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det ection of back electronotive force (BEMF) in a three- phase brushless DC
notor driven by a three-phase Half-Bridge driver and operating in a
continuous pul se width nodul ated (PWW) node. The invention provides for

dét ection of back el ectronotive force Izero-crossings for use in notor speed
control . Background Art

A METHOD & APPARATUS FOR DETECTING BACK ELECTROMOTIVE
FORCE

Field of the Invention

This invention relates to the detection of back electromotive force (BEMF) in a three-
phase brushless DC motor driven by a three-phase Half-Bridge driver and operating in a
continuous pulse width modulated (PWM) mode. The invention provides for detection of back

electromotive force zero-crossings for use in motor speed control.
Background Art

The spindle motor commeonly used in computer hard disk drives (HDD) uses a three-
phase drive current drive from a DC power supply. The three-phase sequencing is done by
on/off sequencing of the power transistors connected in three-phase half-bridge configuration.

In a typical bipolar operation, at any instant, only two phases are conducting while the
third phase is in a tri-stated condition. The voltage monitored in this tri-stated phase is the
BEMF voltage. When this BEMF voltage changes its polarity with respect to the centre tap
voltage (neutral/star terminal of the motor windings), a zero-crossing is detected. This provides
an indication for the next phase advancement and the rate of zero-crossing occurrences is
directly proportional to the motor speed. Consequently, BEMF zero-crossing information is
important for speed control. |

Figure 1 shows the three output voltage waveforms from a typical spindle motor been
driven without PWM chopping (linear operation). In this situation, BEMF detection is
relatively straight forward.

Figure 2 shows the same waveforms but with PWM chopping. The highly
discontinuous waveforms and presence of chopping noise complicates the zero-crossing of the

BEMF. Clearly, a simple comparator-latch approach is not adequate as false zero-crossing can
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occurrences is directly proportional to the notor speed. Cbnsequently, BEM-
zero-crossing infornation is inportant for speed control. ure 1

shows t he threelwtdémonm:s@g@pwahws@mmeqnmmr& wmm@ne-plpﬁsmp'@cm&ﬁ een

det oot on' (0Fmmat (R PRefAL of PEF s PROR"of BB anet B RebUBENDE: WHE'S o

wavef or s hygiialtyi dchietA\bYCBEMIF digectidi) for fallGhes-phlisescirvuph Wanstipexiag stheme And
presence of chopping noise conplicates the zero-crossing of the BEM-.

Clearly, a sinple conparator-latch approach is not adequate as false
ZEr0-crossing C&y reduce device power dissipation in prior art systems, the spindle motor in a HDD

is only driven in PWM mode during start-up when the motor current is high. During run-
mode, as the BEMF of the motor increases, the output current decreases and a transconductance
loop is used to contro] the on-resistance of the lower power drivers in a linear fashion for load
current (speed) regulation. However, as the disk drive capacity increases, operation at higher
motor speeds (>7200rpm) becomes necessary with a consequential increase in motor running
current, This results in higher device power dissipation which can only be reduced by PWM
operation during the run-mode of the motor. Unfortunately, this complicates the accurate
BEMF detection of BEMF zero-crossings. In one approach, three filters can be used to remove
the chopping noises present in the BEMF signal in combination with a comparator with
hysteresis. With this approach, the following difficulties arise:

(1) Since the cut-off frequency is low (max. 1kHz), monolithic filter implementation
becomes more complex. Therefore, additional external components are required,

(2) If the filters are external, the zero-crossing detector must also be external.
Alternatively, 3-extra pins are required to keep zero-crossing detection within the chip.

(3)  Highly discontinuous voltage waveforms within the tri-stated phase requires additional
BEMF conditioning circuits its to avoid giving false zero-crossing.

Disclosure of the Invention

It is an object of this invention to prove a method and apparatus for detecting the back
electromotive force in a three phase brushless DC motor driven in half bridge configuration and
operated contimiously in a pulse width modulated mode which will overcome or at least

ameliorate one or more of the foregoing disadvantages.



- 2- be detected. In addition, it is a typical systemrequirenent
to have one-phase detected BEMF i nformation (say, phase A) as well as "XOR'
of . the three-phases' detected BEMP. This is usually achi eved by BEMF
détection for all three-phases through a multiplexi ng schene. To
reduce device power dissipation in prior art systenms, the spindle notor in
a:HDD is only driven in PA node durisng-start-up when the notor current is
hi gh. During run- node, as the BEMF of the notor increases, the out put
current decreases and a transconductance |loop is used to control the
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electromotive force in a three-phase brushless DC motor driven in half bridge configuration and
operated continuously in a pulse width modulated mode, said method comprising the steps of
obtaining a difference signal indicative of the difference between the centre tap voltage and the
voltage of at least one of said phases during a tri-stated condition of that phase and producing

from said difference signal a measure of said back electromotive force.

In a second aspect, this invention provides an apparatus for detecting the back electromotive
force in a three-phase brushless DC motor driven in half bridge configuration and operated
continuously in a pulse width modulated mode, said apparatus comprising a comparator to
produce a difference signal indicative of the difference between the centre tap voltage and the
voltage of at least one of said phases during a tri-stated condition of that phase and to produce
from said difference signal a measure of said back electromotive force.

Preferably, the signal is obtained during an on cycle of the pulse width modulation. It is
further preferred that a reconstructed signal indicative of the back electromotive force is
generated from sequential difference signals by holding the reconstructed signal at a hold value
determined by each sequential difference signal until the next sequential difference signal is
obtained. Preferably, the reconstructed signal is adjusted between sequential difference signals
by applying a slope compensation to each hold value, In a preferred embodiment, the slope
compensation is achieved by a linear adjustment of the hold value with time. The linear
adjustment is preferably determined by a calculation of the rate of change of the back
electromotive force at the zero-crossing point for the motor operating speed.

Preferably, the difference signal is obtained following a delay time for the commencement
of the on cycle of said pulse width modulation. More preferably, the delay time is about 20%
of the pulse width modulation on time.

In the preferred embodiment, a unity-gain fully-differential amplifier is used to compare
the difference between the centre tap voltage and the tri-stated phase voltage. This removes

common mode noise and the three phase voltages can also be multiplexed.



current (speed) regul ation. However, as the disk drive capacity increases,
operation at higher notor speeds (>7200rpn) beconmes necessary with a
consequential increase in nmotor running current. This results in higher
devi ce power dissipation which can only be reduced by PWM operation during
the run-node of the notor. Unfortunately, this conplicates the accurate
BEM- detection of BEM zero-crossings.‘in one approach, three filters can
be used to renopve the choppi ng noises present in the BEMF signal in
conbination with a conmparator with hysteresis. Wth this approach, the
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wi dt h nodul #YQigs Jasig Gritical BEMF| information gt 2570-¢rpssngs,s The comparator output is then
latched into the appropriate location. Sample and hold slope compensation can be done easily

with prior knowledge of the motor speed and BEMF amplitude.

The method and apparatus of this invention provides for BEMF detection under continuous
pulse width mode operation thereby minimising the requirement for power dissipation and
permitting higher current motor operation, which in turn, results in a higher motor speed. The
invention also climinates the need for sophisticated filtering techniques to precondition the
BEMF waveforms. |

The invention will now be described, by way of example only, with reference to the

accompanying drawings.
Brief Description of the Drawings

Figure 1 is a graph of the typical output waveforms for three-phases of a spindle
motor used in a hard disk drive in linear operation;

Figure 2 shows the same waveforms as in Figure 1 with pulse width modulated
chopping;

Figure 3 is a schematic circuit diagram of an embodiment of the present invention;

Figure 4 respectively shows an actual BEMF signal and a typical sample-and hold
BEMF signal.



aneliorate one or nore of the foregoing di sadvant ages.

-3 - According to a first aspect, this invention provides a nethod of
detecting a back electronotive force in a three-phase brushl ess DC not or
dfiven in half bridge configuration and operated continuously in a pul se

wi dt h nodul at ed node, said nmethod conprising the steps of obtaining a

di.f ference signal indicative of the difterence between the centre tap

vol tage and the voltage of at |east one of said phases during a tri-stated
condi tion of that phase and producing fromsaid difference signal a neasure

of said back ondt ipversf KPS igon
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t hr ee- phase brushl ess Dfonipehsateddamyplerand holdaignabaccoidimgao e mreseat inventiond
operated continuously in a pulse wdth nodul ated node, said apparatus

conprising a conparator to
Figure 6 is a schematic circuit diagram of a circuit which compares a reconstructed

BEMF signal with a threshold value; and
Figure 7 shows the use of a small hysteresis in the BEMF voltage.

As shown in Figure 3, a unity gain fully differential amplifier is used to compare the
difference between centre tap voltage and the tri-stated phase voltage for each of three-phases
A, Band C. A three-channel muitiplexer provides for the sequential switching of the phases
to the input of the differential amplifier. The multiplexer, which is not shown in detail, has
three switches which are conventional in N-channel mos switches. Each switch contains two
N-channel LDMOS connected in serigs with drain-source-source-drain configuration to avoid
body diode conduction. The operationél aihpliﬁer used fdr the differential amplifier his alow
bandwidth (about 1MHz) having push-pull output capable of driving a few milliamperes of

current.

Sampling is achieved through a cmos transmission gate containing equal size N-channel and
P-channel mos, connected in parallel to avoid switching charge loss. This switch typically
offers 50ohm resistance.

The chopping of the power drivers is done by a signal of constant frequency variable duty
cycle internal to the device, During high period of the PWM signal both the upper and lower
power transistors of the corresponding phases are on and centre tap is approximately at the half
of the power supply voltage. During off time one of the outputs goes negative or above power
supply due to inductive recirculation and the centre tap voltage changes accordingly. Thus, to
have the correct BEMF information, sampling is done during PWM on time. Being an
inductive drive with finite core loss, there will be some noise in the centre tap when the
chopping is changing from off to on. A delay is incorporated between PWM on time to
sampling time. This time is designed to be approximately 20% of the PWM signal's time



produce a difference signal indicative of the difference between the centre
tap voltage and the voltage of at | east one of said phases during a
tri-stated condition of that phase and to produce fromsaid difference

si gnal a neasure of said back el ectronotive force. Preferably, the
signal is obtained during an on cycle of the pulse width nodulation. It is
fucther preferred that a reconstructedgsignal indicative of the back

el ectronotive force is generated from sequential difference signals by
hol di ng the reconstructed signal at a hold val ue determ ned by each
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anmplifier i showadd Rignrednpare the difference between the centre tap vol tage
and the tri-stated phase voltage.- This renoves

The speed control requirement of the motor drive system is about 10us tolerance in time
with respect to the actual zero-crossing. Because of the S/H nature of the sampled BEMF
waveform, it will create jitter in speed control loop. This is overcome by slope compensation
during hold time. In practice, only one direction slope compensation (either positive to
negative or negative to position transition) is required. In the preferred embodiment, negative
slope compensation is performed. The negative slope compensation technique is described

below:
VM,=A * gin (W * ),
‘Where
() = angular speed of the motor in rad/sec
A = bemf amplitude

Thus, the slope of the bemf at zero-crossing is given by:
d
; (wa) =4 *0

Now if a constant current is used to discharge the S/H capacitor to generate this slope for

compensation then we can write:



common node noi se and the three phase voltages can al so be nmultipl exed.
-4- The differential anplifier output, which is the BEMF signal, is
bei ng sanpled only during PWM on-tinme and then held during PW off tine
wi‘t h some appropriate sl ope conpensation to avoid fal se zero-crossings
which can result in speed jitter. Thus, the sanple and hold output is a
clean replica of BEMF signal and it pagses through a BEMF conparator for
zero-crossing detection. In addition, in the vicinity of zero-crossing, a
wi ndow preferably is generated to ensure that there is no PWM off-tine,
i.e, the full-Hridge,i§ in continuous on node. This avoids losing critical
BEMF i nformati@n af” zero-crossings. The conparator output is then | atched
into the approﬁ?iate | ocation. Sanple and hold sl ope conpensation can be

done easily vvith('pri or know edge of the notor speed and BEMF anplit ude.
I=C,*4 *®

This discharge can be achieved using a resistor having a value given by:

Vv
= _ro
RJ& - It

Figure 5 shows the typical compensated S/H output waveform.

To minimize the speed control loop jitter, the actual BEMF zero-crossing must occur only
during the PWM on-time. Although PWM signal is synchronized with a spin clock signal
(each positive edge of the clock will advance the phase one by one), there are occurrences when
the PWM off-time may coincide with the BEMF zero-crossing causing the system to lose
valuable zero-crossing information, particularly when the motor is speeding up. This is even
more critical when the motor is transiting from start to run mode.

Using the reconstructed BEMF information 2 "window" is defined. During this "window"
time, PWM chopping _is inhibited and the corresponding drivers are turned on permanently,
Upon successful zero-crossing detection, this window is disabled and normal PWM chopping
resumes. During this window the PWM-on information is latched and provided to the
controlling microprocessor to manipulate spin clock hence speed to ensure that zero-crossing
must happen during PWM on time. After this operation, "window" mode will be permanently
disabled.

The window time is set based on reconstructed BEMF as follows:
Vbemf = Va * sin (R - £, * W)

For 7200rpm speed of motor and BEMF amplitude 4V



The met hod and apparatus of this invention provides for BEMF detection
under continuous pul se wi dth node operation thereby mnimsing the

requi renent for power dissipation and permtting higher current notor
operation, which in turn, results in a higher notor speed. The invention
al so elimnates the need for sophisticated filtering techniques to

precondi tion the BEMF wavef orns. -ge invention wll now be descri bed,
by way of exanple only, with reference to the acconpanyi ng draw ngs.
Brief Description of the Draw ngs Figure 1 is a graph of the

typi cal out putwv\@v@mrﬁ Lg{i w ?Iﬁo"??ﬁ%?"‘%’é a spindle

not or used in a hargg di sk

the sane waveforns as in Figure 1 with pul se wi dth nodul at ed

choppi ng;

Therefore, to set a window time, s, of 25usec from a zero-crossing, the corresponding

BEMEF voltage is given by:
Vowny = 02517

Figure 6 shows by changing the magnitude of the reference current which can be set
externally through a resistor, the corresponding BEMF voltage is set as the reference voltage
to which the reconstructed BEMF signal is compared. The advantage of this scheme is the
capability to change the size of this window thereby allowing the detection scheme to operate
even with BEMF signal as low as 100mV, thus facilitating the handover from start to run mode

even at low motor speed.

A comparator compares the BEMF voltage with reference voltage(¥,,) and changes state
upon BEMF voltage crosses the reference voltage each time. To avoid false transition near
crossing, a small hysteresis (approximately 10mV) is introduced which changes its direction
according to the slope.

The effect of the hysteresis is shown in Figure 7.

The foregoing describes only one embodiment of this invention and modifications can be
made without departing from the scope of the invention.

eration; Figure 2 shows



Figure 3 is a schematic circuit diagram of an enbodi ment of the present

I nventi on; Figure 4 respectlvel y shows an actual BEMF signhal and a
typi cal sanpl e-and hol d BEMF si gnal .

-5 - Figure 5 shows the conparison of the sanple and hol d si gnal
of Figure 4 with a conpensat ed sanpie an Si gna

according to the present invention. _g_  Figure 6 ”“Iﬂ“ﬁlﬂllnmuﬂlm rcuit
diagram of a circuit which conpares a reconstructed BEM-
signal with a threshold val ue; and

CLAIMS

1. A method of detecting the back electromotive force in a three- phase brushless DC
motor driven in half bridge configuration and operated continuously in a pulse width
modulated mode, said method comprising the steps of obtaining a difference signal
indicative of the difference between the centre tap voltage and the voltage of at least
one of said phases during a tri-stated condition of that phase and producing from said
difference signal a measure of said back electromotive force.

2. A method as claimed in claim 1, further comprising the step of obtaining said
difference signal during an on cycle of said pulse width modulation.

3. A method as claimed in claim 2, further comprising the step of generating a
reconstructed signal indicative of said back electromotive force from sequential
difference signals by holding said reconstructed signal at a hold value determined by
each said sequential difference signal until the next sequential difference signal is
obtained.

4, A method as claimed in claim 3, wherein said reconstructed signal is adjusted between
sequential difference signals by applying a slope compensation to each said hold value,

5. A method as claimed in claim 4, wherein said slope compensation is achieved by a
linear adjustment of said hold value with time.

6. A method as claimed in claim 5, wherein said linear adjustment is determined by a
calculation of the rate of change of said back electromotive force at the zero-crossing

point for the motor operating speed.

7. A method as claimed in any one of claims 2 to 6, wherein said difference signal is

obtained following a delay time from the commencement of said on cycle of said pulse
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Figure 7 shows the use of a small hysteresis in the BEMP voltage.

As shown in Figure 3, a unity gain fully differential anplifier is used to
conpare the difference between centre tap voltage and the tri-stated phase
voltage for each of three-phases A, B and C A thr ' xer
provides for the sequential switching of the phase the
differential anplifier. The nultipl exelQ-which is ﬁmﬂnﬂmﬂm miuzﬂu

three switches which are conventional in N-channel rfos¢tswtches. Each
switch contains two N-channel LDMOS connected in series with

dr ai n- sour ce- soUxAdth fodtlatieNf i guration to avoi d body di ode conduction. The
operational anplifier used for the differential anplifier has a | ow

bandw dt h (about 1MHz) havi ng push-pul |l output capable of driving a few
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connected in par@hdtﬁ'md‘dﬁlaﬁ&%xgnﬁl&ﬂ tching charge loss. This switch typically
of fers 500hm resi st ance. he chopping of the power drivers is done by

a signal of constant frequency vari able duty cycle internal to the device.
During hi gh peri o) he PWM.si gnal th and | ower
transi st or s>of tz‘em %?‘i axclaimed 1y ‘??ﬂ”@sgr@g QﬂtZF@ﬂﬁ“&s‘)\ﬁm‘lba"k

approxi mately at efeliforhcHve force is detected.

10. A method as claimed in claim 9, wherein said pulse width modulation chopping is
inhibited during a predetermined window prior to zero-crossing of said back

electromotive force.

11. A method as claimed in claim 10, wherein said inhibiting of pulse width modulating
chopping ensures subsequent zero-crossings of said back electromotive force will occur
during the on time of said pulse width modulation.

12. A method as claimed in claim 10 or claim 11, wherein said window is determined from
reconstructed signal indicative of said back electromotive force by selecting a back
electromotive force value below which said pulse width modulation chopping is
inhibited.

13. A method as claimed in any one of claims 1 to 12, wherein the back electromotive
force is detected for each of said phases by multiplexing the voltages of each of said
phases during the respective tri-stated condition of that phase to a single comparator.

14. A method as claimed in claim 13, wherein said comparator is a differential amplifier
with unity gain.

15.  An apparatus for detecting the back electromotive force in a three-phase brushless DC

motor driven in half bridge configuration and operated continuously in a pulse width
modulated mode, said apparatus comprising a comparator to produce a difference signal
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of the power supply voltage. During off time one of the outputs goes
negati ve or above power supply due to inductive recircwat+on—and -the

centre tap voltage changes accordingly. Thus, to have t
i "formation, sanpling is done during PM\Mon tinme. Bein M m"mﬁﬂl ve
with finite core loss, there will be sone noise in the centres

chopping is changing fromoff to on.-Mdelay is incorporated between PW on
time to sarrpling time. This time is designed to be approxi mately 20% of the

PWM signal's tine - 6-
period and is exidédine of tie'@EEaEHetweetitic tefitrd P ivoliie dndahe dﬁfaﬁé‘@ﬁaﬁl@ﬁt

out put slew rate. The PWM frequency is usually set above the audible
frequency r angeomqﬁxaldaihbgbs doditgra tn—statedmndﬁmmfm plmpand tooproghace e szid

hol d capacitor f a e and hol d S sarrpl ing this capacitor
i s charged to(V Wnc-‘}s@élr @a#ﬁ““g’ fOXC6i 0d of the switch it

16.  An apparatus as claimed in claim 15, wherein said difference signal is produced during
an on cycle of said pulse width modulation.

17.  An apparatus as claimed in claim 16, further comprising means to generate a
reconstructed signal indicative of said back electromotive force from sequential
difference signals by holding said reconstructed signal at a hold value determined by
each said sequential difference signal until the next sequential difference signal is
obtained.

18.  An apparatus as claimed in claim 17, wherein said reconstructed signal is adjusted
between sequential difference signals by applying a slope compensation to each said
hold value.

19.  Anapparatus as claimed in claim 18, wherein said slope compensation is achieved by
a linear adjustment of said hold value with time.

20.  Anapparatus as claimed in claim 19, wherein said linear adjustment is determined by
a calculation of the rate of change of said back electromotive force at the zero-crossing
point for the motor operating speed.

21,  Anapparatus as claimed in any one of claims 16 to 20, wherein said difference signal
is obtained following a delay time from the commencement of said on cycle of said
pulse width modulation.

22.  Anapparatus as claimed in claim 21, wherein said delay time is about 20% of the pulse
width modulation on time.
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hol ds the charge, hence the voltage. The typical sanple and hold (S/H)

out put waveformis shown in Figure 4. The speed waiﬁgf
the notor drive systemis about 10[err]s tolerance in t| Wi t h respe

thé actual zero-crossing. Because of the S/H nature of m mﬂ
waveform it will create jitter in speed control | oop. i by
sl ope conpensation during hold tinme. 412practice, only one d| recti of st ope

conpensation (either positive to negative or negative to position
transition) is required. In the preferred enbodi nent, negative sl ope

conpensat i opa.| S AR‘abpiatiChs cﬁhﬁ‘edriﬁq@ bﬂé%f%lmqs%wm b&ﬁpﬁﬁﬁé"é"b&ﬂﬁr&tﬁr

descri bed bel ow Vlerr] = sin ([err] t), Wer e
[err] = angul md&mwomfossmgoﬂmd)bmkrelmmm force. A = bentf
anpl i tude :

24.  An apparatus as claimed in claim 23, wherein said pulse width modulation chopping is
inhibited during a predetermined window prior to zero-crossing of said back

electromotive force.

25.  Anapparatus as claimed in claim 24, wherein said inhibiting of pulse width modulating
chopping ensures subsequent zero-crossing of said back electromotive force will occur
during the on time of said pulse width modulation.

26.  Anapparatus as claimed in claim 24 or claim 25, wherein said window is determined
from a reconstructed signal indicative of said back electromotive force by selecting a
back electromotive force value below which said pulse width modulation chopping is
inhibited.

27.  Anapparatus as claimed in any one of claims 15 to 26, wherein the back electromotive
force is detected for each of said phases by multiplexing the voltages of each of said
phases during the respective tri-stated condition of that phase to a single comparator.

28.  Anapparatus as claimed in claim 27, wherein said comparator is a differential amplifier
with unit gain,
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Thus, the slope of the benf at zero-crossing is given by: [err]

Now i f a constant current is used to discharge the S/H capacitor to
generate this slope for conpensation then we can wite: This Sheet Has Been Replaced
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- ABSTRACT

A METHOD & APPARATUS FOR DETECTING BACK ELECTROMOTIVE
FORCE

A method and apparatus for detecting the back electromotive force in a three-phase
brushless DC motor driven in Half-Bridge configuration and operated continuously in a pulse
width modulated mode. A difference signal indicative of the difference between the centre tap
voltage and the voltage of at least one of the phases is obtained during a tri-stated condition of
the phase and used to produce a method of back electromotive force. The difference signal is
obtained during an on cycle of the pulse width modulation and a reconstructed signal indicative
of the back electromagnetic force can be generated from sequential difference signals using a
sample and hold technique in which a slope compensation is applied to the hold values.

THIS SHEET HAS BEEN
REPLAGED




Thi s di scharge can be achieved using a resistor having a val ue given by:
[err] Figure 5 shows the typical conpensated S/ H output waveform

To minimze the speed control loop jitter, the actual BEMF zero-crossing
must occur only during the PW on-tinme. Al though PWM signal is synchronized
with a spin clock signal (each positiveqedge of the clock will advance the
phase one by one), there are occurrences when the PWM off-tinme may coi ncide
with the BEMF zero-crossing causing the systemto | ose val uabl e
zero-crossing information, particularly when the notor is speeding up. This
is even nore critical when the notor is transiting fromstart to run node.
Usi ng the reconstructed BEMF information a "w ndow' is defined. During
this "w ndow'

' tri-state period’
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time, PWM chopping is inhibited and the corresponding drivers are turned on
permanent|y. Upon successful zero-crossing detection, this windowis

di sabl ed and nornmal PWM choppi ng resunmes. During this wi ndow the PWv on
information is |atched and provided to the controlling mcroprocessor to
mani pul ate spin clock hence speed to ensyre that zero-crossing nust happen

during PWMon tinme. After this operation, "wi ndow' node will be pernmanently
di sabl ed. The window tine is set based on reconstructed BEMF as
fol |l ows: [err] For 7200r pm speed of notor and BEMF anplitude 4V:
! tri-state i
VDD tri-state period
zero-crossing
12 VDD
e = AL e e
OUTA GND
- L
—1 N
1 1
/;~———~——~
OUTB... 4 U Uou U J
ouUTC
..-—_«_J._—J_l




- 8 - [err] Therefore, to set a wndowtinme, [err] of 25usec from
a zero-crossing, the correspondi ng BEM-F voltage is given by: Vlerr] =
0. 251V - Figure 6 shows by changi ng the nmagnitude of the reference
current which can be set externally through a resistor, the correspondi ng
BEMP voltage is set as the reference volgage to which the reconstructed
BENMF signal is conpared. The advantage of this schene is the capability to
change the size of this w ndow thereby allowi ng the detection schene to
operate even with BEMP signal as |ow as 100nV, thus facilitating the
handover fromstart to run node even at | ow notor speed. A conpar at or
conpares the BEMF voltage with reference voltage(V[err]) and changes state

/W_

CENTRETAP _ + SLOPE COMPENSATION
—(CATCHA
OUTA — | S/H | BEMF B
d
OUTB — + . BEMF C
o—{LATCHC}—9
oUTC — BEMF
MUX SAMP COMPARATOR
Vret
DECODER

FWM :
PHASE SEQUENCER | GENERATOR

> POWER TRANSISTOR
GATE DRIVERS

< ——  Vref+W

window comparator




upon BEMF vol tage crosses the reference voltage each tinme. To avoid fal se
transition near crossing, a small hysteresis (approxinmately 10nV) is

i ntroduced which changes its direction according to the sl ope. The
effect of the hysteresis is shown in Figure 7. The foregoi ng descri bes
only one enbodi nent of this invention angl nodi fications can be made w t hout

departing fromthe scope of the invention.
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1. A nmet hod of detecting the back el ectronotive force in a three-phase
brushl ess DC notor driven in half bridge configuration and
operated. continuously in a pulse width 5 nodul at ed node, said
met hod conprising the steps of obtaining a difference signal

indicative of the difference between thescentre tap voltage and the voltage

of <at | east one of said phases during a tri-stated condition
of that phase during an on cycle of said pul se wi dth

nodul ati on and producing fromsaid difference signal a neasure of said
back el ectronotive force. 10 2. A nmethod as clainmed in claiml1,
further conprising the step enerating a - reconstructed

| ect ronpti Wgesffor ce from sequenti al
nstructed signal at a hold val ue

sequenti al _difd SRS gnal unti |
} obt al ned. 3.

signal indicative of said back
di fference signals by holding sai
determ ned by v each sa

t he next sequential ' ™ifference signal

A nmethod as clainmed in claim?Z, Wherern ignal is
adj ust ed between S/H output(meopipenkated) N ference signals by applying a
sl ope conpensation to each said hold val ue. 20 4. A met hod as

claimed in claim 3, wherein said slope conpensa
| i near adj ustnent of said hold value with tine.

on is achieved by a

ZERO-CROSSING

S/H output(compemsatelatési'l

Fig )



5. A nmethod as clainmed in claim4, wherein said |inear adjustnent is
determ ned by a cal cul ation of the rate of change of said back

el ectronotive force at the zero-crossing 25 poi nt for the notor
operating speed. 6. A nmethod as clainmed in any one of clains 1

to 5, wherein said difference signal is g obtained follow ng a
delay tine fromthe commencenent of said on cycle of said pulse
wi dt h nmodul ati on. 30

2 5 MAY 1999
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7. A nmethod as clainmed in claim6, wherein said delay tinme is about 20%
of 't he pul se w dt h nodul ation on tine. 8. A net hod as
clajnmed in any one of clains 1 to 7, wherein zero-crossing of said back 5
el ectronmotive force is detected. 9. A nmethod as clainmed in claim
8, wherein said pulse wdth nodul ati on chopping is i nhi bited
during a predeterm ned wi ndow prior to zero-crossing of said back

el ectronotive force. 10 10. A method as claimed in claim9, wherein
said inhibiting of pulse width nodul ati ng choppi ng ensures
subsequent zero-crossings of said back el ectronotive force wll

occur during the on tinme of said pul se wi dth nodul ati on. 15 11. A
method as clained in claim9 or claim 10, wherein said wi ndow is determ ned
from reconstructed signal indicative of said back el ectronotive
force by selecting a back el ectronotive force val ue bel ow which
said pul se wi dth nodul ati on chopping is i nhi bited. ’

ZERO CROSS

Vm? VWP COMPARATOR’S +VE TRANSITION

COMPARATOR’S -VE TRANSITION Viys = 10mV
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20 12. . A nethod as clained in any one of clains 1 to 11, wherein the back
el ectronotive .force is detected for each of said phases by

mul ti pl exi ng the voltages of each of said phases during the
respecti've tri-stated condition of that phaseSulstiuts shgeas -c33Mawt &/

13. A nmethod as clainmed in claim12, wherein said conparator is a
differential anplifier 25 W t h_?lgi_ty gai n. 14. An appar at us
for detecting the back electronotive force in a three-phase brushless DC
nmotor driven in half bridge configuration and operated continuously in a

pul se w dth nodul at ed nod | pparatus conprising a
conparator to produce a difference 333mc€i gnal indicative of the

di fference between the centre tap voltage and the vol tage of
Substitute sheet - 21 May 1999
A METHOD & APPARATUS FOR DETECTING BACK ELECTROMOTIVE

FORCE

A method and apparatus for detecting the back electromotive force in a three-phase
~ brushless DC motor driven in Half-Bridge configuration and operated continuously in a pulse
width modulated mode. A difference signal indicative of the difference between the centre tap
voltage and the voltage of at least one of the phases is obtained during a tri-stated condition of
the phase and used to produce 2 method of back electromotive force. The difference signal is
obtained during an on cycle of the pulse width modulation and a reconstructed signal indicative
of the back electromagnetic force can be generated from sequential difference signals using a
sample and hold technique in which a slope compensation is applied to the hold values.

{Fig 4}
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at | east one of said phases during a tri-stated condition of that phase
during an on cycle of said pulse wi dth nodul ati on and to produce
fromsai'd difference signal a nmeasure of said back el ectronotive

f or ce. 5 15. An apparatus as clained in clgiptiite ENedheD 1 QREPTIgINY
means to generate a reconstructed signal indicative of said back

el ectronotive force fromsequential -9- diffe

remce—stgrats—-by

hol di ng said reconstructed signal at a hold val ue det eg I :
each said sequential difference signal until the next HHH E ’i '”ﬂ!iﬂm}ence
signal is obt ai ned. 10 CIAIMS An apparatus & ¢l avned |

claim £5, wherein said reconstructed signal is adjusted bet ween

sequential difference signals by applying a slope conpensation to each said
T et P ltod o S BRAPHE e B s 1 R e BRI DD«
hol d val ue wi t h rhotomdriven in half bridge configuration and operated continuously in a pulse width
5 modulated mode, said method comprising the steps of obtaining a difference signal
indicative of the difference between the centre tap voltage and the voltage of at least
one of said phases during a tri-stated condition of that phase during an on cycle of said
pulse width modulation and producing from said difference signal a measure of said
back electromotive force.
10
2. A method as claimed in claim 1, further comprising the step of generating a
reconstructed signal indicative of said back electromotive force from sequential
difference signals by holding said reconstructed signal at a hold value determined by
each said sequential difference signal until the next sequential difference signal is

15 obtained.

3. A method as claimed in claim 2, wherein said reconstructed signal is adjusted between
sequential difference signals by applying a slope compensation to each said hold value.

20 4. A method as claimed in claim 3, wherein said slope compensation is achieved by a
linear adjustment of said hold value with time.

5. A method as claimed in claim 4, wherein said linear adjustment is determined by a
calculation of the rate of change of said back electromotive force at the zero-crossing

25 point for the motor operating speed.

6. A method as claimed in any one of claims 1 to 5, wherein said difference signal is
obtained following a delay time from the commencement of said on cycle of said pulse
width modulation.

30
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18. An ‘appar atus as M Lhed in claim17, wherein said |inear adjustnent

i s determ ned by i mﬂm | ﬁmon of the rate of change of said
9.° ‘An"apf

back el &ctronotive for Hyldic ossing 20 poi nt for the notor
operati ng speed. 19. An apf)ar’ét us as clsabstitliteshaey - @eMValy £H99 s
14 to 18, wherein said difference signal I's obtained followng a
delay tinme Promthe conmencenent of .§gi.d on cycle of said pul se
wi dt h nodul ation. 25 20. An apparatus as clainmed in claim19, wherein
said delay tinme is about 20% of the pul se wi dt h nodul ation on

furt her colpr i < mftipas emed @i ety ol Bty A 1F ool MRS el

back el ect r ondt {4eh fB&BRion on time.

8. A method as claimed in any one of claims 1 to 7, wherein zero-crossing of said back
5 electromotive force is detected.
9. A method as claimed in claim 8, wherein said pulse width modulation chopping is

inhibited during a predetermined window prior to zero-crossing of said back
electromotive force.
10
10. A method as claimed in claim 9, wherein said inhibiting of pulse width modulating
chopping ensures subsequent zero-crossings of said back electromotive force will

occur during the on time of said pulse width modulation.

15 11. A method as claimed in claim 9 or claim 10, wherein said window is determined from
reconstructed signal indicative of said back electromotive force by selecting a back
electromotive force value below which said pulse width modulation chopping is .
inhibited.

20 12. A method as claimed in any one of claims 1 to 11, wherein the back electromotive
force is detected for each of said phases by mmltiplexing the voltages of each of said
phases during the respective tri-stated condition of that phase to a single comparator.

13. A method as claimed in claim 12, wherein said comparator is a differential amplifier
25 with unity gain.

14.  An apparatus for detecting the back electromotive force in a three-phase brushless DC
motor driven in half bridge configuration and operated continuously in a pulse width
modulated mode, said apparatus comprising a comparator to produce a difference

30 signal indicative of the difference between the centre tap voltage and the voltage of
REPLACEMENT SHEET
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- 12- o8 22, An appa”m“ “mﬁlﬂ”ﬂ | n claim?21, wherein said pul se
wi dt h nodul ati on choppi ng I' h| bited during a predeterm ned
W ndow prior to zero- crossf‘ngC oft séidsb el ectronotive force.

5 23. An apparatus as clainmed in clai m 22, Wiseibstituts adhdet NP 1bMaynp999

pul se w dth nodul ati ng choppi ng ensures subsequent zero-crossing
of said back_el ectronotive orce wll occur during the on tine
of said pul se wi dth nodul ati on. - 24. An apparatus as clainmed in
claim?22 or claim23, wherein said window is determ ned 10 froma
reconstructed signal indicative of said back el ectronotive for

. b
sel ect-i ng at least pnp o€ Raid [phases SyrRG & Hi-ftated Sondifioneo b@?‘cﬂb%&‘gﬁlgéﬁ Vo

pul se wi dth nodul |
apparatus as cl afﬁ%gfﬁﬁ‘gﬁ@%%gd%fn ogplaap%axi415tﬂ59 @Afp ﬁtv?ﬁ‘g?ael? rdllf{eﬁgéf) ggﬁ;hS
el ectronoti ve f opeguisoftaidmiiedletteomeveliorot. sai d phases by mul tiplexing the

vol t ages of each of said phases during the respective tri-stated
condition of that phase to a si ngl e conpar at or.

5 15. An apparatus as claimed in claim 14, further comprising means to generate a
reconstructed signal indicative of said back electromotive force from sequential
difference signals by holding said reconstructed signal at a hold value determined by
each said sequential difference signal until the next sequential difference signal is
obtained.

10
16.  An apparatus as claimed in claim 15, wherein said reconstructed signal is adjusted
between sequential difference signals by applying a slope compensation to each said
hold value.

15 17.  An apparatus as claimed in claim 16, wherein said slope compensation is achieved by
a linear adjustment of said hold value with time.

18.  An apparatus as claimed in claim 17, wherein said linear adjustment is determined by
a calculation of the rate of change of said back electromotive force at the zero-crossing
20 point for the motor operating speed.

19.  An apparatus as claimed in any one of claims 14 to 18, wherein said difference signal
is obtained following a delay time from the commencement of said on cycle of said
pulse width modulation.

25

20.  An apparatus as claimed in claim 19, wherein said delay time is about 20% of the

pulse width modulation on time.

21.  An apparatus as claimed in any one of claims 14 to 20, further comprising a

30 comparator to detect zero-crossing of said back electromotive force.
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mppar at us as ,mﬂmﬁ"’n”cl alm 25, wherein said conparator is a

dlfferentlal ﬂlumt gai n.

A H s %

. .- Substitute sheet - 21 May 1999
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22.  An apparatus as claimed in claim 21, wherein said pulse width modulation chopping
is inhibited during a predetermined window prior to zero-crossing of said back

electromotive force.

5 23.  An apparatus as claimed in claim 22, wherein said inhibiting of pulse width
modulating chopping ensures subsequent zero-crossing of said back electromotive

force will occur during the on time of said pulse width modulation.

24.  An apparatus as claimed in claim 22 or claim 23, wherein said window is determined
10 from a reconstructed signal indicative of said back electromotive force by selecting
a back electromotive force value below which said pulse width modulation chopping

is inhibited.

25. An apparatus as claimed in any one of claims 14 to 24, wherein the back
15 electromotive force is detected for each of said phases by multiplexing the voltages
of each of said phases during the respective tri-stated condition of that phase to a

single comparator.

26. An apparatus as claimed in claim 25, wherein said comparator is a differential

20 amplifier with unit gain.
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