Office de la Proprieté Canadian CA 2654209 C 2013/05/21

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 654 209
Un organisme An agency of 12 BREVET CANADIEN
'Industrie Canada ndustry Canada
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2007/06/01 (51) CLInt./Int.Cl. HO2P 23/00(2006.01),

GOSF 1/70(2006.01), HOZJ 3/18 (2006.01)

(72) Inventeurs/Inventors:
BOYADJIEFF, GEORGE I., US;

(87) Date publication PCT/PCT Publication Date: 200//12/13
(45) Date de délivrance/lssue Date: 2013/05/21

(85) Entree phase nationale/National Entry: 2008/12/02 HURST, JOHN J.. US

(86) N” demande PCT/PCT Application No.: US 2007/070250| (73) Propriétaire/Owner:

(87) N° publication PCT/PCT Publication No.: 2007/143570 POWER EFFICIENCY CORPORATION, US
(30) Priorites/Priorities: 2006/06/02 (US60/803,849); (74) Agent: RICHES, MCKENZIE & HERBERT LLP

2007/05/30 (US11/755,627)

(54) Titre : PROCEDE, SYSTEME, ET APPAREIL POUR COMMANDER UN MOTEUR ELECTRIQUE
54) Title: METHOD, SYSTEM, AND APPARATUS FOR CONTROLLING AN ELECTRIC MOTOR

"
w

®
—— R P
103 ‘ 105 ‘ 107 an 111

PHASE DIGITAL RECTIFIER F
DETECTOR MICRO- DRIVER l“

PROCESSOR

POWER SU PPLY*

POWER SUPPLY 3

>
2

(57) Abrégée/Abstract:
The present invention provides systems and methods for power factor control of a motor. A phase detector uses a line voltage of a

power supply and a motor terminal voltage of a motor. The output of the phase detector Is synchronized to a zero crossing of the
motor current of the motor and a zero crossing of the line voltage. A digital microprocessor connected between the output of the
phase detector and a rectifier driver senses a first time at which a phase of the motor voltage Is crossing zero volts and a second
time at which a phase of the motor current is crossing zero current. The digital microprocessor calculates the difference in time
between the first and second times and uses the difference In time to calculate a phase lag of the motor. The digital microprocessor
uses the phase lag to calculate a firing time of a rectifier to command power efficiently to the motor.

EORUIORIOR . o
g0
s

=

» . _
‘ l an a dH http:/opic.ge.ca + Ottawa/Gatineau K1A 0C9 - hmp./cipo.ge.ca o p1C
OPIC - CIPO 191




wO 2007/143570 A2 I D000 A1 Y 00 0 D

CA 02654209 2008-12-02

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization [4

International Bureau

(43) International Publication Date
13 December 2007 (13.12.2007)

(51) International Patent Classification:
HO02K 23/00 (2006.01)

(21) International Application Number:
PCT/US2007/070250

(22) International Filing Date: 1 June 2007 (01.06.2007)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
60/303,849
11/755,627

US
US

2 June 2006 (02.06.2006)
30 May 2007 (30.05.2007)

(71) Applicant (for all designated States except US): POWER
EFFICIENCY CORPORATION [US/US]; 3960
Howard Hughes Parkway, Suite 460, Las Vegas, NV
89169 (US).

(72)
(75)

Inventors; and
Inventors/Applicants (for US only): BOYADJIEFFE,

George, 1. [US/US]; 18772 Colony Circle, Villa Park, CA
92861 (US). HURST, John, J. [US/US]; 2919 Ainslie
Lake Avenue, Henderson, NV 89044 (US).

(74) Agent: SHAHPAR, Shahpar; Lewis And Roca LLP, 40

North Central Avenue, Phoenix, AZ 85004-4429 (US).

(10) International Publication Number

WO 2007/143570 A2

(81) Designated States (unless otherwise indicated, for every

kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EL, EG,
ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL,
IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, MG, MK, MN, MW, MX,
MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO,
RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, 8Z, TZ, UG, ZM,
/W), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, 1,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BF, B, CFE, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: METHOD, SYSTEM, AMD APPARATUS FOR CONTROLLING AN ELECTRIC MOTOR

wd
0o

PHASE
DETECTOR

POWER SUPPLYi

POWER SUPPLY 1

103 E E i

DIGITAL
MICRQ-
PROCESSOR

121

RECTIFIER
DRIVER

(57) Abstract: The present invention provides systems and methods for power factor control of a motor. A phase detector uses a
line voltage of a power supply and a motor terminal voltage of a motor. The output of the phase detector is synchronized to a zero
crossing of the motor current of the motor and a zero crossing of the line voltage. A digital microprocessor connected between the
output of the phase detector and a rectifier driver senses a first time at which a phase of the motor voltage is crossing zero volts and a
second time at which a phase of the motor current is crossing zero current. The digital microprocessor calculates the difference in time

between the first and second times and uses the difference in time to calculate a phase lag of the motor. The digital microprocessor

uses the phase lag to calculate a firing time of a rectifier to command power efficiently to the motor.
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Method, System, and Apparatus For Controlling An Electric Motor

Inventor: George 1. Boyadjieff

John J. Hurst

Field

The present invention relates generally to appliances and equipment utilizing an electrical

motor, and i1s more particularly related to methods, systems, and apparatus for controlling an

electric motor for the conservation of energy.

Background

Power factor measures the ratio of average power to the apparent power in an electrical
load. Power factor ranges from a value of 0 (where the impedance of the load is purely reactive)
to | (for a purely resistive load). In practice, the power factor of electrical devices ranges
somewhere between 0 and 1, and the closer this value is to unity, the more efficiently energy is
consumed by the device and the less power is wasted. Therefore, for consumers of electricity
that employ highly reactive loads (e.g. electrical induction motors), it 18 desirable that steps be

tauken 1o adjust the power factor of their apparent load to improve performance and avoid wasting
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enormous amounts of power. For example, a mill that consumes 100kW from a 220-V hne with
a power factor of 0.85 will require 118kW of apparent power supplied. Butif the power factor is

improved to 0.9), the apparent power supplied drops to 105.3kW. Many utility companies

require such consumers to take affirmative steps to adjust power factor.

Large factories are not the only environments to benefit from improvement in power
factor. AC motors are present in many different. electrical appliances and equipment from
compressors to elevators, and sfnce they are usually inductive in their input impedance, they
oftcn present a less than desirable power factor rating, especially under light load conditions or
during certain periods of load variance. To improve the power factor in AC motors, controllers
have been developed and are generally known in the art. Examples include U.S. Patent No.

4,459,528, catitled “Phase Detector for Three-Phase Power Factor Controller” (Nola ‘528); U.S.

Patent No. 4,266,177, entitled “Power Factor Control System for AC Induction Motors”

(Nola *177); and U.S. Patent No. 5,821,726, entitled “Balanced and Synchronized Phase

Detector for an AC Induction Motor Controller” (Anderson),

In gcneral,' the power factor mitigation approach taken by many AC motor controllers 1s
accomplished by sensing the phase difference between the current and voltage phasors and then
using a controller to adjust the actuation of thyristors in each AC motor phase to attempt to
reduce the voltage and current phase lag. In an 1deal implementation, if the phase between the
current and voltage phasors can be brought to zero, the load looks rtesistive to the power supply,

and therefore, the power factor would approach unity. While unity power factor is not entirely

practically achicvable, small improvements in power factor can make substantial differences in

power consumption.

Many different approaches to improving power factor in electrical motors have been

developed over the years. For instance, U.S. Patent No. 4,052,648 (entitled “Power Factor
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Control System for AC Induction Motors” (Nola ‘648)) describes a power reduction system for
less than fully loaded induction motors., The phase

angle between current and voltage (motor power factor) is controlled. In the Nola ‘648 system,
the motor power factor is contfolled as a function of the difference between a commanded power
factor signal and the operating power factor through control of thyristors connected to the motor.

U.S. Patent No. 4,266,177, entitled “Power Factor Control System for AC Induction
Motors™ (Nola ‘177), is a system adapted to respond to conditions where motor loads are
abruptly changed (e.g., by increasing the speed of full motor voltage turn-on). In the Nola ‘177
system, a phase comparison is made by combining the voitage and current derived square wave
signals and generating a series of pulses equal in time width to the phase angle between motor

current and voltage. The variable width of the pulse is changed to a variable-amplitude DC

signal whose amplitude is proportional to the phase difference. The phase difference signal is
compared with a command voltage signal representing a desired minimum power factor of
operation. The resulting difference signal, a circuit error signal, 1s then used to control the on

time of a triac in series with the winding of the induction motor to maintain motor operation at
the selected power factor. This has the effect of significantly reducing the power 1nput to a less
than fully loaded motor.

Inherent in changing these pulses into a DC signal is the necessity to filter the pulses to

produce a smooth DC signal. This is accomplished, for instance, by using an analog integrator.
Analog integrators, by their very nature, can create a time lag between the actual change in phase

angle and the change the controller sees. This lag can be quite significant compared to the

motor’s ability to respond to a change in load. As a result, designs such as those shown m U.S.
Patent No. 4,266,177 may require additional circuitry to cancel this time lag during periods

where the motor’s load suddenly increases.
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U.S. Patent No. 5,821,726 addresses the response to large increases in motor load. The

speed of response to a change from lightly loaded to fully load conditions could be inadequate to

prcvent motor stalling or vibrations, especially when the minimum power factor command

setting 1s relatively high. For example, although the Nola system(s) responded fairly quickly,
turther improvements could be made to respond to large abrupt load changes such as those in oil
well pumps, motor generator sets, stamping machines, refrigerator compressors, and the like.

The filtering ot the pulse train to create a smooth DC signal can compromise the response

of the controller. High efficiency motors connected to controllers may also enter into

undesirable periods of excessive vibration due to the controller’s inability to respond to these

high efficiency motors.
It would be desirable to provide a fast responding controller that has the capability to

improve the control ot the phase lag in induction motors and hence the amount of energy saved.
It would also be desirable to provide a controller that is capable of working with a broad variety
of electrical appliances that contain induction motors thereby improving power factor and start-
up characteristics. It would also be desirable to provide a power factor improving controller that

1s programmable and may be customized to particular loads and operating conditions.

Summary

The present mvention provides systems and methods for control of a motor. A phase
detector is coupled to a power supply. The output of the phase detector is synchronized to a zero
crossing ot a motor current of the motor and a zero crossing of the line voltage. A digital
microprocessor coupled between the output of the phase detector and a rectifier driver senses a
first time at which a phase of the motor voltage is crossing zero volts and a second time at which
a phase of the motor current is crossing zero current. The digital microprocessor determines the

difference in time between the first and second times and uses the difference in time to calculate
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a phase lag of the motor. The digital microprocessor uses the phase lag to calculate a firing time of a rectifier to
command power efficiently to the motor.

In one aspect, the present invention resides 1n a system, comprising: a power supply; a phase detector coupled
to the power supply, said phase detector having a first phase detector output, said first phase detector output
being synchronized to a zero crossing of a motor current; and a second phase detector output; said second
phase detector output being synchronized to a zero crossing of a line voltage of said power supply; a rectifier;
and a digital microprocessor connected to the first and second phase detector outputs and the rectifier; said
digital microprocessor sensing a first time at which a phase of the line voltage crosses zero; sensing a second
time at which a phase of the motor current crosses zero; calculating a difference between the first and second
times; calculating a phase lag of the motor based on said difference; and calculating a firing time of the
rectifier based on said phase lag.

In another aspect, the present invention resides in a system, comprising: a power supply;

a phase detector coupled to said power supply, the phase detector having a first phase detector input coupled to
a first non-inverting input of a first operational amplifier via a second voltage divider and a second inverting
input of a second operational amplifier via a third voltage divider, a second phase detector input coupled to the
first inverting input of the first operational amplifier via a first voltage divider, and a phase detector output that
includes an output of the first operational amplifier and an output of the second operational amplifier, wherein
the first amplifier output is synchronized to a zero crossing of the motor current and the second amplifier
output is synchronized to a zero crossing of the line voltage; and a digital microprocessor coupled between the
phase detector output and a rectifier driver, wherein the digital microprocessor determines a phase lag of the
current and voltage of the motor by calculating the time difference between a switching state of the first
operational amplifier and a switching state of the second operational amplifier, and calculates, based on the
determined phase lag, a firing time for the rectifier driver.

In a further aspect, the present invention resides in a method for control of a motor, comprising the steps of:
using a digital microprocessor, sensing a first time at which a phase of the motor voltage 1s crossing zero; using
the digital microprocessor, sensing a second time at which a phase of the motor current 1s crossing zero, using

the digital microprocessor, determining the difference in time between the first and second times; using the
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digital microprocessor, using the difference in time to calculate a phase lag of the motor; and using the digital
microprocessor, using the phase lag to calculate a firing time of a rectifier.

Brief Description of Drawing Figures

FIG. 1 is a block level diagram illustrating a controller system for a motor in accordance with
an exemplary embodiment of the present invention;

FIG. 2 1s a schematic of a phase detection circuit (PDC) in accordance with an exemplary
embodiment of the present invention;

FIG. 3 15 the waveform input and output of the PDC seen in FIG. 2;

FIG. 4 is a set of motor curves relating phase angle to firing angle of the depicted thyristors
in accordance with an exemplary embodiment of the present invention;

FIG. 5 1s a block level diagram of a controller system algorithm in accordance with an
exemplary embodiment of the present invention; and

FIG. 6 1s a flowchart illustrating a method for controlling a motor in accordance with an
exemplary embodiment of the present invention.

Detailed Description

The present invention includes a controller system having a digital microprocessor to provide
power tactor adjustment in motors.

Referring to FIG. 1, an exemplary block diagram-level embodiment is illustrated for a
controller system 100 to improve efficiency of the operation of a motor (not shown) by controlling the
power factor of the motor. While a single phase implementation (e.g., single-phase motor) is
1llustrated, those of skill in the art appreciate that multiple stages may be used to control multi-phase
motors (such as three-phase motors).

The system 100 includes a power supply 101, a power supply 102, a phase detector 103, a
digital microprocessor 1035, a rectifier driver 107, and a rectifier 109. The power supply 101 is

connected to the phase detector 103 to provide a line voltage 119 via

S5a
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a first phase detector input to the phase detector 103 and the power supply 101 is also

connected to a ground 137. The phase detector 103 1s also coupled to a motor terminal
voltage 121 ot the motor via a second phase detector input. The phase detector 103 is
coupled to the digital microprocessor 105 to provide signals synchronized to a zero

crossing of the motor current and a zero crossing of the line voltage 119 to the digital
microprocessor 105. The digital microprocessor 105 uses the synchronized signals to
calculate a phase lag of the motor, and hence, the firing time of the rectifier driver 107.
The rectifier driver 107 fires or turns on the rectifier 109 to command power to the motor.

A second power supply 102 provides a lower level of the line voltage 119 and
motor terminal voltage 121 into the phase detector 103, where the lower levels of the line
voltage 119 and the motor terminal voltage 121 of the motor are coupled respectively to
an mmput 115 (e.g., +15 Volts) and an input 117 (e.g., -15 Volts) of the phase detector 103.
The hine voltage 119 1s also coupled to an input to the rectifier 109. The first phase
detector output 125 1s synchronized to a zero crossing of the motor current and the
second phase detector output 127 1s synchronized to a zero crossing of the line voltage
119. The first and second phase detector outputs of the phase detector 103 are coupled to
the digital microprocessor 105. The digital microprocessor 105 senses a first time at
which a phase of the motor voltage is crossing zero volts and a second time at which a

phase of the motor current is crossing zero current. Since the digital microprocessor 105
has an internal clock, the digital microprocessor 105 easily determines the first and
second times. The digital microprocessor 105 determines the difference in time between
the first and second times and uses the difference in time to calculate a phase lag of the
motor. The digital microprocessor 105 uses the phase lag to calculate a firing time of the

rectifier 109. The firing time varies with at least one of the phase lag and a load of the

motor.
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A first and second output 129 and 131 of the digital microprocessor 105 are

respectively coupled to a first and second input 133 and 135 of the rectitier driver 107
(e.g., a Silicon Controlled Rectifier (SCR) driver). The first and second outputs 129 and

131 are synchronized to the zero voltage crossing from the phase detector 103. The
rectifier driver 107 may be of modern design or similar to those used in the Nola and
Anderson controllers (discussed above) and may drive any type of thyristors such as
SCRs and triacs. The rectifier driver 107 controls one or more rectifiers 109 (such as one
or more thyristors 111 and 113 (illustrated in the Nola and Anderson controllers
discussed above)). The rectifier driver 107 fires the rectifier 109, so that the motor
terminal voltage 121 will be provided to the motor.

Using the digital microprocessor 1035 to determine the motor’s phase lag between

voltage and current and control the rectifier driver 107 permits the controller system 100
to decrease the phase lag of the motor, which substantially maximizes the power factor.
Thus, the digital microprocessor 105 can accurately calculate the phase lag of the motor,
and hence, the firing of the rectitier 109 to efficiently supply power to the motor.

F1G. 2 1llustrates the phase detector 103. Phase detector 103 can be an analog

circuit (e.g., such as the phase detectors used in the Nola and Anderson controllers). The
phase detector 103 includes one or more voltage dividers to provide voltage and current
mput and one or more operational amplifiers for amplification and conversion of the
voltage and current waveforms into square waves. The motor terminal voltage 121 is

coupled to a first inverting input 207 of a first operational amplifier 215 (also referred to
as Ul) via a first voltage divider 201. The line voltage 119 is coupled to a first non-
mverting mput 209 of the first operational amplifier 215 via a second voltage divider 203

and a second 1nverting input 211 of a second operational amplifier 217 (also referred to
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as U2) via a third voltage divider. A second non-inverting input of the second
operational amplitier 217 1s coupled to ground 137.

The voltage dividers, such as those illustrated with the 50 K ohm and 7.5 K ohm
resistors, reduce the voltage from a power supply voltage level of the motor to an
operational amplifier level(s). While these particular resistor values illustrate an
exemplary embodiment, those ot skill in the art clearly recognize that differing amounts
of voltage adjustment or resistor values may be used depending on the operating
environment. Differing or additional filter components may be provided to further
condition the input signals of the first and second operational amplifiers 215 and 217.
The first voltage divider 201 obtains input from the motor terminal voltage 121 and it
feeds to the inverting terminal of the first operational amplifier 215. The second voltage
divider 203 obtains iput from the line voltage 119 and feeds to the non-inverting
terminal of the first operational amplifier 215. The third voltage divider circuit obtains
its input from the line voltage 119 and provides a signal to the second operational
amplifier 217.

A capacitor 221 1s coupled between the inverting terminal and the non-inverting
terminal of the first operational amplifier 215. A capacitor 223 is coupled between the
non-inverting terminal of the first operational amplifier 215 and the ground 137.
Capacitors 221 and 223 filter noise from the line voltage 119 and the motor terminal
voltage 121.

The first operational amplifier 215 compares the motor terminal voltage 121 to
the line voltage 119. The first operational amplifier 215 is configured with a positive
teedback via a resistor 219 (such as the 470 K ohm resistor illustrated). The positive

feedback causes the first operational amplifier 215 to act as a comparator with hysteresis.

A first amplifier output (the first phase detector output 125) of the first operational
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amplifier 215 1s a square wave synchronized to the phase lag of the motor current. A
second amplifier output (the second phase detector output 127) of the second operational
amplifier 217 operates as square wave generator that produces square waves
synchronized to the zero crossings of the line voltage 119. The first amplifier output 125
of the first operational amplifier 215 1s synchronized to a zero crossing of the motor
current and the second amphtier output 127 of the second operational amplifier 217 is
synchronized to a zero crossing of the line voltage 119.

Alternatively, the first voltage divider 201 can be replaced by a current transducer
(not shown). The current transducer also replaces the resistor 219 and the second voltage
divider 203 coupled to the first operational amplifier 215. As such, the current transducer
can measure the zero crossing of the current of the motor.

The digital microprocessor 105 is coupled between the phase detector output of

the first and second amplifier outputs 125 and 127 and the rectifier driver 107. The

digital microprocessor 105 determines a phase lag (e.g., a phase angle difference) of the
current and voltage of the motor by calculating the time difference between a switching
state of the first operational amplifier 215 and a switching state of the second operational
amplifier 217, which produces an instantaneous signal of phase lag. The phase lag is
used in order to control the firing of the rectifier driver 107. Thus, the firing of the
rectitier driver 107 fires the rectifier 109 to supply power to the motor.

FIG. 3 illustrates nominal waveforms for the line voltage 119 and the motor
current produced by the output of the system 100 together with the corresponding outputs

of the first and second operational amplifiers 215 and 217.
To understand how phase 1s detected, it is helpful to consider the output of the

first operational amplifier 215. When the thyristors 111 and 113 are switched off (zero

motor voltage), the difference between the inverting and non-inverting terminals of the
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first operational amplitier 215 1s equal to the line voltage 119 sensed. However, when

the thyristors 111 and 113 are turned on, the voltage difference between the line and

motor terminals will be very low. When the sensed line voltage 119 (non-inverting
input) 18 greater than the sensed motor voltage (inverting input), the output of the first
operational amplifier 215 1s +15 volts. This occurs, for example, during the positive half-
cycle of line voltage 119 when the thyristors 111 and 113 are off indicated by zero
current. The positive output of the first operational amplifier 215 combined with the
positive feedback increases the line voltage 119 sensed, such that the first operational
amplifier 215 will not change state until the sensed motor voltage (inverting input) is
significantly greater than the sensed line voltage 119. This does not occur until the
thyristors 111 and 113 are again off during the negative half cycle of line voltage 119.
Theretore, the output of the first operational amplifier 215 will be positive from the time
the thyristors 111 and 113 turn off on the positive half-cycle of line voltage 119 until the
thyristors 111 and 113 again turn off on the negative half-cycle of line voltage 119. This
wavetorm i1s illustrated in FIG. 3 as the first operational amplifier 215.

The second operational amplifier 217, on the other hand, senses only the line
voltage 119 and changes state from positive to negative as the line voltage 119 changes
from positive to negative.

Consequently, the digital microprocessor 105 (or a microcontroller or digital
signal processor) can be used to determine the phase angle by calculating the time
difference between the switching state of the first operational amplifier 215 and the
switching state of the second operational amplifier 217. This produces an instantaneous

signal of phase angle. The phase detection algorithm is:

y=(T1-T2)xK Equation No. 1

10
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Where T1 = time current crosses zero

12 = time voltage crosses zero

K =360 degrees divided by the time of one voltage cycle in

milliseconds for the difference between T1 and T2 expressed in milliseconds
5 Y = phase lag in degrees

The phase lag is used to calculate the firing (on and off times) of the thyristors

I11 and 113.

The digital microprocessor 105 (or a microcontroller or digital signal processor)

can be used to determine a phase error signal associated with the phase lag by calculating

10 the time difference between the switching state of the first operational amplifier 215 and
the switching state of the second operational amplifier 217. The phase error detection

algorithm 1s:

(GD- eFB) x K = A Equation No. 2

15 Where QD = desired phase angle in milliseconds

Opp = zero crossing time of motor current minus zero crossing
time of motor voltage in milliseconds

K =360 degrees divided by the time of one voltage cycle in

milliseconds (e.g., for 60 cycle voltage, 360 degrees is divided by a time 16.667

20 milliseconds)

A = phase error signal in degrees

11
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While K 1in Equation No. 1 1s expressed in time (more generally), K in Equation
No. 2 1s expressed 1n milliseconds. The phase error signal is used in system 100 to
control the firing (on and off times) of the thyristors 111 and 113.
For example, FIG. 4 depicts curves 4a through 4e as a typical set of motor characteristics

relating phase angle to when thyristors 111 and 113 are turned back on, a time referred to as the

firing angle. Illustrated 1n FIG. 4 1s a straight line extending upward and to the right, where an

equation describing this line 1s:

y = AXx -B Equation No. 3

Where X = the measured phase angle (which can be y in Equation No. 1)
A = the gain (e.g., the gain is 4 in FIG. 4)
B = an offset ((e.g., the offset i1s 128 in FIG. 4)

Y = the firing angle

Curve 4a, with a vertical portion having a phase lag of about 50 degrees is shown for a
fully loaded motor (100%); whereas, the curve 4e with the vertical portion having a phase lag of
about 75 degrees 1s 1llustrated for an unloaded motor (0%). The curves in between (at 4b, 4c,
and 4d) are 1llustrative of motor loads in between the fully loaded and unloaded motor
operational ranges (75%, 50%, and 25% loaded, respectively).

In an exemplary embodiment in curves 4a through 4e, the thyristor 111 (or thyristor 113)
1s commanded to turn off at a zero voltage crossing. However, because there is current passing

through thyristor 111, thyristor 111 cannot turn off until this current goes to zero. At some time

after the zero voltage crossing, this current goes to zero (e.g., the phase lag time). At this time,

the thyristor 111 turns off (unless thyristor 111 was commanded to fire on by the controller

system 100 before this zero current crossing). If thyristor 111 was commanded to fire on by the

12
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controller system 100 before this zero current crossing, then thyristor 111 stays on. When the

firing time is less than the phase lag time, the thyristor 111 stays on and the phase lag stays

constant.

For firing times greater than the phase lag, the thyristor 111 will turn off at the zero
current crossing (phase lag) and back on at the firing time. This will cause the motor to receive
zero volts while the thyristor 111 is off. The average voltage over the full cycle will be lower
and the phase lag will be less (i.e., higher power factor). By increasing the firing time above the
point where phase and firing time are equal at a given load, the curves 4a through 4e of FIG. 4
are generated. Curves 4a through 4e represent the motor’s characteristics or the relationship of
phase to firing time for the motor.

For example, it is desirable to have close to full voltage for full load, as in curve 4a, and
minimum phase lag for no load, as in curve 4e. In this example, the system 100 outputs a firing
angle of about 50 degrees at full load, in curve 4a, and about 110 degrees at no load, in curve 4e.
Unfortunately, firing at 110 degrees for no load, the motor shuts down because the motor does
not have enough voltage to run. At a firing angle of 100 degrees and no load, the phase will be
about 57 degrees, and at a firing angle of 55 degrees the phase will be about 46 degrees. Using
these two points, the desired firing angle can be calculated (e.g., using Equation No. 3). For a
load of curve 4d, the system 100 will fire where the line represented by Equation No. 3 crosses
the curve 4d. The system 100 controls the motor at the intersection of the line represented by
Equation No. 3 and the current load curve. When the load changes, the phase angle moves to the
new intersection of the new load curve and the line represented by Equation No. 3. This 1s
closed loop feedback control in that as the input (which is phase) changes, the output changes
automatically. Equation No. 3 can be adjusted by those skilled in the art using closed loop

feedback control principles to stabilize the system 100. For example, if Equation No. 3
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approached a vertical straight line (where y = 20x -1000), the feedback control system of the
motor would be unstable.

Equation No. 3 describes one exemplary embodiment of an algorithm for controlling the
phase angle of the motor of the system 100. The algorithm for controlling the phase angle may
be adjusted by varying the constant 128 and the gain 4. One exemplary implementation of the
algorithm for controlling the phase angle 1s illustrated 1n FIG. 3.

FIG. 5 illustrates a block diagram for one embodiment of the phase angle control
algorithm implemented in the digital microprocessor 105 illustrated in FIG. 1. The phase angle
control algorithm may be adjusted by varying the constant 128 and the gain 4, such as in
Equation No. 3. Put another way, the exemplary embodiment in FIG. 5 calculates the firing time
in milliseconds in part by solving Equation No. 3, but various other equations can be used.
System 100 controls the firing of the thyristors 111 and 113 by using the digital microprocessor
105 to calculate a time derived phase angle (e.g., the output of step 505 in Figure 5 and Equation
No. 1) and uses this phase angle in the digital microprocessor 105 to calculate a thyristor firing
time using Equation No. 3.

For example, a zero crossing time of the voltage of the motor 1s calculated by the digital

microprocessor 105 (such as 1n milliseconds) (step 501). A zero crossing time of the current of

the motor 1s calculated by the digital microprocessor 105 (such as in milliseconds) (step 503).
The digital microprocessor 105 calculates the difference in time between the zero crossing times
of the motor current and motor voltage (step 505). This difference in time is used to calculate a
phase lag between the voltage and current of the motor (e.g., difference in time multiplied by
21.6 degrees/milliseconds) (step 507). The digital microprocessor 105 multiplies this phase lag
by a gain (e.g., 4 from Equation No. 3) (step 509). The digital microprocessor 105 uses this
phase lag from step 509 with an offset (e.g., subtract 128 degrees from the phase lag from step

509) (step 511) to calculate a firing angle of the rectifier driver 107 (e.g., a firing angle in
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degrees) (step 513). The offset of 128 degrees comes from Equation No. 3. The digital
microprocessor 105 uses the firing angle from step 513 and multiplies it by 0.046 (step 515) to
convert the firing angle from degrees to milliseconds. The firing angle in milliseconds 1s used
with the zero crossing time of the voltage of the motor to calculate the firing time of the rectifier
driver 107 (e.g., such as in milliseconds) (step 517).

One voltage sine wave is 360 degrees and O degrees is at the zero crossing. A firing
angle of 90 degrees occurs at the peak of such a sine wave. The firing time 1s in milliseconds.
For a 60 cycle AC voltage, one sine wave 1s 16-2/3 milliseconds from start to finish. For a firing
angle of 90 degrees, the firing time is % of 16-2/3 milliseconds (or 4.166 milliseconds). The
21.6 degrees/milliseconds comes from 360 degrees divided by 16-2/3 milliseconds. The 0.046
comes from 16-2/3 milliseconds divided by 360 degrees.

[t can be appreciated that those skilled in the art may modify the numbers associated with
the algorithm as well as the elements of the system 100 such as adding a Proportional Integral
Differential (PID) controller or other similar control devices to optimize the system 100 and
compensate for instability if desired. Thus, use of the atorementioned approach along with the
improved detection of phase lag (power factor) using the digital microprocessor 105 1s one
exemplary embodiment of the present invention.

FIG. 6 1llustrates a method for power factor control of a motor including sensing the zero
crossings of the voltage and current of the motor to determine a time difference to calculate a

phase lag of the motor. This method includes running the power of the motor fully for a number

of cycles (X) to get the motor up to full operating speed (step 601). A determination is made to
detect a zero crossing of the voltage of the motor (step 603). Using the digital microprocessor

105, a first time at which a phase of the motor voltage is crossing zero volts is sensed. A timer
or timing loop in the digital microprocessor 105 1s started upon detecting the zero voltage

crossing of the voltage of the motor (step 605). A determination is made to detect a zero
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crossing of the current of the motor (step 607). Using the digital microprocessor 105, a second
time at which a phase of the motor current is crossing zero current 1s sensed. The first and
second times are used to calculate the phase lag of the motor (step 609). Using the digital
microprocessor 105, the difference in time between the first and second times is determined.
Using the digital microprocessor 103, the difference in time is used to calculate a phase lag of the
motor. The firing angle is calculated based on the phase lag of the motor (step 611). The firing
angle determines when to fire the rectifier driver 107, and consequently the rectitier 111 (step
613). Steps 603 through 613 are repeated to provide power factor control of the motor by
sensing the zero crossings of the voltage and current of the motor to determine the time
difference to calculate the phase lag of the motor. Thus, using the digital microprocessor 105,
the phase lag 1s used to calculate a firing time of a rectifier 109, where the firing time varies with
at least one of the phase lag and a load of the motor.

The present invention has been described with reterence to specific exemplary
embodiments. However, it will be appreciated that various modifications and changes can be
made without departing from the scope of the present invention. The specification and figures
arc to be regarded 1n an 1illustrative manner, rather than a restrictive one, and all such
modifications are intended to be included within the scope of present invention.

Benefits, other advantages, and solutions to problems have been described above with
regard to specific exemplary embodiments. However, the benefits, advantages, solutions to
problems, and any element(s) that may cause any benefit, advantage, or solution to occur or
become more pronounced are not to be construed as critical, required, or essential features or
clements. As used herein, the terms "comprises”, "comprising”, "including"”, or any variations
thereot, are intended to cover a non-exclusive inclusion, such that a process, method, article, or

apparatus that comprises a list of elements does not include only those elements but may include

other clements not expressly listed or inherent to such process, method, article, or apparatus.
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Further, no element described herein i1s required for the practice of the invention, unless

expressly described as "essential” or "critical”.
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What 1s claimed 1s:

1. A system, comprising:
a power supply;
a phase detector coupled to the power supply, said phase detector having
a first phase detector output, said first phase detector output being synchronized to a zero
crossing of a motor current; and
a second phase detector output; said second phase detector output being synchronized to a
zero crossing of a line voltage of said power supply;
a rectifier; and
a digital microprocessor connected to the first and second phase detector outputs and the rectifier;
said digital microprocessor
sensing a first time at which a phase of the line voltage crosses zero;
sensing a second time at which a phase of the motor current crosses zero;
calculating a difference between the first and second times;
calculating a phase lag of the motor based on said difference; and

calculating a firing time of the rectifier based on said phase lag.

2. The system of claim 1, wherein the phase lag is calculated using the following equation:
v=(T1-T2)*K

wherein 7yis the phase lag in degrees,

T1 is the time current crosses zero,

T2 1s the time voltage crosses zero, and

K 1s 360 degrees divided by the time of one voltage cycle in milliseconds for the difference between

T1 and T2 expressed in milliseconds.

3. The system of claim 2, wherein the firing time of the rectifier is calculated using the following
equation:
y=Avy- B

wherein 7is the firing time, A is the gain, and B 1s an offset.

4. The system of claim 1, wherein a phase error signal associated with the phase lag is calculated

using the following equation:

N=(0p - 0rp)*K
18
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wherein Ais the phase error signal,

fp 1s a desired phase angle in milliseconds,

0 k5 1s the second time at which a phase of the motor current 1s crossing zero minus the first time at
which a phase of the motor voltage is crossing zero in milliseconds, and

K 15 360 degrees divided by the time of one voltage cycle in milliseconds.

5. The system of claim 1, wherein the firing time of the rectifier is calculated using the following
equation:
y=Ax - B
wherein y 1s the firing time,
A is the gain,
B 1s an offset, and

x 1s a measured phase angle of the motor.

6. The system of claim 1, wherein the firing time varies with at least one of the phase lag and a load

of the motor.

7. The system of claim 1, wherein the phase detector includes a first phase detector input coupled to
a line voltage of the power supply and a second phase detector input coupled to a motor terminal

voltage of the motor.

3. A system, comprising:
a power supply;
a phase detector coupled to said power supply, the phase detector having
a first phase detector input coupled to a first non-inverting input of a first operational
amplifier via a second voltage divider and a second inverting input of a second
operational amplifier via a third voltage divider,
a second phase detector input coupled to the first inverting input of the first operational
amplifier via a first voltage divider, and
a phase detector output that includes an output of the first operational amplifier and an
output of the second operational amplifier,
wherein the first amplifier output is synchronized to a zero crossing of the motor current and the

second amplifier output is synchronized to a zero crossing of the line voltage; and
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a digital microprocessor coupled between the phase detector output and a rectifier driver, wherein the
digital microprocessor determines a phase lag of the current and voltage of the motor by
calculating the time difference between a switching state of the first operational amplifier
and a switching state of the second operational amplifier, and calculates, based on the

determined phase lag, a firing time for the rectifier driver.

9. The system of claim 8, wherein the rectifier driver fires at least one thyristor coupled between the

rectifier driver and the motor terminal voltage of the motor.

10. The system of claim 8, wherein the phase lag 1s calculated using the following equation:
v=(T1-T2)*I K

wherein 7y 1s the phase lag in degrees,

T1 1s the time current crosses zero,

T2 1s the time voltage crosses zero, and

K is 360 degrees divided by the time of one voltage cycle in milliseconds for the difference between

T1 and T2 expressed in milliseconds.

11. The system of claim 10, wherein the firing of the rectifier is calculated using the following
equation:
y=Ay-B

wherein s a firing time, A is the gain, and B 1s an offset.

12. The system of claim 8, wherein the phase lag is calculated using the following equation:
AN=(0p - Orp)*K

wherein A is the phase lag,

85 1s a desired phase angle in milliseconds,

§ 5 1s the second time at which a phase of the motor current 1s crossing zero minus the first time at
which a voltage phase of the motor 1s crossing zero in mlliseconds, and

K is 360 degrees divided by the time of one voltage cycle in milliseconds.

13. The system of claim 8, wherein the firing of the rectifier is calculated using the tollowing
equation:

y=Ax - B
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wherein y is a firing time associated with the firing of the rectifier, A 1is the gain, B 1s an offset, and x

1s a measured phase angle of the motor.

14. A method for control of a motor, comprising the steps of:

using a digital microprocessor, sensing a first time at which a phase of the motor voltage 1s
Crossing zero;

using the digital microprocessor, sensing a second time at which a phase of the motor current
1S Crossing zero;

using the digital microprocessor, determining the difference in time between the first and
second times;

using the digital microprocessor, using the difference in time to calculate a phase lag of the
motor; and

using the digital microprocessor, using the phase lag to calculate a firing time of a rectifier.

15. The method of claim 14, further comprising starting a timer in the digital microprocessor upon

sensing a first time at which a phase of the motor voltage 1s crossing zero volts.

16. The method of claim 14, further comprising the step of calculating the phase lag using the
following equation:
v=(T1-T2)*K
wherein yis the phase lag in degrees,
T1 1s the time current crosses zero,
T2 1s the time voltage crosses zero, and
K is 360 degrees divided by the time of one voltage cycle in milliseconds for the difference between

T1 and T2 expressed in milliseconds.

17. The method of claim 16, further comprising the step of calculating the firing time of the rectifier

using the following equation:
y=Avy- B

wherein yis the firing time, A is the gain, and B 1s an offset.

18. The method of claim 14, further comprising the step of varying the firing time with at least one
of the phase lag and a load of the motor.
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19. The method of claim 14, wherein the firing time of the rectifier is calculated using the following
equation:

y=Ax - B
wherein y is the firing time associated with the firing of the rectifier, A is the gain, B 1s an offset, and

x 1s a measured phase angle of the motor.

20. The method of claim 14, further comprising the step of calculating a phase lag error associated
with the phase lag using the following equation:
N=(0p - 0rp)*K
wherein A1s the phase lag,
1 1s a desired phase angle in milliseconds,
0 - is the second time at which a phase of the motor current is crossing zero minus the first time at
which a phase of the motor voltage is crossing zero in milliseconds, and

K is 360 degrees divided by the time of one voltage cycle in milliseconds.
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