initiate the ALL OFF condition .
commandi ng each of power switches 110 to be nonconducting. By defining the
wi nddy, - cAMnEcYUNE ddssinaWeressuPRlyr hinki teuthef windingsi tg predete an

peri ods C“Elé&kﬁﬁﬂéﬁhé%ﬁ%’fleld for rotating the rotatable assembly, said
o power switching devices each having a conducting state and a
nonconducting state, said method comprising the steps of:
defining preset periods during which each of the
15 power switching devices may be nonconducting;
sensing current in the powér supply link; and
controlling the power switching devices so that each
of the power switching devices is nonconducting when the sensed
' current exceeds a peak current reference level during the

20 preset periods whereby current which circulates durlng periods
when only one power switching device is conducting is
regulated.

—
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T

37



W

of'thé power switching devices 110 may be nonconducting. Preferably, the

wi ndow i s equal in duration to the diode recovery current blanking interval é;

because the DFF 420, which is an extension to ripple counter 410, causes

/

ri pple counter 410 to count twice. In the enbodinent illustrated in Fig. 4,

- DFF 420 provides the ALL OFF SET WNDOWvia line 422. An RS flip flop
- ( RSFFY 42@ goqgﬁgsed of NOR gates 426 and 428 stores-ALL C»UCI¥b§ugﬁ;gu72

The blanklng i nterval. term nates when the out put 16 signal opadfT 41
goes low at line 430 whichin turn causes the output of a gate 432 to go
high at line 434. The hi gh output -

APPARATUS AND HETHOD'FOR DETECTION AND CONTROL
OF CIRCULATING CURRENTS IN A VARIABLE SPEED MOTOR

STRACT

A current regulation circuit for a variable speed
5 motor. The ﬁotor includes a stetienary assembly ha#ing

wvindings adapted for energization in at least one preselected
'sequence and a rotatable assembly in magnetic coupling relation
to the stationary assembly. A power supply link connects the
windings to a power supply and includes power switching devices

10 for selectively energizing the windings in the preselected
- sequence byiselectively connecting the power supply link to the
windings to produce an,eleetromagnetic field for rotating the
rotatable assembly. The power switching devices each have a
conducting state and a nonconducting state. The current

15 regulation circuit includes a timing circuit, a current sensing

| circuit and a control c¢ircuit. The timing circuit defines
preset periods during ﬁhich each of the power switching devices
may be nonconducting. The current sensing circuit sensee'
current in the'power supply link. The control circuit controls

(”30 . the power switching devices so that each of the power switching

dev;ces is nonconductlng when the sensed current exceeds a peak
current reference level during the preset periods. In this
manner, the current regulatlon circuit controls current which
circulates during periods when only one power switching device

25 is conducting. - o

FIG'-]‘. HasBeenRilaced ﬁéal\:\‘q -~ O
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at’ Iihe 434 causes the output of a gate 436 to go high at line 438, thus,
.signaling the end of the pfedeternined blanking interval. |In this manner, ;
a gate 440 is free to reflect at line 442 the inverse of | REGBAR The o

~signal IREGBAR is input to the gate 440 at line 444 and represents the
"inverse of the | REG signal output from b'i'igzirr ectional current conparator
140: Thus, the output of gate 440 at |ine 4£ represents-the | REG signal
when a logic level high is present at |ine 438. Preferably, control circuit
142 further includes a gate 446 which pefmts.the ALL OV OFF status of RSFF
424 to be reset during the tinme that thelo tQHt of DFF 420 at. |ine 422
remains |ow (the ALL OFF SET WNDOW . In obm.{ jwor ds, the gate 446 has a
hi gh output via line 448 when the I REG sf.g@alnif | ow during the ALL OFF SET

W NDOW An AND gate 450 ensures that thg.r %:q“"\b,&t\v\een a subsequent | ow I.HEG
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~signal and reset of DFF 420, is not falsely seen as.a condition to reset
t-he ALL ON OFF status of RSFF 424. The PWWB signal’ represents the inverse
of the PWM signal. RSFF 424 sets the ALL OV OFF status byaypower-on- reset
signal POR or by a high IREG signal along with the storage = a DFF 452 of
a begin PWM signal BPWM In a preferred Rbddi ment. of thégi vention, the
BPWM si gnal mrands the begi nning of a commutation sequeamc dis
~generated ei fher YWy the timng out of an oftimer ci rcui ¢ Thig Shown) or
by conmut at i 0,1 he next w nding. The offEﬁiner circuitgi & preftarably

i ncl uded in IC‘fb4 and regul ates the currgnt in the mﬁnﬁdﬁbs not or 112
as a ffunctrorf of the peak current-referenceiyalue | QUT by tMeHi of f power
to ea¢h of t 2mﬁndings for a predeterm ned Yanount of tine Jaged’ on t he
i nt er jal Asn Zer Q~Lr ossi ngs. > ! :
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Fig. "4 further illustrat es an RSFF 454 enbodying a PWM | atch. The RSFF 454

_is conprised of NOR gates 456 and 458. As described #bove, the DFF 452

stores the request to be in 17 PM\WM DFF 452 clears the stored BPWI
signal when both the ALL OV OFF status |latch (RSFF 424) and the PWM | atch
* ((RSFF 454) acknow edge this request through a gate 460. Under specif'ic
condi ti ons, signal ATFS may be input 3grg gate 462 at | d1464 to force
t he PV\MIat-/g (RSGF 454) to be reset. The -PWdJ atch (RSFF-ARM)Ei s al so
reset by a’l A OV OFF status at line 466 -er a | ow | RE® § ¢Pal ter

conpl etion pf theSdi ode recovery current bl anRing intervak. ~gh | at ch
( RSFF : ; =3 _
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is set simlarly to the ALL ON OFF status |latch (RSFF 424) by a high | REG -
signal along with DFF 452-storing the BPWM signal. Tf®& inverse PWM si gnal
PWB provides a reset to ripple counter 410 for the tine that current drive
of motor 112 is turned off either due to a PWM off condition or an ALL OFF
~condition. Wen PWB is |ow, the one of power sw.tches 110 bei ng pul se
wi dt h nodul ated turns on (€.g., Iower“if r switch 218C in Fi.g. 2B).
Further, rippl@. counter 410 re-initiates timng of the diéﬂ r gbovery
current bl anki{ilg iRserval in response to PWJDeing | ow. Ynoth manner,
ki ppl e counter ~synchroni zes the bl anki ngnterval wit8 the\begi nning of
the PWM on con iti on. Figs. 5A-B shows anot héf enbodi nent<ofdtHe present
tnventipn in b} gck and schematic di agram forn‘ Shunt R57 g,etgectsﬁ@rent

' % ndi ngs of notor 112 when one ' @7(\.3 ~
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of upper ,switches 216A-C and one of |ower. switches 218A-C are conducting or
when both of these devices are turned off and force feverse current t hr ough
two of flyback di odes 220A-C and 222A-C, the bul k capacitor and shunt R57.
As shown in Fig. 5A, a bi-directional conparator circuit 510 senses current
- from power supply 128 and sets a neda®fi@e current linit threshold with a
“conparator 512 and a positive current limt threshold wit C ar at or
514. The conpBrators 512 and 514 have outputs at |ines 51a agdibhl8,
respectivel y. A nthis enbodi nent, conparat@s 514 detects car Pentoehimt
when the curr 4 shunt R57 is in the normal positive dif et and
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18:signal-at {ine 518. Likew 'se, conparator 512 detects a current limt
- whén the current in shunt/R57 is in the negative direction and indicates a
negative overcurrent condition with a | ow output -signal at line 516. As

.described above, an overcurrent condition in shunt R57 in the positive
direction does not necessarily |nd|03&% figncreasing circulating currents due
en the positive direction current

to an abnornal operating condition
exceeds the current regul ate threshold during the ALL OFF SET WNDOW one
can infer that the overcurrent condition is due to abnormal circul ating

currents. The presence of abnormal circulating currents can al so be
inferred fromthe magnitude of reverse currents flowi ng in shunt R57 when

bot h conducting devices of power switches 110 are first turned off.

However, if all o1upomerfsmntches 110 are turned
‘W
S 5
? R 4
~. ~N\M— MW
7 1 A
s o~ SN
J O
u .
W * “M@§
ay | z °
. W W
AN—
x
w H
o~ _
-,('c(\ ———AAN—4
AN— X &
\ B 1L WS
] Ta o
JA
IM_O .
v N
o : ~ 8
- : -~ I——
p—ANN— 4 )
r I -
W 8
0~ - by
(s r)\ . P { &4 . - ‘f N
- <]—--!N‘ 0 %n‘ + » x
. ’ (\< - @
' 6 W w
P o~ -
o [ bl A
| - | A
. : W) D N
o R
B d
S m O ~
> B m 2
AT s O
2z 4 3 -
;"1 o W 2 A
»r Z A £
. ® . ~ P
L — _ n
P o N
p

\\\\\\\\\\\\ii'f\ii‘\‘i\ﬁT“



3

of f eéch time an overcurrent cohdition I's detected in the positive
,direction, performance w IT be degraded. That is, the‘peak-to-peak.ripple

current in the winding will increase so that the average current wll
~decrease for a given peak current. Additionally, switching loss in the
power devices will increase. Accordichg@ to this gliernative enbodinent of-
th of gate turn-off evenfs duﬁ% pul se w dth ‘
‘modul ation is ¢ after detection of a p05|L ve r ent exceeqlng t he
current_regul y, 1 f upp swixt £h{2T6 J§’nornally
conducting and |o svmt(uf 218C i s beilng | sep @i d | at eflo gddi ti onal
corftrol circditry|$520 cou@ss thke turn-dffsfpf 'deWEd%s in fhe current
carrying path (s Ches Zf@ an 8C) .| ALlY of pf rns’i?\/i'ate-he& llOlarethen
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nonconducting state for regul ating current.

3

Referring to Fig. 5B,

t he

~ out put of bi-directional :Conparator 510 is input to & drive enabl e/ di sable
circuit 522 which can disable all of gate drives 108 sinultaneously after n-

«turn-of f events follow ng detection of ;a
‘this. preferred enbodi nent,

a logic trafdation

nsitive overcurrent condition.

In

19 circuit 524 conprised

of a NOR-NOR network decodes the gate signals to a single PWM signal
line 526. A divide-by-n circuit 528 constitutes a tinmng circuit which

counts the nunber of PWMturn-offs,

line 530 every n turn-offs. In the enbodinent illustrated in
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Fig. 5B, a counter, such as a shift register 532, and~a one- shot circuit
, 034 constitute the divide-by-n circuit 528. The outputs of the one-shot
circuit 534 at line 530 and bi-directional conparator 510 at |line 516 are
“(input to the drive enable/disable mlwng6f§22 t hrough an AND gate 536. In
turn, drive enable/disable circuit 522 'disables all of gate drives 108 for
turning off each of power sw tches 110-m4p&¢aneously after n turn-off
events when either the PWMn signal is hi or the negative linmt control
signal from conparator 512 is low (indie igg an overcurrent- condition in
t he negative.direction). An AND gate 538 ¥n conbination wth another
. one-shot circuit 540 provide a signal indidating wiith gate drives 1§08 are
“re-enabl ed by an acceptable condition on t E‘gyrre t limt circuits| of

bi -directional conparator 510. The signal Mia®ine}542 is input to jan AND
gate 544 along-with _ , :
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the§output of comparator 514 inverted. The gate 544 in turn pnﬂ??ﬁ%igﬁ

i nput signal to a UECM 546 at a voltage regul ation pin VREG. The UECM 546
generates signals for controlling gate drives 108.1.

switches 110. The overall result of this dIVId% bynh?sﬁﬁérﬁ@W7$EEEﬁ%t e
performance of motor 112 will not degradq as cl Bssehptiomutaail ! biot paged 3.
conducting power switches 110 were turned ofqu etizgaGh PV#dsstiribke fdgsd 32.
n=l case). Also, a degree of safety and protecti B fraom@Ebnprcedl . to paged Y1
circulating currents is achieved w thout having gontifgous: Kinewl Bogepgkdtihe
notor winding currents. Preferably, n is an inffeger determ ned as a

function of the acceptable anount of tinme that |sys; r%ﬁy e nd to
circulating currents. This tine depends on para Xﬁﬁﬁgkﬁgg%bl %'%Hhtﬁ"“wfnr

e e DT e IO T ™ 1T OT

112 that regulate the rise time of the currents in the mnndlngs such as
t he wi ndi ng resistance,

VARIABIE S (0] D_C )

ERd

Background of the Invention

This invention generally relates to any controllable,
variable speed motor and to a current regulation circuit for
controlling circulating currents in. the motor and,
particularly, to a current regulation circuit for detecting and
controlling circulating currents in the motor with a bi-
directional current sensing circuit.

A variable speed motor system according to the
present invention typically includes a brushless DC motor.
having an inverter bridge for driving the motor. The inverter
bridge has a number of power switching devices with a flyback
diode coupled to each of the devices and is used to connect the
motor's windings to a power supply through a power supply link.
The power supply link has positive and negative rails-
connecting the motor to the power supply. Generally, two
windings of a three-phase motor are energized at a time and the
poﬁer is pulse width modulated for control purposes. Such a
motor system provides pulse width modulation (PWM) of the power
to the windings by turning on and off one of the power
switching devices. Under the normal PWM control scheme, the
motor system turns off one device at a time which causes a
flyback current to -circulate in the inverter bridge. Such
circulating currents result from energy stored in the phase
winding inductances and flow through one power device and one

REPLACEMENT SHEET |
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20 wi ndi ng inductance, and the back EMF. For exanple, if the PWM period is
50 i croseconds, and a designer of system 100 thinks that trouble can occur
in 225 m croseconds, then the disabling sequence preferably occurs after no
norg than four PWM periods. In this exanple, nis set to be |less than or
equal to four. Referring again to Fig. #, yet another enbodi nent of the

I nvention conbines the features of the preferred enbodi nent of Fig. 1 and
the preferred enbodigent of Figs., SA-B. As shown in Fig. 4, an input ALCFF
to RSFF 42431BA8viBelhg éNjﬁ‘éFe?oni%%%ttng RRERA L°Ef\l'/gﬁ’r—°%-t fSulgtine
(RSFF 424) cuFeenexadptey tapidlyFbesagsal thepnesent sack elermauodiive

overvoltag?brce (EMF) opposes their flow. 1In abnormal operation,

however, circulating currents are out of position and the back
EMF voltage causes them to increase rather than to decay which
can result in damage to the current-carrying power devices as
well as to the motor's permanent magnets. A momentary
reversal of rotation at start-up or being out of pesition due
to a failure to properly sense rotor position aré'éxamples of
abnormal operation causing increasing circulating currents.

Generally, current sensors are required in all phases
of the motor to determine what currents are in the motor.
Further, systems employing only a single current sensing
element are unable to detect circulating currents.because they
cannot be observed in a shunt resistor (or other current
sensor) in the power supply link.

Brushless DClmotors are disclosed in U.S. Patent No.
4,757,241 and application Serial No. 08/108,328, filed August
18, 1993, both of which are commonly assigned with the present
application and the entire disclosures of which are

incorporated herein by reference in their entirety. A copy of

USSN 08/108328 is available in the dossier of this European
Application.

Summary of the Invention

Among the several objects of this invention may be
noted the provision of an improved current regulation circuit
for a variable speed motor which permits use of a single
current sensing element; the provision of such a current
regulation circuit which permits detection and control of
-abnormal circulating currents in the motor; the provision of
such a current regulation circuit which prevents false
indications of abnormal circulating currents due to diode
recovery currents; the provision of such a current regulation
circuit which provides a degreé of safety and overcurrent
protection fromsabnormalucircglating currents without having

02 JUL B9




under speed or other condition for which turning off power swi tches 110 may
be required. In the alternative, the. ALOFF signal represents a PW! n signal
and ASIC 104 perforns the divide-by-n strategy described above w th respect
to Rigs. 5A- B. In this enbodinent of the invention, ASIC 104 counts the
nunber of PWM turn-off events by counting the nunber of high pul ses of the
PWWB signal. Thus, ASIC 104 perforns the functions of |ogic translation
circuit 524, divide-by-n circuit 528 and drive enabl e/disable circuit 522.
In view of the above, it will be seen that the several objects of the

I nvention are achi eved and ot her advantageous results attained. As various

changes c%&gﬁhme Q%Jl;é%[%%b%?fec%%“%%% WHﬁiﬁgdcﬁgEgR?g-‘% Ot
departing fromthe scope 0 e ITnvention, it 1S IRtende %571 S Hat t er
cont ai ned ipraviceion of such a current regulation circuit which is
economically feasible and commercially practical.

Briefly described, a variable speed motor according
to the present invention includes a stationary assembly having
windings adapted for energization in at least one preselected
sequence and a rotatable assembly in mégnetic coupling relation
to the stationary assembly. A power supply link épnnects the
windings to a power supply and includes power switching devices
for selectively energizing the windings in the preselected
sequence by selectively connecting the power supply link to the
windings to produce an electromagnetic field for rotating the
rotatable assembly. The power switching devices each have a
conducting state and a nonconducting state. The current
regulation circuit includes a timing circuit, a current sensing
‘circuit and a control circuit. The timing circuit defines
preset periods during which each of the power switching devices
may be nonconducting. The current sensing circuit senses
current in the power supply link. The control circuit controls
the power'switching devices so that each of the power switching
devices is nonconducting when the sensed current exceeds a peak
current reference level during the preset periods. 1In this
manner,'the current regulation circuit controls current which
circulates during periods when only one power switching device
is conducting.

In another form, the invention is directed to a
method of operating a system for driving a rotatable component.
The system comprises a motor including a stationary assembly
having windings adapted for energization in at least one
preselected sequence and a rotatable assembly in magnetic
coupling relation to the stationary assembly. The rotating
assembly is in driving relation with the rotatahle component.

A power supply link connects the windings to a power supply and
includes power switching devices each having a conducting state
and a nonconducting state. The method includes the step of

A

0 2 JUL 998

i L

: -‘fm};‘_‘x- .




abayve description or shown in the acconpanying draw ngs shall be
interpreted as illustrative and not in alimting sense. 21 1. A

vari abl e speed notor conprising: a stationary assenbly and a rotatable
assenbly in magnetic coupling relation thereto, said stationary assenbly
i ncl udi ng wi ndi ngs adapted to be energi4ed in at |east one presel ected
sequence; a power supply link for connecting the windings to a power
supply, said power supply linK including power swtching devices for
selectively energizing the windings in the presel ected sequence by

sel ectively connecting the power supply

selectively energizing the windings in the preselected sequence
by connecting the power supply link to the windings to produce
an electromagnetic field for rotating the rotatable assembly.
Further, the method includes regulating current by defining
preset periods during which each of the power switching devices
may be nonconducting, sensing current in the power'supply link
and controlling the power switching devices so that each of the
power switching devices is nonconducting when the sensed
current exceeds a peak current reference level Quring the
preset periods.

Alternatively, the invention may comprise various
other systems and methods.

Other objects and features will be in part apparent
and in part pointéd out hereinafter.

Brief Description of the Drawings

Fig. 1 is a block diagram of one preferred embodiment
of a variable speed motor drive system of the invention and
inclﬁding a bi-directional current comparator circuit and a
control circuit according to the invention.

' Figs. 2A-D illustrate currents in an inverter bridge
driving the motor of Fig. 1 according to the invention.

Fig. 3 is a schematic diagram of the bi-directional
current comparator circuit of Fig. 1 according to the
invention.

Fig. 4 is a schematic diagram of the control circuit
of Fig. 1, including a blanking circuit, according to the
invention. ’

Figs. 5A-B illustrate another preferred embodiment of
the invention including an alternative bi-directional current
comparator circuit and including an alternative control circuit
according to the invention.

Corresponding reference characters indicate

corresponding parts throughout the drawings.'-REPLaCEH&EH‘SHEET'
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link to the windings to produce an el ectromagnetic field for rotating the
rot atabl e assenbly, said power switching devices each having a conducting
state and a nonconducting state; and a current regulation circuit including
a tkmng circuit for defining preset periogls during which each of the power
swi tching devices may be nonconducting, a current sensing circuit for
sensing current in the power supply link and a control circuit for
controlling the power switching devices so that each of the power sw tching
devi ces i s nonconducti ng when the sensed current exceeds a peak current
reference |l evel during the preset periods. 2. The notor of claim1l wherein

the pover syifeiydd SEVLLES: LOIPEE SBr &fld FVE Eilod¥ndifis | nCl uding a |
positive rart dand a negatrve rail _supplTed oy tne power supply and wherein
the current sensing circuit conprises a shunt resistor for

_ Fig. 1 shows a system 100 according to one preferred
embodiment of the present invention. The system 100 includes a
system control 102 which provides system control signals, such
as a temperature signal, to an application specific integrated
circuit (ASIC) 104. The ASIC 104 may be alternati@ely embodied
as a universal electronically commutated motor integrated
circuit (UECM IC, not shown). ASIC 104 provides gate drive
signals via lines 106 for electronically controlling a
plurality of gate drives 108 which provide enough voltage to
switch a plurality of power switches 110. Preferably, the gate
drives 108 provide voltage signals shifted from 5 volts to 15
volts for driving the power switches 110 and condition the
signals provided from ASIC 104 via line 106 for optimal

- operation of power switches 110. In turn, power switches 110
control rotation in any controllable, variable speed motor 112
- such motors include a brushless DC motor, such as an

electronically commutated motor, or a switched reluctance
motor.

The motor 112 of the present invention has a
stationary assembly, or stator (not shown), and a rotatable
assembly, or rotor (not shown). The rotatable assembly is in
magnetic coupling relation to the stationary assembly and is
mechanically connected via a shaft 114 to a particular device
to be driven, such as a rotatable component 116. 1In order to
control the speed of the component 116, system 100 controls the
speed of motor 112 by controlling the power delivered to the
load. Preferably, system 100 regulates torque to obtain the
desired motor speed by matching the load and motor loss demand
torque at the desired speed.

. A power supply 128 provides power via line 130 to
operate ASIC 104 which drives power switches 110 by gate drives
108. The power supply 128 also provides high voltage DC power
via line 132 to power switches 110 for commutating the windings




sensing current in one of the rails of the power supply link. 3. The notor
of claim 1l wherein the current sensing circuit conprises a bi-directional
current conparator for conparing the sensed current in the power supply
link to a positive peak current reference | evel when the sensed current

22 is positive and for conparing the sensed current in the power supply
link to a negative peak current reference | evel when the sensed current is
negative. 4. The notor of claim3 further conprising a network for scaling

the sensed current input to the current conparator. 5. The notor of claim3
further conprising a circuit

included in the stationary assembly of motor 112. Power
switches 110 selectively provide power via line 134 to the
windings of motor 112 in at least one preselected sequence by
switching the power supply 128 in connection with the windingQ.
As such, lines 132 and 134 in combination with power switches
110 constitute a power supply link for connecting power supply
128 to the windings of motor 112. '

According to the invention, ASIC 104 generates a
commutation signal which causes system 100 to pqoduce a peak
current that matches the load torque demand in response to a
peak current reference signal IOUT. Matching torque load with
produced torque causes motor 112 to operate at a desired speed.
The commutation signal includes a series of commutation pulses
wvherein each pulse causes a corresponding switching event of
power switches 110. The windings are adapted to be commutated
in at least one preselected sequence and power switches 110
'selectively provide power to the windings of motor 112 in the
preselected sequence. Current flow in the windings produce an
electromagnetic field for rotating the rotating assembly of
motor 112. ASIC 104 preferably controls the speed of motor 112
which in turn controls the speed of component 116.

In a preferred embodiment of the invention, power
switches 110 consist of an inverter bridge which has a
plurality of switches and correspohding flyback diodes (shown
in detail in Figs. 2A-D). ASIC 104 commands two of three
windings of motor 112 to be energized at a time and pulse width
modulates the power being applied to the energized windings for
control purposes. System 100 provides pulse width modulation
(PWM) control of the‘power to .the windings by furning on and
off one of power switches 110. By doing so, the PWM.control
scheme of system 100 causes a flyback current to circulate when
only one of power switches 110 and one flyback diode are
conducting.

As shown in Fig. 1, system 100 also includes a bi-
directional current comparator circuit!lﬁg_ggg_geﬁ§§£§ﬁ§%rrent
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for, generating the peak current reference |evel and including an adjustable
resi stor network having an adjustable resistance for varying the peak
current reference level. 6. The notor of claim1 wherein each of the power
swi't chi ng devi ces is nonconducting for a predeternmined interval of tine
when the sensed current exceeds the peak current reference | evel during the
preset periods whereby current which circul ates during periods when only
one power sw tching device is conducting is reduced. 7. The notor of claim
1 wherein the current sensing circuit generates an overcurrent signal in
response to the sensed current exceeding the peak current reference |evel,

wher ei n t hen t £ NGowé F Cspp THNMPLARES Phé Us{ £ rd¥ BUHANT Rirlroliet for
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in ASIC 104 for regulating current in system 100.
Particularly, the control circuit 142 and bi-directional
comparator 140 regulate circulating currents in the inverter
bridge during periods when only one of power switches 110 is
conducting. Fig. 1 illustrates bi-directional combarator 140
external to ASIC 104 and control circuit 142 internal to ASIC
104. Alternatively, both circuits may be éither external or
internal to ASIC 104.

Fig. 1 further illustrates that ASIC 104 receives a
signal via line 150 from motor 112 representative of a back
electromotive force (EMF) in the windings. 1In a preferred
embodiment, the back EMF signal provides information relating
to detection of zero crossings for sensing the position the

‘rotating assembly of motor 112. Preferably, each of the
commutation pulses of thg commutation signal corresponds to a
zero-Ctossing. As described above, motor 112 has two of its
three windings energized at any given time during operatioh for
developing torque. ASIC 104 selects the unenergized winding
for position sensing by observing the motor phase back EMF
waveforms when current in the selected phase has decayed to
zero. A back EMF sensing network (not shown) detects the zero
crossings of the difference between the back EMF voltage of the
selected winding of motor 112 as compared to a reference level.
The reference level is, for example, the sum of the voltages of
the energized windings.

ASIC 104 preferably determines rotor position as a
function of the zero crossings and generates commutation
signals in response thereto. The commutation instances of a
motor phase are determined from the information about the zero
crossings of back EMF in that phase. Torque production in a
pPhase of motor 112 is determined by the product of the current
in the phase and the back EMF of that phase. It is necessary
to energize a winding of motor 112 when the back EMF has
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wi ndi ngs, and wherein each of the power sw tching devices is nonconducting
in"response to the overcurrent signal whereby the power switching devices
are nonconducting during the preset periods except during the predeterm ned
bl-anking interval. 8 The notor of claimg wherein the power swtching
devices conprise an inverter bridge having a positive rail and a negative
rail supplied by the power supply and including a free-wheeling di odes each
correspondi ng to and connected across one of the power sw tching devices,
and wherein the rails of .23 the power supply link normally carry a diode
recovery current at energization, the predeterm ned bl anking interval

exceedlngcrossed zero in the direction that will oppose the voltage
energizing the winding to sustain positive torque. At low
speeds, for example, it is convenient to energize a winding of
motor 112 when it is experiencing maximum rotor flux.

Commonly assigned U.S. patent application Serial No.
08/108,328, the entire disclosure of which is incorporated by
reference herein in its entirety, describes a preferred means
for detecting zero crossings. In order to detect zero
crossings, ASIC 104 includes a multiplexer circuit (not shown)
for multiplexing the back EMF signal (received via line 150).
ASIC 104 compares the multiplexed signal to the reference leQel
input signal to obtain a comparison signal. A noise timer (not
shown) filters the comparison signal before it is input to a
position sensing circuit (not shown). The position sensing
circuit provides a zero crossing detector signal to which ASIC
104 responds. ASIC 104 controls commutation as a function of
the elapsed time between commutations and zero crossings and
generates gate drive signals at lines 106 for driving power
switches 110 in response to the position sensing.

As shown in Figs. 2A-D, power switches 110 are part
of a three-stage full-bridge inverter 210 having a positive
rail 212 and a‘negative rail 214 supplied by power supply 128.
Preferably, power switches 110 of the inverter bridge 210
-include three upper switches 216A, 216B and 216C and three
lower switches 218A, 2183 and 218C. Flyback diodes 220A, 220B
and 220C and 222A, 222B and 222C are coupled in an
anti-parallel relationship with each switch of switches 216A-C
and 218A-C, respectively. Each phase connects to power supply
128 through one of upper switches 216A-C and one of lower
switches 218A-C. In the illustrated embodiment, one switch is
closed for each winding of motor 112 to be energized so that
power switches 110 are activated in pairs. Power switches 216A
and 218A correspond to phase A; power switches 216B and 218B

correspond to phase B; and power switches 216C and 218C
correspond to phase C.




an interval of tinme corresponding to a tine period during which the diode
recovery current decays below a predeterm ned |level. 9. The notor of claim
7 wherein the current blanking circuit conprises a blanking interval
counter triggered by the energization of the windings for timng the
predet erm ned bl anking interval, said blanking interval counter generating
a bl anking signal for inhibiting the control circuit during the
predet erm ned bl anking interval. 10. The notor of claim9 wherein the
control circuit conprises an RS flip flop responsive during the preset
periods to the overcurrent signal for generating a control signal for

control ling the power wetf@yr% @&w&a%lsa sbﬁ&meaebr%owe POYEI Y& Ng
devices is nonconductln .the bl an %Sg interva ount er grOV|d|n t he
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flip fl op Dwer el tdieisngaire commanded on during each motoring interval,
one from the upper set of switches 216A-C and one from the
lower set of switches 218A-C. Current flows in only two of the
three motor phases during each excitation interval. ASIC 104
selects which of upper switches 216A-C and lower switches
218A-C is to be used to pulse width modulate the power applied
to the windings of motor 112 at a given time.

Phase currents of motor 112 can be sensed using shunt
resistors, current transformers, Hall-effect current sensors or
other sensors or circuits. As shown in Figs. 2A-D, a shunt
resistor R57 is placed in the negative rail 214 of inverter
bridge 210. Motor phase currents only flow through the shunt’
resistor R57 when power is being exchanged from power supply
128 to motor 112 and vice versa. Although shunt R57 senses
motor phase currents, it cannot directly detect circulating
currents in inverter bridge 210 because shunt R37 is open
circuited during periods when only one of power switches 110 is
conducting.

As an example of the operation of inverter bridge
210, gate drives 108 drive power switches 110 to connect both
the. B phase and the C phase to power supply 128 by causing
upper switch 216B and lower switch 218C to be in the conducting
state. ASIC 104 controls lower switch 218C to pulse width
modulate the powér being applied to the energized phases. 1In
this example, the unenergized A phase is used for back EMF
sensing. Fig. 2A illustrates current flow in inverter bridge
210 immediately at turn-on of switches 216B and 218C. At this
instant in time, both switch 216B and switch 218C are in the
conducting state and switch 218C will be used for pulse width
modulation. Further, a diode recovery current flows through
diode 220C before sufficient charge has been removed to
establish diode blocking. Both motor winding current and diode
recovery current flow through shunt RS7.




the preset periods the RS flip flop generates the control signal in
response to the overcurrent signal except during the predeterm ned bl anking
interval. 11. The notor of claim7 wherein the preset periods during which
each of the power swi tching devices nmay be ﬁonconducting i ncludes a first
preset period of approximtely 20 m cr osecdRds begi nning with the

energi zati on of the wi ndings and wherein the predeterm ned bl anki ng
interval is approximately one half of the first preset period. 12. The
notor of claim 1l wherein the control circuit controls the power swtching
devices so that each of the power sw tching devices is nonconducting when

the sensed current exgg? ng@tEgetﬁgaﬁlgaérgg&o§§;ﬁr8@pg?ﬁgveihgur|ng
t he preset ?erlods an urt er risin ation
lyback diodes 220A-C and 222A-C, each coupled to one of

switches 216A-C and 218A-C, generally comprise 1) a heavily
doped n type substrate, 2) a lightly doped n- epitaxial layer
of specified thickness and 3) a heavily doped p type region.
The heavily doped p type region forms the anode of diodes
220A-C and 222A-C. The basic diode pn junction does not
require the middle n- epitaxial layer yet the ability to
withstand voltage is significantly improved by this lightly
doped n- layer. The forward conduction of diode 220A-C and
222A-C is accomplished by the injection of carriers (electrical
charge) into the lightly doped region without unduly affecting
forward voltage drop when diodes 220A-C and 222A-C are in
conduction. At turn-off, a quantity of electrical charge is
swept from the lightly doped n- layer to establish current
blocking-ih diodes 220A-C and 222A-C. As the quantity of
current being conducted increased, the amount of charge
increases to a peak while the voltage remains only a few volts
reversed on diodes 220A-C and 222A-C. When sufficient chafge
has been removed to establish diode blocking, the reverse
voltage increases and an additional quantity of charge is
required to charge the capacitance of the blocking junction.
For these reasons, diode recovery currents flow through
inverter bridge 210 at turn-on. '

As shown in Fig. 2B, the diode recovery current
normally decays and current flows in the B and C windings when
switch 216B and switch 218C are conducting. The motor winding
current continues to flow through shunt R57. Fig. 2C shows the
'circulating currents existing when switch 218C is in the
nonconducting state. As described above, the PWM control of
system 100 turns off one of power switches 110 at a time (lower
switch 218C in Fig. 2C) which causes a flyback current to
circulate through the conducting power switch (upper switch
216B) and one of the flyback diodes (diode 220C). However,

such currents do not flow in rail 214 and, thus, esistor




24 circuit for pulse wdth nodul ati ng the power being provided to at |east
one® of the windings at a duty cycle having alternating on and off peri ods,
said timng circuit defining the preset periods to be a predeterm ned
nurber of off periods after the sensed c?ﬁrent exceeds a positive peak
current reference level. 13. The notor of claim 12 wherein the timng
circuit conprises a counter for counting the predeterm ned nunber of off
periods. 14. The notor of claim 12 wherein the predeternined nunber is a
positive integer greater than 1. .15. A variable speed notor conprising: a
stationary assenbly and a rotatable assenbly in

R57 (or similar current sensor) is unable to observe ﬁhese
circulating currents. In normal operation, circulating
currents decay rapidly because the motor back EMF opposes their
flow. In abnormal operation, however, circulating currents are
out of position and the back EMF voltage causes them to
increase rather than to decay. A momentary reversal of
rotation at start-up or being out of position due ﬁo a failure
to properly sense rotor position are examples of abnormal
operation causing increasing circulating currents.

Generally, circulating currents which have not
decayed below a current regulate threshold occur when motor 112
is first started. At start-up, there is as great a likelihood
of the rotof position being in advance of the intended field
rotation as there is of it being behind. Out-of-position
circulating currents are produced when the advancing field
forces a reversal in rotor rotation when the rotor has started
in a direction opposite to the field rotation. In low power
motor'drives, such currents are managed by the overcurrent
rating in power switches 110 and the permanent magnets (not
shown) of motor 112. However, in higher poﬁer motor drives,
over rating the motor magnets and power switches 110 is not
economically feasible.

As described above, direct detection of increasing
circulating current by shunt R57 is not possible. However,
circulating current is inferred by the response at the turn-on
of the PWM power switch (lower power switch 218C in Fig. 2A).
The inference is based on the expectation that had the current
decayed normally, a period of time after PWM turn-on will be
required before the current regulate threshold is reached. If
the current regulate threshold is signaled during a period
immediately following turn-on, then the fact that the
circulating current did not decay and, thus, that an abnormal
condition exists, is inferred. For these reasons, the diode
}ecovery current which flows in inverter 210 immediately at




magnetic coupling relation thereto, said stationary assenbly including

w ndi ngs adapted to-be energized in at | east one presel ected sequence; a
power supply link for connecting the windings to a power supply, said power
supply link including power swtching dey%ces for selectively energizing
the windings in the presel ected sequence by sel ectively connecting the
power supply link to the windings to produce an el ectromagnetic field for
rotating the rotatable assenbly, said power sw tching devices each having a
conducting state and a nonconducting state; and a current sensing circuit
for sensing current in the power supply link; a current blanking circuit
for inhibiting the sensed current for a predetermn ned bl anking interval

tri gger eFURR19e Rt GicakeO R imEeR@NRR mfs amamut-of-position or

otherwise abnormal circulating current in system 100.

Fig. 2D illustrates current flowing back to power
supply 128 from the windings when each of power switches 216A-C
and 21BA-C are not conducting. If both of upper switches
216A-C and lower switches 218A-C are turned off;‘éﬁen the
currents in the windings are forced through two flyback diodes
(diodes 222B and 220C), shunt resistor R57 and a bulk capacitor
(not shown) connected across rails 212 and 214. . Current passes
through shunt R57 in the reverse direction until all of the
energy stored in the windings is extracted. Since the current
through shunt R57 is now of an opposite polarity, voltage
across shunt R57 from -S to +S is essentially positive.
Therefore, abnormal circulating currents are reduced to an
acceptable level. _ _

Fig. 3 illustrates bi-directional current comparator
circuit 140 in detail including a pair of resistor-capacitor
networks 308 and 310 for effecting control of peak current.
Bi-directional comparator 140 senses the peak current reference
command IOUT.provided by ASIC 104. The signal IOUT is a
variable duty cycle signal representative of the peak current
or torque requirement of motor 112. As described above,
voltage is developed across shunt resistor R57 by current
supplied to the windings of motor 112. 1In this manner, system
100 senses motor phase currents by the current flowing through
shunt resistor R57 when power is being exchanged from power
supply 128 to motor 112 and vice versa.

A pgir of comparators 312 and 314 respond to the
normal currents delivered from the bulk capacitor to motor 112
as well as to the reverse currents supplied from the motor
inductance back to the bulk capacitor when both upper power
switches 216A-C and lower power switches 218A-C are first
turned off. As shown in Figs. 2A-D, +S and -S define the
positive and negative directions of current in shunt R57. The




a control circuit for defining a first preset period during which each of

t he power switching devices may be nonconducting and for controlling the
power switching devices so that each of the power switching devices is
noneonducting when the sensed current excepgs a peak current reference

| evel 25 during the first preset period except during the predeterm ned
bl anki ng i nterval whereby current which circulates during periods when only
one power swi tching device is conducting is reduced. 16. The notor of claim

15 wherein the power switching devices conprise an inverter bridge
i ncl uding a :

into a common mode range. Resistors R6, R7, R1ll and R1l2 and a
capacitor C4 form divider network 308. Similarly, resistors
R2, R3, R13 and Rl4 and a capacitor C3 form divider network
310. When resistors R4 and RS are pulled positive, networks
308 and 310 are upset in a direction so that an increase in the
absolute current in shunt RS7 (negatively for comparator 312
and positively for comparator 314) to cause a low transition of
the connected outputs 316 and 318 of comparators 312 and 314,
respectively. In other words, the voltage at -S is more
negative with respect to common for positively directed
currents or the voltage at -S is more positive with respect to
common for negatively directed currents. Likewise, when
resistors R10 and R15 are pulled positively, networks 308 and
310 are upset in-a direction requiring a decrease in the
absolute current in shunt R57 to cause a high to low transition
of the connected outputs 316 and 318.

Outputs 316 and 318 are commonly connected at a node
320 ahd provide a signal IREG to ASIC 104 representative of an
overcurrent condition. Preferably, IREG is logic level low
when current in shunt R57 exceeding the current regulate
threshold. System 100 regulates circulating current in motor
112 by turning off power to each of the windings in response to
IREG being loﬁ during a predetermined window of time (described
in detail with respect to Fig. 4). '

Fig. 3 further illustrates a potentiometer 322
including a resistor R18 for adjusting the maximum current
threshold value through the adjustment afforded by the
resistors R10 and R15. The potentiometer 322 acts to calibrate
bi-directional comparator 140 by setting a maximum current
magnitude. Comparators 312 and 314 signal that absolute shunt
current has exceeded the peak regulate current threshold by a
low voltage output at 316 and 318 (IREG low). 1In response to a
low IREG signal during the predetermined window of time, each
of power switches 110 are nonéonductihg until the overcurrent

condition is reduced. In a preferred embodiment, each of power




positive rail and a negative rail supplied by the power supply and wherein
the current sensing circuit conprises a shunt resistor for detecting
current in the one of the rails of the power supply link. 17. The notor of
claim16 wherein the inverter bridge inclﬂges free-wheel i ng di odes, each
correspondi ng to one of the power swtchi devi ces, and wherein the shunt
resistor nornmally carries a diode recovery current at energization, the
predet ermi ned bl anking interval exceeding an interval of time correspondi ng
to a time period during which the diode recovery current decays bel ow a

pr edet er m ned Ievel 18. The motor of claim 15 wherein the current bl anking

circuit co rls ankln i nter,val .counter tr| ered b ener gi, zat i on
o The w oBPRseResr 1107 AKE" PrbbRENRearh B alel 1BRRECH Peebaferifidh
bl anki ng |amenmalo€0mnmer1n response to the abnormal circulating current

condition.

As described above, system 100 essentially infers the
existence of abnormal circulating currents when an overcurrent
condition exists in a period of time immediately following
turn-on of power switches 110. However, a PWM circuit also
contends with a momentary delivery of current to shunt R57 due
to the diode recovery current. The diode recovery current,
caused by the forced turn-off of the flyback recovery diodes
220A-C and 222A-C protecting power switches 216A-C and 218A-C,
exceeds the instantaneous circulating current by a substantial
amount. Thus, diode recovery current being added to the
winding immediately at turn-on, even when the winding current
has decayed, complicates the inference of abnormal circulating
currents. The conventional means for preventing an incorrect
response, namely a false indication of abnormal circulating
currents, is a combination of capacitor filtering on the input
and output of a current comparator.

As described in detail below, system 100
advantageously exempts a predetermined interval of time

(approximately 10 microseconds) from observation of shunt RS7
immediately following the PWM transistor (power switch 218C)
being turned on as an alternative to heavily filtering current
comparator 140. A timed blanking interval at the turn-on of
the PWM period is designed to ignore the output of current
comparator 140 until a sufficient time has elapsed for diode
recovery current to decay. If the sensed current still exceeds
the threshold value at the conclusion of the predetermined
blanking interval and during the predetermined window, then a
condition exists requiring that both power devices (upper
switch 216B and lower switch 218C) be turned off to bring the
current under control. In this respect, current regulation is
achieved by turning off all of power switches 110 rather than
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gengrating a blanking signal for inhibiting the control circuit during the
predeterm ned bl anking interval. 19. The motor of claim 18 wherein the
current sensing circuit generates an overcurrent signal in response to the
serrsed current exceeding the peak current reference |evel and wherein the
control circuit includes an RS flip roQ responsive during the first preset
period to the overcurrent signal for gehérating a control signal for .
controlling the power switching devices so that each of the power sw tching
devi ces i s nonconducting, the blanking interval counter 26 providing the
bl anki ng signal and a w ndow signal defining the :

just one as would be thé reSponse for normal PWM operation and:
abnormal circﬁlating currents are reduced.

Referring further to Fig. 3, the determination that
circulating currents exceed the current regulate threshold is
also complicated by electrical noise present in every switch
mode power circuit. The differential mode capac1tors C3 and C4
a551st in the filtering of electrical noise in comparator
circuit 140. Advantageously, capacitors C3 and C& are fewer in
number, locations and of lesser value than the papacitors which
would otherwise be necessary if the purpose was filtering diode
recovery current.

Fig. 4 illustrates a preferred embodiment of control
circuit 142 including a Fipple counter 410 for timing the
blanking interval. Preferably, the blanking interval is
predetermined to be 11.2 to 12.8 microseconds in duratiomn to
allow the normal decay of diode recovery current. The ripple
counter 410 is comprised of D flip flops (DFF) 412, 414, 416
and 418 and is preferably clocked at 625 kHz by a clock signal
0S4 input to DFF 412. At the end of the diode recovery current
blanking interval, a DFF 420 initiates a window of time (ALL
OFF SET WINDOW) for setting an ALL OFF condition. Only during
the ALL OFF SET WINDOW does the acknowledgment of a low IREG
signal from current comparator 140 initiate the ALL OFF
condition commanding each of power switches 110 to be
nonconducting. By defining the window, counter 410 constitutes
a timing circuit for defining preset periods during which each
of the power switching devices 110 may be noﬂconducting.
Preferably, the window is equal in duration to the diode
recovery current blanking interval because the DFF 420, which
is an extension'to ripple counter 410, causes ripple counter
410 to count twice.

. In the embodiment illustrated in Fig. 4, DFF 420
provides the ALL OFF SET WINDOW via line 422. An RS flip flop
(RSFF) 424 comprised of NOR gates 426 and 428 stores ALL ON/OFF
status. The blanking interval termxnates when the o




first, preset period to the RS flip flop whereby during the first preset
period the RS flip flop generates the control signal in response to the
overcurrent signal except during the predeterm ned bl anking interval. 20.
The motor of claim15 wherein the first preset period is approximately 20
m croseconds beginning with the energization of the w ndings and wherein

t he predeterm ned bl anking interval

I s apprexi mately one half of the first

preset period. 21. The notor of claim15 wherein each of the power

swi tching devices is nonconducting for a predeterm ned interval
when the sensed current exceeds the peak current reference |evel

first preset period. 22. The notor of claim 15 wherein the control

defines a second preset period duyrin i.ch
" signal J% DFF J%S goes %ow %ﬂWQ'

of tinme
during the
circuit

ine i%ﬁhwggchhgn turn causes the

output of a gate 432 to go high at line 434. The high output

at line 434 causes the output of a gate 436 to go high at line
438, thus, signaling the end of the predetermined blanking
interval. In this manner, a gate 440 is free to reflect at
line 442 the inverse of IREGBAR. The signal IREGBAR,is input
to the gate 440 at line 444 and represents the inverse of the
IREG signal output from bi-directional current comparator 140.
Thus, the output of gate 440 at line 442 represents the IREG

signal when a logic level high is present at line 438.

Preferably, control circuit 142 further includes a
gate 446 which permits the ALL ON/OFF status of RSFF 424 to be
reset during the time that the output of DFF 420 at line 422

remains low (the ALL OFF SET WINDOW). In other words,

the gate

446 has a high output via line 448 when the IREG signal is low
during the ALL OFF SET WINDOW. An AND gate 450 ensures that
the race between a subsequent low IREG signal, a high PWMB
signal and reset of DFF 420, is not falsely seen as a condition
to reset the ALL ON/OFF status of RSFF 424. The PWMB signal

represents the inverse of the PWM signal.

RSFF 424 sets the ALL ON/OFF status by a power-on-
reset signal POR or by a high IREG signal along with the

storage in a DFF 452 of a begin PWM signal BPWM. 1In a

preferred embodiment of the invention, the BPWM signal commands

the beginning of a commutation sequence and is generated either
by the timing out of an off timer circuit (not shown) or by
commutation to the next winding. The off timer circuit is
preferably included in ASIC 104 and regulates the current in
the windings of motor 112 as a function of the peak current
reference value I0UT by turning off power to each of the
windings for a predetermined amount of time based on the

interval between zero crossings.

Fig. 4 further illustrates an RSFF 454 embodying a
PWM latch. The RSFF 454 is comprised of NOR gates 456 and 458.




power swi tching devices may be nonconducting and controls the power

swi tching devices so that each of the power switching devices is
nonconducti ng when the sensed current exceeds a negative peak current
ref:erence |l evel during the second preset'Pfriod and further conprising a
pul se width nmodul ation circuit for pulse wdth nodul ati ng the power being
provided to at | east one of the windings at a duty cycle having alternating,
on and off periods, said control circuit defining the second preset period
to be a predeterm ned nunber of off periods after the sensed current

exceeds a positive peak current reference level. 23. The notor of claim 22
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positive iONAQEF sgtatusrlateln (RSFF 424) and the PWM latch (RSFF 454)
acknowledge this request through a gate 460. Under specific
conditions, a signal ATFS may be input to a gate 462 at line
464 to force the PWM latch (RSFF 454) to be reset. The PWM
latch (RSFF 454) is also reset by a low ALL ON/OFF status at
line 466 or a low IREG signal after completion of ﬁhe diode
recovery current blanking interval. The PWM latch (RSFF 454)
is set similarly to the ALL ON/OFF status latch (RSFF 424) by a
high IREG signal along with DFF 452 storing the BPWM signal.

The inverse PWM signal PWMB proVides a reset to
ripple counter 410 for the time that current drive of motor 112
is turned off either due to a PWM off condition or an ALL OFF
condition. When PWMB is low, the one of power switches 110
being pulse width modulated turns on (e.g., lower power switch
218C in Fig. 2B). Further, ripple counter 410 re-initiates
timing of the diode recovery current blanking interval in
response to PWMB being low. In this manner, ripple counter 410
synchronizes the blanking interval with the beginning of the
PWM on condition.

Figs. 5A-B shows another embodiment of’ the present
invention in block and schematic diagram form. Shunt R57
detects current flowing in the windings of motor 112 when one
of upper switches 216A-C and one of lower switches 218A~C are
conducting or when both of these devices are turned off and
force reverse current through two of flyback diodes 220A-C and
222A-C, the bulk capacitor and shunt R57. As shown in Fig. 5A,
a bi-directional comparator'circuit 510 senses current from
power supply 128 and sets a negative current limit threshold
with a comparator 512 and a positive current limit threshold
with a comparator 514. The comparators 512 and 514 have
outputs at lines 516 and 518, respectively. In this
embodiment, comparator 514 detects a current limit when the
current in shunt R57 is in the normal positive direction and
indicatgs a positive overcurrent condition with a low output
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27.25. The motor of claim22 wherein the current sensing circuit conprises
a bi-directional current conparator for conparing the sensed current in the
power supply link to the positive and negative peak current reference

| evel s. 26. The notor of claim25 further, conprising a network for scaling
the sensed current input to the current arator. 27. The notor of claim
25 further conprising a circuit for generating the positive and negative
peak current reference Ievels and including an adjustable resistor network

havi ng an adj ustabl e resi stance for varying the p03|t|ve and negative peak
current reference |evels.

signal at line 518. Likewise, comparator 512 detects a current
limit when the current in shunt R57 is in the negative
direction and indicates a negative overcurrent condition with a
low output signal at line 516. As described above, an
" overcurrent condition in shunt RS7 in the positive direction
does not necessarily indicate increasing circulating currents
due to an abnormal operating condition. When the positive
direction current exceeds the current regulate threshold during
the ALL OFF SET WINDOW, one can infer that the overcurrent
condition is due to abnormal circulating currents. The
presence of abnormal circulating currents can also be inferred
from the magnitude of reverse currents flowing in shunt R57
when both conducting devices of power switches 110 are first
turned off. However, if all of power switches 110 are turned
off each time an overcurrent condition is detected in the
positive direction, performance will be degraded. That is, the
peak-to-peak ripple current in the winding will increase so
that the average current will decrease for a given peak
current. Additionally, switching loss in the power devices
will increase. _

According to this alternative embodiment of the
invention, the number of gate turn-off events during pulse
width modulation is counted after detection of a positive
current exceeding the current regulate threshold. For example,
if upper switch 216B is normally conducting and lower switch
218C is being pulse width modulated, additional control
circuitry 520 counts the turn-offs of both devices in the

" current carrying path (switches 216B and 218C). All of power
switches 110 are then periodically caused to be in the
nonconducting state for regulating current.

Referring to Fig. SB, the 6§tput of bi-directional
comparator 510 is input to a drive enable/disable circuit 522
which can disable all of gate drives 108 simultaneously after n
turn-off events following detection of a positive overcurrent
condition. In this preferred embodiment, a logic translation




28. A variable speed notor conprising: a stationary assenbly and a
rotatabl e assenbly in magnetic coupling relation thereto, said stationary
assenbly including wi ndings adapted to be energized in at | east one

preasel ected sequence; a power supply link for connecting the windings to a
power supply, sai'd power supply link including power sw tching devices for
sel ectively energizing the windings in t he presel ected sequence by

sel ectively connecting the power supply link to the wi ndings to produce an
el ectromagnetic field for rotating the rotatable assenbly, said power

swi t ching devices each having a conducting state and a nonconducting state;
a pulse width nodulation circuit for pulse width nodul ati ng the power being
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signals to a single PWM signal at line 526. A divide-by-n
circuit 528 constitutes a timing circuit which counts the
number of PWM turn-offs, and outputs a short duration pulse via
line 530 every n turn-offs. In the embodiment illustrated in
Fig. SB, a counter, such as a shift register 532, and a one-
shot circuit 534 éonstitute the divide-by-n circuit 528.

The outputs of the one-shot circuit 534 at line 530
and bi-directional comparator 510 at line 516 are input to the
drive enable/disable circuit 522 through an AND gate 536. 1In
turn, drive enable/disable circuit 522 disables all of gate
drives 108 for turning off each of power switches 110
simultaneously after n turn-off events when either the PWM/n
signal is high or the negative limit control signal from
comparator 512 is low (indicating an overcurrent condition in
the negative direction). An AND gate 538 in combination with
.another one-shot circuit 540 provide a signal indicating with
gate drives 108 are re-enabled by an acceptable condition on
the current limit circuits of bi-directional comparator 510.
The signal via line 542 is input to an AND gate 544 along with
the output of comparator 514 inverted. The gate 544 in turn
provides an input signal to a UECM 546 at a voltage regulation
pin VREG. The UECM 546 generates signals for controlling gate
drives 108 for switching power switches 110. The overall
result of this divide-by-n strategy is that the performance of
‘motor 112 will not degrade as much as it would if both
conducting power switches 110 were turned off after .each PWM
stroke (the n=1 case). Also, a degree of safety and protection
from abnormal circulating currents is achieved without having
continuous knowledge of the motor winding currents.

Preferably, n is an integer determined as a function
of the acceptable amount of time that system 109 can be blind
to circulating currents. This time depends on parameters
associated Qith motor 112 that regulate the rise time of the
currents in the windings, such as the winding resistance.

| o2
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a current sensing circuit for sensing current in the power supply link; a
cufrent regulation circuit for controlling the power sw tching devices so
that when the sensed current exceeds a first peak current reference | evel
each of the power 28 switching devices is nonconducting after a
predet er mi ned nunber of off periods whereby current which circul ates during
peri ods when only one power sw tching #Hevice is conducting is controll ed.

29. The notor of claim 28 further conprising a counter for counting the
predet erm ned nunber of off periods.

winding inductance, and the back EMF. For example, if the PWM
period is 50 microseconds, and a designer of system 100 thinks
that trouble can occur in 225 microseconds, then the disabling
sequence preferably occurs after no more than four PWM periods.
In this example, n is set to be less than or equal to four.

Referring again to Fig. 4, yet another embodiment of
the invention combines the features of the preferred embodiment
of Fig. 1 and the preferred embodiment of Figs. 5A-B. As shown
in Fig. 4, an input ALOFF to RSFF 424 provides a signal for
resetting the ALL ON/OFF status latch (RSFF 424). For example,
the ALOFF signal represents an overcurrent, overvoltage,
undefspeed or other condition for which turning off power
switches 110 may be required. In the alternative, the ALOFF
signal represents a PWM/n signal and ASIC 104 performs the
divide-by-n strategy described above with respect to Figs. 5A-
B. In this embodiment of the invention, ASIC 104 counts the
number of PWM turn-off events by counting the number of high
pulses of the PWMB signal. Thus, ASIC 104 performs the
functions of logic translation circuit 524, divide-by-n circuit
528 and drive enable/disable circuit 522.

In view of the above, it will be seen that the
several objects of the invention are achieved and other
advantageous results attained.

As various changes could be made in the above
constructions and methods without departing from the scope of
the invehtion, it is intended that all matter contained in the
above description or shown in the accompanying drawings shall
be interpreted as illustrative and not in a limiting sense.




30.._ The notor of claim 28 wherein the predeterm ned nunber is a p05|t|ve
|nteger greater than 1. 31. The notor of claim 28 wherein the power

swi tching devices conprise an inverter bridge including a positive rail and
a negative rail supplied by the power supply and wherein the current
sensing circuit conprises a shunt resistor for sensing current in one of
the rails of the power supply link. 32. Thélnotor of claim28 further
conprising a timng circuit for defining a first preset period during which
each of the power switching devices may be nonconducting, said tim-ng-
circuit defining the first preset period to be the predetern1ned nunber of

of f periods after when the sensed current exceeds th l\u‘“ﬁu\ﬂﬂ ent
reference Cewems said current regulation circuit c'onﬂ‘ “m
sw t chi ng 3

1. A variable speed motor comprising:
' a stationary assembly and a rotatable assembly in
magnetic coupling relation thereto, said stationary assembly
including windings adapted to be energized in at‘least one
preselected sequence;

a power supply link for connecting the windings to a
power supply, said power supply liuk including power switching
devices for selectively energizing the windings in the
preselected sequence by selectively connecting the power supply
link to the windings to produce an electromagnetic field for
rotating the rotatable assembly, said power switching devices
each having a conducting state and a nonconducting state; and

a current regulation circuit including a timing
circuit for defining preset periods during which each of the
power switching devices méy be.nonconducting, a current sensing
circuit for sensing current in the pover subply link and a
control circuit for controlling the power switching devices so
that each of the power switching devices is nonconducting when

the sensed current exceeds a peak current reference level
during the preset periods.

2. The motor of claim 1 wherein the power switching
devices comprise an inverter bridge including a positive rail
and a negative rail supplied by the power supply and wherein
the current sensing circuit comprises a shunt resistor for
sensing current in éne of the rails of the power supply link.

3. The motor of claim 1 wherein the current sensing
circuit comprises a bi-directional current comparator for
comparing the sensed current in the power supply link to a
positive peak current reference level when thé sensed current




devi ces so that each of ‘the power sw tching devices is nonconducting when

t he sensed current exceeds a second peak current reference |level during the
first preset period. 33. The notor of claim 32 wherein the current sensing
cirguit conprises a bi-directional current conparator for conparing the
sensed current in the power supply link the first and secon —_—
current reference |evels. 29 34. The tor of claim33 f

nt . 3 i i
corort=1ng a netvark for scar ng the senses current oot o [N AT

is positive and for comparing the sensed current in the power

supply link to a negative peak current reference level when the
sensed current is negative.

4. The motor of claim 3 further comprising a network
for scaling the sensed current input to the current comparator.

S. The motor of claim 3 further comprising a circuit
for generating the peak current reference level and including
an adjustable resistor network having an adjustaﬁle resistance
for varying the peak current reference level.

6. The motor of claim 1 wherein each of the power
switching devices is nonconducting for a predetermined interval
of time when the sensed current exceeds the peak current
reference level during the preset periods whereby current which

circulates during periods when only one power switching device
is conducting is reduced.

7. The motor of claim 1 wherein the current sensing
circuit generates an overcurrent signal in response to the
sensed current exceeding the peak current reference level,
wherein the timing circuit comprises a current blanking circuit
for inhibiting the overcurrent signal during a predetermined
'blanking interval triggered by the energization of the
windings, and wherein each of the power switching devices is
nonconducting in response to the overcurrent signal whereby the
power'switching devices are nonconducting during the preset
periods except during the predetermined blanking interval.

8. The motor.of claim 7 wherein the power switching
devices comprise an inverter bridge having a pesitive rail and
a negative rail supplied by the power supply and including a
free-wheeling diodes each corresponding to and connected across




circuit for generating the first and second peak current reference levels
and®i ncl udi ng an adjustabl e resistor network having an adj ustabl e
resi stance for varying the first and second peak current reference |evels.

36.-;. The nmotor of claim28 further conprising a control—eircuit for
defining a second preset period during which each of th;GLgﬁEFfEEthhhng\\
devi ces may be nonconducting and wherei n28he current sgnﬁiﬂm”

generates an overcurrent signal in response to the sensel I‘m ’"lng
the first peak current reference |evel, wherein said control€citrc s
includes a current. blanking circuit for inhibiting the overcurrent signal
during a predeterm ned bl anking interval triggered by the energization of

the wi ndi ngite powle wheupp Dy eRDHk afo#hEl DPVEIr SYVid dlidie dREARSY Turrent
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an interval of time corresponding to a time period during which
the diode recovery current decays below a predetermined level.

9. The motor of claim 7 wherein the current blanking
circuit comprises a blgnking interval counter triggered by the
energization of the windings for timing the predetermined
blanking interval, said blanking interval counter generating a
blanking signal for inhibiting the control circuit during the
predetermined blanking interval.

10. The motor of claim 9 wherein the control circuit
comprises an RS flip flop responsive during the preset periods
to the overcurrent signal for generating a control signal for
controlling the power switching devices so that each of the
power switching devices is nonconducting, the blanking interval
counter providing the blanking signal and a window signal
defining the preset periods to the RS flip flop whereby during
the preset periods the RS flip flop generates the control
signal in response to the overcurrent signal except during the
predetermined blanking interval.

11. The motor of claim 7 wherein the preset periods
during which each of the power switching devices may be
nonconducting includes a first preset period of approximately
20 microseconds beginning with the energization of the windings
and wherein the predetermined blanking interval is
approximately one half of the first preset period.

12. The motor of claim 1 wherein the control circuit
controls the power switching devices so that each of the power
switching devices is nonconducting when the sensed current
exceeds a negative peak current reference level during the




nongonducting during the second preset period except during the
predeterm ned bl anking interval. 37. The notor of claim 36 wherein the

power switching devices conprise an inverter bridge having a positive rai
and:a negative rail supplied by the power supply and inCrudifrg——
free-wheel i ng di odes, each correspondi ngtto one of the p n@ﬁﬁsmntchlng

devices, and wherein the rails of the power supply |inK m,mﬂm#mla'

di ode recovery current at energization, the predeterm ne
exceeding an interval of time corresponding to a tinme period dur| Whlc
t he di ode recovery current decays bel ow a predeterm ned | evel.

circuit for pulse width modulating the power being prOV1ded to

at least one of the windings at a duty cycle having alternating

on and off periods, said timing circuit defining the preset

periods to be a predetermined number of off periods after the

sensed current exceeds a positive peak current reference level.
_ -

13. The motor of claim 12 wherein the timing circuit

comprises a counter for counting the predetermined number of
off periods.

14. The motor of claim 12 wherein the predetermined
number is a positive integer greater than 1.

15. A variable speed motor comprising:

a stationary assembly and a rotatable assembly in
magnetic‘coupling relation thereto, said stationary assembly
including windings adapted to be energized in at least one
preselected sequence;

. a power supply link for connecting the windings to a
power supply, said power supply link including power switching
devices for selectively energizing the windings in the
preselected sequence by selectively connecting the power supply
link to the windings to produce an electromagnetic field for
rotating the rotatable assembly, said power switching devices
each having a conducting state and a nonconducting state; and

a current sensing circuit for sensing current in the
power supply link; '

a current blanking circuit for inhibiting the sensed
current for a predetermined blanking interval triggered by the
energization of the windings; and

~a control circuit for defining a first preset period
during which each of the power switching devices may be
nonconducting and for controlling the power switching devices
so that each of the power switching devices is nonconducting
when the sensed current exceeds a peak current reference level




38. .The notor of claim 36 wherein the current blanking circuit conprises a
bl anking interval counter triggered by the energization of the w ndings for
timng the predeternined blanking interval, said blanking interval counter
generating a bl anking signal for inhibiting the control circuit during the
predeterm ned bl anking interval. 39. The nptor of cIa|n13§ wherein the
control circuit conprises an RS flip fhma%%wponsive t o the overcurrent

signal for generating a control signal for controlling t i MaYe
devices so that each of the power sw tching devices isn l I’
bl anki ng interval counter providing the blanking signal: I

defining the second preset period to the RS flip flop whereby during the
second pres@urpRgi eNet herSE prédet | por Do ad &5t I Er GRNIHY pYeddlerhined

ring .the
response t°biQ%k9X§r£H££$0£15& é?%bfngggeé¥lwhf%h circulates during -

periods when only one power switching device is conducting is
reduced.

16. The motor of claim 15 wherein the power
switching devices comprise an inverter bridge including a
positive rail and a negative rail supplied by the power supply
and wherein the current sensing circuit comprises a shunt
resistor for detecting current in the one of the rails of the
povwer supply link.

17. The motor of claim 16 wherein the inverter
bridge includes free-wheeling diodes, each corresponding to one
of the power switching devices, and wherein the shunt resistdr
normally carries a diode recovery current at energization, the
predetermined blanking interval exceeding an interval of time
corresponding to a time period during which the diode recovery
current decays below a predetermined level.

18. The motor of claim 15 wherein the current
blanking circuit comprises a blanking interval counter
triggered by the energization of the windings for timing the
predetermined blanking interval, said blanking interval counter
generating a blanking signal for inhibiting the control circuit
during the predetermined blanking interval.

19. The motor of claim 18 wherein the current
sensing circuit generates an overcurrent signal in response to
the sensed current exceeding the ‘peak current reference level
and wherein the control circuit includes an RS flip flop
résponsiVe during the first preset period to the overcurrent
signal for generating a control signal for controlling the
pover switching devices so that each of the power switching
devices is nonconducting, the blanking interval counter
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predeterm ned bl anking interval. 40. The motor of claim 36 wherein the
second preset period is approximtely 20 m croseconds beginning with the
energi zation of the w ndings and wherein the predetermnned blanking

i nterval is approximately one half of the second preset period. 41. The
not or of claim 36 wherein each of the pomer sw tchimgdevieesis_
nonconducting for a predeterm ned interval® of tine! iw t he sensed current

exceeds the first peak current reference |evel durin ngﬂl,gnmet

period. 42. A nethod of operating a systemfor drivi
conponent, said system conprising a notor having a statlonary "assenbly and
a rotatable assenbly in magnetic coupling relation thereto, said stationary

assegFlegt 'ﬁ(}CJ\Pfjdﬂgg v pdi 99§nf{|§£t ?Pgtté)?[ f&'c?rg'\;ﬁlx&o A é{'gr?al lfeatsi:[n:.%ng the

res

P first preset period to the RS flip flop whereby during the
first preset period the RS flip flop generates the control

signal in response to the overcurrent sxgnal except during the
predetermined blanking interval.

20. The motor of claim 15 wherein the first preset
period is approximately 20 microseconds beginning with the
energization of the windings and wherein the predetermined

blanking interval is approximately one half of the first preset
period.

21. The motor of claim 15 wherein each of the power
switching devices is nonconducting for a 'predetermined interval
of time when the sensed current exceeds the peak current
reference level during the first preset period.

22. The motor of claim 15 wherein the control
circuit defines a $econd preset period during which each of the
power switching devices may be nonconducting and controls the
powver switching devices so that each of the power switching
devices is nonconducting when the sensed current exceeds a
negative peak current reference level during the second preset
period and further comprising a pulse width modulation circuit
for pulse width modulating the power being provided to at least
one of the windings at a duty cycle having alternating on and
off periods, said control circuit defining the second preset
period to be a predetermined number of off periods after the
sensed current exceeds a positive peak current reference level.

23. The motor of claim 22 further comprising a
counter for counting the predetermined number of off periods.

24. The motor of claim 22 where1n the prede

number is a positive integer greater than 1. 'BﬁfthEMﬁﬂrf
: ’




sequence, said rotatable assenbly in driving relation to the 31
rot at abl e conponent, said notor al so having a power supply link for
connecting the windings to a power supply, said power supply link including
power switching devices each having a conducting state and a nonconducti ng

state, said nethod conprising the steps of;.sel ectivety—energizing the
windings in the presel ected sequence by connectlng thelfomer supply link to

t he wi ndings to produce an el ectromagnetic field f_o M&,ﬂﬂl "ﬁu},mt at abl e

assenbly; and regul ating current by defining preset
25. The motor of claim 22 wherein the current

sensing circuit compriseé a bi-directional current comparator
for comparing the sensed current in the power supply link to
the positive and negative peak current reference levels.

26. The motor of claim 25 further comprisdng a

network for scaling the sensed current input to the current
comparator.

27. The motor of claim 25 further comprising a
circuit for generating the positive and negative peak current
reference levels and including an adjustable resistor network
having an adjustable resistance for varying the positive.and
negative peak current reference levels.

28. A variable speed motor comprising:

a stationary assembly and a rotatable assembly in
magnetic coupling relation thereto, said stationary assembly
including windings adaptéd to be energized in at least one
preselected sequence; '

. a power supply link for connecting the windings to a
power supply, said power supply link including power switching
devices for selectively energizing the windings in the
preselected sequence by selectively connecting the power supply
link to the windings to proddce’an electromagnetic field for
rotating the rotatable assembly, said powef switching devices
each having a conducting state and a nonconducting state;

a pulse width modulation circuit for pulse width
modulating the pover being provided to at least one of the
windings at a duty cycle having alternating on and off periods;

a current sensing circuit for sensing current in the
power supply link;

' a current regulation circuit for controlling the
power switching devices so that when the sensed current exceeds
a first peak current reference level each of the pover
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whi ch each of the power sw tching devices may be nonconducting, sensing
current in the power supply link and controlling the power sw tching

devi ces so that each of the power sw tching devices is nonconducting when
the.sensed current exceeds a peak current reference |evel during the preset

peri ods. 43. The nethod of claim42 further conprrsrﬁg—%he—s%eps_at__
generating an overcurrent signal in respon to the sensed current

exceeding the peak current reference |evel and |nh| wl, ,i“ﬂm'mrrent
signal during a predeterm ned bl anki.ng interval tr|
energi zation of the w ndings, and wherein each of the pomer smnfchlng

devi ces i s nonconducting in response to the overcurrent signal whereby the

power sw tching device are nonconducting durln the ese erlods exc
during the gve@@be$&1ﬁ%ﬂlﬁﬁénk$n@°¢?ﬁ%ﬂ%@ﬁ1nﬂ- 4&9?&&? rodngdy, %

further conpfi §FpOpéh€ods whereby current which c1rcu1ates during periods
when only one power switching device is conducting is
controlled.

29. The motor of claim 28 further comprising a
counter for counting the predetermined number of off periods.

30. The motor of claim 28 wherein the predetermined
number is a positive integer greater than 1.

31. The motor of claim 28 wherein the power
switching devices comprise an inverter bridge including a
positive rail and a negative rail supplied by the power supply
and wherein the current sensing circuit comprises a shunt

resistor for sensing current in one of the rails of the power
supply link. '

32. The motor of claim 28 further comprising a
timing circuit for defining a first preset period during which
each of the power switching devices may be nonconducting, said
timing circuit'defining the first preset period to be the
predetermined number of off peribds after when the sensed
current exceeds the first peak current reference level, said
current regulation circuit controlling the power switching
devices so that each of the power switching devices is
nonconducting when the sensed current exceeds a second peak
current reference level during the first preset period.

33. The motor of claim 32 wherein the current
sensing circuit comprises a bi-directional current comparator
for compéting the sensed current in the power supply link to
the first and second peak current reference levels.




steps of pulse width nodulating the power being provided to at |east one of
t he Wi ndings at a duty cycle having alternating on and off periods and
controlling the power switching devices so that each of the power sw tching
devices i s nonconducting when the sensed current exceeds a negative peak
current reference level during the preset pegéods said regul ating current
step defining the preset periods to be a pre ternLned—nun%e+—ﬁ$—ﬁ++—— 32
periods after the sensed current exceeds a positive peak c nt r ‘"

level . 45. A system compri si ng arotatab'eC""""”er\‘lllllll|||II|III||||I|I|||

S

34. The motor of claim 33 further comprising a
network for scaling the sensed current input to the current
comparator.

35. The motor of claim 33 further comprising a
circuit for generating the first and second peak current
reference levels and including an adjustable resistor network
having an adjustable resistance for varying the first and
second peak current reference levels.

36. The motor of claim 28 further comprising a
control circuit for defining a second preset period during
which each of the power switching devices may be nonconducting
and wherein the current sensing circuit generates an
overcurrent signal in response to the sensed current exceeding
the first peak current reference level, wherein said control’
circuit includes a current blanking circuit for inhibiting the
overcurrent signal during a predeterm;ned blanking interval
triggered by the energization of the windings, and wherein each
of the power switching devices is nonconducting in response to
the overcurrent signal whereby the power switching devices are

nonconducting during the second preset period except during the
predetermined blanking interval.

37. The motor of claim 36 wherein the power
switching devices comprise an inverter bridge having a positive
rail and a negative rail supplied by the power supply and
including free-wheeling diodes, each corresponding to one of
the power switching devices, and wherein the rails of the power
supply link normally carry a diode recovery current at
energization, the predetermined blanking interval exceeding an
interval of time corresponding to a time pericd during which
the diode recovery current decays below a predetermined level.

02 JUL wet




a notor having a stationary assenbly and a rotatable assenbly in magnetic
coupling relation thereto, said stationary assenbly includi ng wi ndi ngs
adapted to be energized in at | east one presel ected sequence, said
rotatabl e assenbly being in driving relation to the rotatable conponent; a
power supply link for connecting the m%@dings to.a power supply, said power

supply l'ink including power swtching vices for ' I zi ng
the windings in the presel ected sequence by sel e(f-:t-[S m mm mﬂamzt he
power supply link to the windings to produce an éleetronagnetic Tkeld for
rotating the rotatable assenbly, said power switching devices each having a
conducting state and a nonconducting state; and a current regulation .
circuit including a i8ni nfheiPRERT Fhrclpim Ahqgharain the iBWrent ing which
each of thelpekbrg Sod fEUH 6 0c Pt Lass N Yb I KIGHE Gilittkiadvdlg, cdurfidy ent  sensi ng
triggered by the energization of the windings for timing the
predetermined blanking interval, said blanking interval counter
generating a blanking signal for inhibiting the control circuit

during the predetermined blanking interval.

39. The motor of élaim 38 wherein the control
circuit comprises an RS flip flop responsive to the overcurrent
signal for generating a control signal for controlling the
pover switching devices so that each of the power switching
devices is nonconducting, the blanking interval counter
providing the blanking signal and a window signal defining the
second preset period to the RS flip flop whereby during the
second preset period the RS flip flop generates the control

signal in response to the overcurrent signal except during the
predetermined blanking interval.

40. The motor of claim 36 Qherein the second preset
period is approximately 20 microseconds beginning with the
energization of the windings and wherein the prédetermined
blanking interval is approximately one half of the second
preset period. '

41. The motor of claim 36 wherein each of the power
switching devices is nonconducting for a predetermined interval:
of time when the sensed current exceeds the first peak current
reference level during'the second preset period.

42. A method of operating a system for driving a
rotatable component, said system comprising a motor having a
étationary assembly and a rotatable assembly in magnetic
coupling relation thereto, said stationary_gssembly including
windings adapted for energization in at least-one preselected
sequence, said rotatable assembly in driyiqgigelati“' the
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circuit for sensing current in the power supply link and a control circuit
for’ controlling the power switching devices so that each of the power
swi tching devices is nonconducting when the sensed current exceeds a peak
curirent reference | evel during the .preset periods. 46. An application

specific integrated circuit (ASIC) for wsle W tha_notor having a stationary
assenbly and a rotatable assenbly in magnetic coupling relation thereto,

said stationary assenbly includi ng wi ndi ngs adapt eﬁmﬂ” nin at
| east one presel ected sequence, said notor further “ﬁm"ﬁmmupp'y
link for connecting the windings to a power supply,*séi dtpowerssupply |ink
I ncl udi ng power sw tching devices for selectively energizing the w ndi ngs
in the rotatable component, said motor also having a power supply link
for connecting the windings to a power supply, said power
supply link including power switching devices each having a
conducting state and a nonconducting state, said method
comprising the steps of:
selectively energizing the windings in the
preselected sequence by connecting the power supply link to the
windings to produce an electromagnetic field for rotating the
rotatable assembly; and '
regulating current by defining preset periods during
which each of the power switching devices may be nonconducting,
sensing current in the power supply link and controlling the
power switching devices so that each of the power switching
‘devices is nonconducting when the sensed current exceeds a peak
current reference level during the preset periods.

43. The method of claim A2'further comprising the
steps of generating an overcurrent signal in response to the
sensed current exceeding the beak current reference level and
inhibiting the overcurrent signal during a predetermined
blanking interval triggered by the energization of the
windings, and wherein each of the power switching devices is
nonconducting in response to the overcurrent signal whereby the
power switching device are nonconducting during the preset
periods except during the predetermined blanking interval.

44. The method of claim 42 further comprising the
steps of pulse width modulating the power being provided to at
least one of the windings at a duty cycle having alternating on
and off periods and controlling the power switching devices so
that each of the power switching devices is nonconducting when
the sensed current exceeds a negative peak current reference
level during the preset periods, said regulating current step.
defining the preset periods to be a predetermined numbef of off .




33 .presel ected sequence by sel ectively connecting the power supply link to
the wi ndings to produce an el ectromagnetic field for rotating the rotatable
assenbly, said power swtching devices each having.a conducting state and a
noneonducting state, said ASIC conprisidd: a timng circuit for defining
preset periods during which each of the power sw tching devices nay be
nonconducting; a circuit for sensing current in the: pfﬂﬁ“lﬂﬂ&ﬂlﬁ""”ﬂ"ll and
a control circuit for controlling the power swi t ching each
of the power switching devices is nonconducting when tHAe Sensed' cdrrént
exceeds a peak current reference |evel during the preset periods.

periods after the sensed current exceeds a positive peak

current reference level.

45. A system comprising:

a rotatable component;

a motor having a stationary assembly and(a rotatable
assembly in magnetic coupling relation thereto, said stationary
assembly including windings adapted to be energized in at least
one preselected sequence, said rotatable assembly being in
driving relation to the rotatable component; '

a power supply link for connecting the windings to a
power supply, said power supply link including power switching
dévices for selectively energizing the windings in the
preselected sequence by selectively connecting the power supply
link to the windings to produce an electromagnetic field for
rotating the rotatable assembly, said power switching devices
each having a conducting state and a nonconducting state; and

a current regulation circuit including a timing
circuit for defining preset periods dhring which each of the
power switching devices may be nonconducting, a current sensing
circuit for sensing current in the power supply link and a
control circuit for controlling the power switching devices so
that each of the power switching devices is nonconducting when

the sensed current exceeds a peak current reference level
durzng the preset periods.

46. An application specific integrated circuit
(ASIC) for use withra motor having a stationary assembly and a
rotatable assembly in magnetic coupling relation thereto, said
stationary assembly including windings adapted for energization
in at least one preselected sequence, said moter further having
a powver supply link for connecting the w1ndings ‘to a power
supply, said power supply link 1nc1ud1ng power sw1tch1ng
devices for selectively energizing the w1ndings in thg

REPLACKMENT SHEET,
02 JUL 1996




47, A current regulation circuit for controlling excessive circulating
curtents in a power supply link of a variable speed notor having a
stationary assenbly and a rotatable assenbly in magnetic coupling relation
thereto, said stationary assenbly including w ndings adapted for

energi zation in at |east one presel ected sequence, said power supply link
connecting the windings to a power supply and includi ng power sw tching

devi ces for selectively energizing the windings in t ﬂlﬂlﬁﬂﬂlm ml"mﬁuence
by sel ectively connecting the power supply link tot duce

an el ectromagnetic field for rotating the rotatabl e asserfbly Y power

swi tchi ng devi ces each having a conducting state and a nonconductlng state,
said curr greseind id Gequienne tby ayllectiivilya donneegiogr chet pbver detpping

preset peri.ads during WHARRATD YPeddied We'e 1 oRbRlIEY ££81 87Yo PO

nonconduct 1'Ng; . ] )
rotating the rotatable assembly, said power switching devices

each having a conducting state and a nonconducting state, said
ASIC comprising:

a timing circuit for defining preset periods during
which each of the power switchingldevices may be nonconducting;

a circuit for sensing current in the power supply
link; and

a control circuit for controlling the power switching
devices so that each of the power switching devices is
néhconducting when the sensed current exceeds a peak current
reference level during the preset periods.

47. A current regulation circuit for controlling
excessive circulating currents in a power supply link of a
variable speed motor having a stationary assembly and a
rotatable assembly in magnetic coupling relation thereto, said
stationary assembly including windingé adapted for energization
in at least one preselected sequence, said power supply link
connecting the windings to a power supply and including power
switching devices for selectively energizing the windings in
the preselected sequence by selectively connecting the power
supply link to the Qindings to produce an electromagnetic field
for rotating the rotatable assembly, said power switching
devices each having a conducting state and a nonconducting
state, said current regulation circuit comprising:

a timing circuit for defining preset periods during
which each of the power switching devices may be nonconducting;

a circuit for sensing current in the power supply
link; and .

a control circuit for controlling the power switching
devices so that each of the power switching devices is
nonconducting when the sensed current gxceeds a peak current

reference level during the presét periods whereby current which

REPLACEMENT SHEET|
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a circuit for sensing current in the power supply link; and a control
cicuit for controlling the power switching devices so that each of the
power switching devices is nonconducting when the sensed current exceeds a

peak current reference |level during the preset periods whereby current
whi ch circul ates during periods when onIy ong ptﬁE?‘SWbLagggg:g§¥lce IS
conducting is regul ated. 48. A nethod of eratln abl e spe not or,

said notor having a stationary assenbly and a r ot Zy
magnetic coupling relation thereto, said stati onary as ”dl ng
wi ndi ngs adapted for energization in at

circulates during periods when only one power switching device
is conducting is regulated.

48. A method of operating a variable speed motor,
said motor having a stationary assembly and a rotatable
assembly in magnetic éoupling relation thereto, said stationary
assembly including windings adapted for energization in at
least one preselected sequence, said motor also having a power
supply link for connecting the windings to a power supply, said
power supply link including power switching devices each having
a conducting state and a nonconducting state, said method
comprising the steps of:

selectively energizing the windings in the
preselected sequence by selectively connecting the power supply
link to the windings to produce an electromagnetic field for
rotating the rotatable assembly;

regulating current by defining preset periods during
which each of the power switching devices may be'nonconducting,
sensing current in the power supply link; and

controlling the power switching devices so that each
of the power switching devices is noncohducting when the sensed

current exceeds a peak current reference level during the
preset periods.-

49. A method of operating a variable speed motor,
said motor having a stationéry assembly and a .rotatable
assembly in magnetic coupling relation thereto,_sai&.stationary
assembly including windings adapted for eﬁergizéﬁioﬁ in at
least one preselected sequence, said motor also having a power
supply link for connecting the windings to a power supply, said
power supply link including power switching devices each having
a conducting state and a nonconducting state, .said method
comprising the steps of: .

selectively energizing the windings in the o
preselected sequence by selectively connecting the power supply




| east one presel ected sequence, said notor also having a power supply link
for® connecting the windings to a power supply, said power supply |ink

i ncl udi ng power switching devices each having a conducting state and a
nonconducting state, said nethod conprising the steps of: sel ectively
energi zing the windings in the presel ected sequence by selectively.
connecting the power supply link to the W5ndi ngs to produce an

el ectromagnetic field for rotating the rotat abI eelmﬂnm}l"’"u Imﬂmrl ng

current by defining preset periods during which swi t chi ng
devi ces may be nonconducting, sensing current in the “power"subpl’y link; and
controlling the power swi tching devices so that each of the power SMAtChIng

devi ces | alnqncwdw& | on dAdYeds (e RRRRE G reqr&c@erﬁﬁegimacpealﬂauwent
reference IeveI uré g t he
otating rotatable assembly;

sens1ng'current in the power supply link;

inhibiting the sensed current for a predetermined
blanking interval triggered by the energization of the
windings;

defining a preset period during which each of the
power switching devices may be nonconducting; and

controlling the power switching devices so that each
of the power switching devices is nonconducting when the sensed
current exceeds a pesak current reference level during the
preset period except during the predetermined blanking interval
whereby current which circulates during periods when only omne
power switching device is conducting is reduced.

50. A method of operating a variable speed motor,
said motor having a stationary assembly and a rotatable
assembly in magnetic coupling relation thereto, said stationary
assembly including windings adapted fer energization in at
least one preselected sequence, said motor also having a power
supply link for connecting the windings to a power supply, said
power supply link including power switching devices each having
a conducting state and a nonconducting state, said method
comprising the steps of:

selectively energizing the windings in the
preselected sequence by selectively connecting the power supply
link to the windings to produce an electromagnetic field for
rotating the rotatable assembly;

pulse width modulating the power being provided to at
least one of the windings at a duty cycle having alternating on
-apd off periods;

sensing current in the power supply.link; and

controlling the power switching devices so that when
the sensed current exceeds a peak current reference level each
of the power switching devices is nonconducting after a
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preset periods. 49. A nethod of operating a variable speed notor, said
motor having a stationary assenbly and a rotatable assenbly in nmagnetic
coupling relation thereto, said stationary assenbly including w ndi ngs
adapted for energization in at | east one presel ected sequence, said notor

al so having a power supply link for connect|ng-%he«Mknd+ngs_LQ_a_ppmer
supply, said power supply link includi ngdéower SMAtChIng devi ces each

havi ng a conducting state and a nonconductl ng stii m,! H’megm conpri sing
the steps of: selectively energizing the w nding uted
sequence by sel ectively connecting the power supply

predetermined number of off periods whereby current which

circulates during periods when only one power switching device
is conducting is reduced.

51. A method of operating a variable speed motor,
said motor having a stationary assembly and a rotatable
assembly in magnetic coupling relation thereto, said stationary
assembly including windings adapted for energization in at
least one preselected sequence, said motor also having a power
supply link for connecting the windings to a power supply, said
power supply link including power switching devices each having
a conducting state and a nonconducting state, said method
comprising the steps of: _

selectively energizing the windings in the
preselected sequence by selectively connecting the power supply
link to the windings to produce an electromagnetic field for

" rotating the rotatable assembly; .

defining by an application §pecific integrated
circuit preset periods during which each of the power switching
devices may be nonconducting;

sensing current in the power supply link; and

controlling the power switching devices so that each.
of .the power switching'devices is nonconducting when the sensed

current exceeds a peak current reference level during the
preset periods.

52. A method of regulafing current: for controlling
excessive circulating currents in a power supply link of a
variable speed motor, said motor having a stationary assembly
and a rotatable assembly in magnetic coupling relation thereto,
said stationary assembly including windings adapted for
energization in at least one preselected sequence, said power
supply_link connecting the windings to a power supply and
including power switching devices for selectively energizing
the windings in the preselected sequence by sel




35 link to the windings to produce an el ectromagnetic field for rotating
t he’ rot at abl e assenbly; sensing current in the power supply link;
i nhibiting the sensed current for a predeterm ned bl anking interval
tri.ggered by the energization of the w ndings; defining a preset period
duri ng which each of the power sw tching devices may be nonconducting; and
controlling the power switching devices so37hat each gmmﬁ j“ﬂmmmnt:hl ng
~devices is nonconducting when the sensed current exce m
reference | evel during the preset period except duriing thé pted8tetni’hed
bl anki ng i nterval whereby current which circul ates during periods when only
one power switching device is conducting is reduced.

connecting the power supply link to the windings to produce an

electromagnetic field for rotating the rotatable assembly, said
power switching devices each having a conducting state and a

nonconducting state, said method comprising the steps of:

defining preset periods during which each of the
pover switching devices may be nonconducting;

sensing current in the power supply link; and

controlling the power switching devices so that each
of the power switching devices is nonconducting when the sensed
current exceeds a peak current reference level during the
preset periods whereby current which circulates during periods
when only one power switching device is conducting is
regulated.




50. A method of operating a variable speed notor, said notor having a
stationary assenbly and a rotatable assenbly in magnetic coupling relation
thereto, said stationary assenbly including wi ndings adapted for

energi zation in at |east one presel ected sequence, said notor also having a
power supply link for connecting the windiggs to a power supply, said power
supply link including power sw tching devies each having a conducting
state and a nonconducting state, said nethod conprising the steps of:

sel ectively energizing the windings in the presel ected sequence by

sel ectively connecting the power supply link to the wi ndings to produce an
el ectromagnetic field for rotating the rotatable assenbly; pulse wdth

nmodul ating the poﬁBPABéW% .. B FQR DEREGTINN Wté@"ﬁ)ﬁ%i ngs at a
i L RRENTS IN A VARIABLE SPEED MOTOR
duty cycl e havi 3LE o Lobl NMUIUR
ABSTRACT

A current regulation circuit for a variflle speed
motor. The motor includes a stationar& assembly,néving
windings adapted for energization in at least one.preselected
sequence and a rotatable assembly in magnetic coupling relation
to the stationary assembly. A power supply link connects the
windings to a power supply and includes power switching devices
for selectively energizing the windings in the preselected
sequence by selectively cdnnecting the power supply link to the
windings to produce an electromagnetic field for rotating the
rotatable assembly. The power switching devices each have a
conducting state and a nonconducting state. The current
regulation circuit includes a timing circuit, a curfent sensing
circuit and a control circuit. The timing circuit defines
preset periods during which each of the power switching devices
may be nonconducting. The current sensing circuit senses
current in the power supply link. The control circuit controls
the power switching devices so that each of the power switching
devices is nonconducting when the sensed current exceeds a peak
current reference level during the preset periods. 1In this
manner, the current regulation circuit controls current which

circulates during periods when only one power switching device
is conducting. '

FIG. 1
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and off periods; sensing current in the power supply link; and controlling
t he :power switching devices so that when the sensed current exceeds a peak
current reference | evel each of the power switching devices is
noneonducting after a 36 predeterm ned nunber of off periods whereby
current which circul ates during periods when only one power -sw t ching
device is conducting is reduced. 51. A k& hod of operating a variable speed
notor, said notor having a stationary assenbly and a rotatable assenbly in
magnetic coupling relation thereto, said stationary

Q0
~ Q
| « 9
~ \ =
g (a9 _—
N o
3 | X
S =N 0 %
X %- a
Y o
W
Q %
3 N
zZ e - W
Q 9;‘: \ -
§E3 3
ol T R . Q
o \/EQC, b & A 3 JU\
b R L - ==
S Lorokn L
NI | s
_ < - i \\\
5 ST
- < . ! | o
ey VS W—— A &
>0 . 'kt | :
\f\m _).'GLZ)l q____.\_,m‘
- —p 158,
I Y1384,
QL L__
¥
.o L
f N
—_ Q —
- Q
g ~ 3
reu Slgx
Y TRy,
N hE
L (VAN




assenbly including w ndings adapted for energization in at |east one

présel ected sequence, said notor also having a power supply link for
connecting the windings to a power supply, said power supply link including
power switching devices each having a conducting state and a nonconducti ng
state, said nethod conprising the steps of: selectively energizing the

wi ndings in the presel ected sequence Ry9sel ectively connecting the power
supply link to the wﬁnangs to produce an el ectromagnetic(jield for
rotating the rotatabl e@ssenbly; defining by an applicati@n specific
integrated circuit pregét periods during which each of thg) power sw tching
devi ces may be noncongméting; sensing current in the powerdsupply |ink; and
control l'i ng t-he power 4+swi-t-chi ng-devi-ces-§0 that each. Kj
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of .the power sw tching devices is nonconducting when the sensed current
exceeds a peak current reference |level during the preset periods. 52. A

met hod of regulating current for controlling excessive circulating currents
in a power supply link of a variable speed notor, said notor having a
stationary assenbly and a rotatable as ly in nmagnetic coupling relation
thereto, said stationary assenbly includi'ng wi ndi ngs adapted for

energi zation in at |east one presél ected sequence, said power supply |ink
connecting the windipgs to a power supply and including}jpower sw tching

devices for selectily energizing the windings in the’QreseIected sequence
by selectivity
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37 connecting the power supply link to the windings to produce an

el ectromagnetic field for rotating the rotatable assenbly, said power
swi t chi ng devices each having a conducting state and a nonconducting stateég,
said nethod conprising the steps of: defining preset periods during which
each of the power sw tching devices may be nonconducting; sensing current

I n the power supply link; and controlliﬁé9the power sw tching devices so

t hat each of the power sw tching devices is nonconducting when the sensed
current exceeds a geak current reference |evel durings<he preset periods

wher eby current mﬁgch circul ates during periods when ol y one power
swi tching device ifs conducting is regul at ed.
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VARIABLE SPEED MOTORS AND CONTROL THEREOF -

S CT

A current regulation circuit for a vaniﬁBle speed
motor. The motor includes a stationary assembly‘héving
windings adapted for energization in at least one preselected
sequence and a rotatable assembly in magnetic coubling relation
to the stationary assembly. A power supply link connects the
windings to a power supply and includes power switching devices
for selectively energizing the windings in the preselected
sequence by selectively connecting the power supply link to the
windings to produce an electromagnetic field for rotating the
rotatable assembly. The power switching devices each have a
conducting state and a nonconducting state. The current
regulation circuit includes a timing circuit, a curfent sensing
circuit and a control circuit. The timing circuit defines
preset periods during which each of the power switching devices
may be nonconducting. The current sensing circuit senses
‘current in the power supply link. The control circuit controls
the power switching devices so that each of the power switching
devices is nonconducting when the sensed current exceeds a peak
current reference level during the preset periods. In this
manner, the current regulation circuit controls current which
circulates during periods when only one power switching device
is conducting.

FIG. 1

This ie the repiecemont eheet
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