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Method of controlling an electric motor and device for carrying it out

Technical Field to which the Invention relates

5 The invention relates to the field of electrical engineering, namely to methods of
controlling an electric motor, and it can be used, in particular, for controlling a
submersible electric motor used for driving a submersible pump for use in the petroleum

industry for the recovery of petroleum.

10 Prior Art

A method of controlling an electric motor is known, which is carried out in the
electric motor to be controlled and which consists in starting the electric motor in a
synchronous mode and rotating the rotor in a valve mode in accordance with EMF

signals in current-free sections of an armature winding.

15 A drawback of the known method is the poor degree of accuracy in determining the
power key switching time, which leads to a reduction in the performance and service life

of the electric motor.

A method is also known of controlling an electric motor, the sections of the armature
winding of which are joined to form a “star” and are connected to the outputs of a full-

20  wave frequency converter in the form of a three-phase bridge with bypass diodes,
including starting and rotating the rotor in accordance with EMF signals in current-free
sections of the armature winding, converting the EMF signals into discrete logic level
signals by a normalizer, delivering the discrete signals to the inputs of a microcontroller,

determining the switching times of the sections of the armature winding with respect to
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the transition times through zero EMF of the free sections by the microcontroller in
accordance with a mathematical model of a given type of electric motor (Radim VisSinka,
Leo§ Chalupa, Ivan Skalka. “Systems of controlling an electric motor on

microcontrollers of the firm MOTOROLA?”, the journal “CHIP NEWS: digital control of

the electric drive”, No. 1, 1999, pp. 14 to 16).

A drawback of the known method is the absence of correction of the switching time
in a manner dependent upon the magnitude of the load current, the rotational speed of the
motor and the inductance of the motor with a supply cable during the operation of the

motor and, as a result, the impossibility of controlling an electric motor having windings

of higher inductance.

Closer to the disclosed technical solution in terms of the combination of essential
features and the technical result to be achieved, is a method of controlling an electric
motor, the sections of the armature winding of which are joined to form a “star” and are
connected to the outputs of a full-wave frequency converter designed in the form of a
three-phase bridge with bypass diodes, including starting and rotating the rotor in
accordance with EMF signals in current-free sections of the armature winding,
converting the EMF signals into discrete logic level signals by a normalizer, delivering
the discrete signals to the inputs of a microcontroller, determining the switching times of
the sections of the armature winding with respect to the transition times through zero
EMF of the free sections by the microcontroller in accordance with a mathematical
model of the given type of electric motor and shifting the switching time with respect to
the transition times through zero EMF of the free sections in a manner dependent upon
the magnitude of the load current, the rotational speed of the rotor and the inductance of

the sections of the armature winding, in which case the flow time of the current through
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the bypass diode of the three-phase bridge is used for an integral estimation of the
existing values of the load current, the rotational speed of the rotor and the inductance of
the sections of the armature winding. A device for carrying out this method comprises a
full-wave frequency converter designed in the form of a three-phase bridge with bypass

diodes, a microcontroller and a normalizer, comprising a divider and a comparator unit

having two reference level inputs (cf Patent RU 2207700 C2, publ. 27.06.2003,

Int.Publ.C1.” HO2P 6/00, HO2P 6/18, HO2K 29/00, HO2K 29/06).

A drawback of the given method is the limitation of the shift of the switching times
by the EMF transition time of the zero free phase, this amounting to 30 electrical degrees,
and, with respect to the delay of the normalizer filter and the calculation time of the
switching times by the processor to be used after the intersection of the EMF of the zero
free phase and of the occupying 10 to 15 electrical degrees (depending upon the
frequency of rotation), the magnitude of the shift of the switching times to be achieved is

in practice 15 to 20 electrical degrees.

As a result of the given deficiency, there is a reduction in the degree of efficiency of
the electric motor and it is not possible to control electric motors with large distortion

factors of the electromagnetic field which require a shift in switching to angles of more

than 20 electrical degrees.

Disclosure of the invention

The object which the invention applied for aims to achieve is to provide an effective

method of controlling various types of electric motors.

The technical result attained when the object posed is achieved consists in increasing
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the degree of efficiency of the electric motor and the possibility of controlling the electric

motor with a large distortion factor of the electromagnetic field.

The technical result indicated is attained on account of the fact that in the method of
controlling an electric motor, the sections of which are joined to form a star and are
connected to the outputs of a full-wave frequency converter in the form of a three-phase
bridge with bypass diodes, including starting and rotating the rotor in accordance with
EMF signals in current-free sections of the armature winding, converting the EMF
signals 1nto discrete logic level signals by a normalizer, delivering the discrete signals to
the inputs of a microcontroller, determining the switching times of the sections of the
armature winding by the microcontroller in accordance with a mathematical model of the
given type of electric motor and shifting the switching time of the sections in a manner
dependent upon the magnitude of the load current, the rotational speed of the rotor and
the inductance of the sections of the armature winding, the flow time of the current
through the bypass diode of the three-phase bridge being used for an integral estimation
of the existing values of the said sections, the switching times are calculated and shifted
with respect to an EMF transition time of free voltage level sections which are different

from zero and which correspond to a pre-determined positional angle of the rotor for

given types of motor.

A device fo_r carrying out the method comprises a full-wave frequency converter
designed in the form of a three-phase bridge with bypass diodes, a microcontroller and a
normalizer, comprising a divider and a comparator unit having two reference level
inputs, and is characterized in that a unit for shifting the reference level containing a
current sensor, a voltage sensor, two adders and an inverter is arranged between the

divider and the comparator unit, the inputs of the first adder being connected to the
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current and voltage sensors, the inputs of the second adder being connected to the output

of the first adder and to the mid-point of the divider, and the output of the second adder

being connected to the first reference level input directly, and to the second reference

level input by way of the inverter.

The presence of the unit for shifting the reference level in the device allows the
calculation and shifting of the switching times to be carried out with respect to the
transition of the EMF of free voltage level sections different from zero, and this allows
large shift angles of the switching times to be achieved, which in turn makes it possible
tor the degree of efficiency of the electric motor to be increased and for different types of
electric motors to be controlled, including electric motors with a large distortion factor of

the electromagnetic field.

According to an aspect of the present invention, there is provided a method of
controlling an electric motor, sections of which are joined to form a star and which are
connected to outputs of a full-wave frequency converter designed to form a three-phase
bridge with bypass diodes, the method comprising:

starting and rotating a rotor of the electric motor in accordance with EMF signals in

current-free sections of an armature winding;
converting the EMF signals into discrete logic level signals by a normalizer;
delivering the discrete logic level signals to inputs of a microcontroller;

calculating a switching time of each section of the armature winding by the
microcontroller in accordance with a mathematical model of the electric motor; and

shifting the switching time of each section in a manner dependent upon a magnitude
of load current, rotational speed of the rotor and inductance of the section of the armature

winding, flow time of current through the bypass diode of the three-phase bridge being



10

15

20

CA 02641994 2014-01-09

-6 -

used for an integral estimation of values of the load current, rotor speed and armature coil
inductance values,

wherein each switching time is calculated and shifted with respect to a transition
time when the EMF signal in a current-free section crosses a reference voltage level
which is different from zero, which transition time is earlier than a time when the EMF

signal in the current-free section crosses a zero voltage level.

According to another aspect of the present invention, there is provided a device for
controlling an electric motor, comprising a full-wave frequency converter that forms a
three-phase reverse diode bridge, a normalizer for conditioning and transtorming EMF
signals induced in current-free sections of an armature winding of the electric motor to
logical signals, and a microcontroller for receiving the logical signals and for calculating
a switching time of each section of the armature winding in accordance with a
mathematical model of the electric motor and shifting the switching time of each section
In a manner dependent upon a magnitude of load current, rotational speed of the rotor
and inductance of the section of the armature winding, the flow time of the current
through the bypass diode of the three-phase bridge being used for an integral estimation
of values of the load current, rotor speed and armature coil inductance values,

wherein each switching time is calculated and shifted with respect to a transition
time when the EMF signal in a current-free section crosses a reference voltage level
which is different from zero, which transition time is earlier than a time when the EMF

signal in the current-free section crosses a zero voltage level.

The invention 1s explained by the following illustrative materials:

Fig. 1 1sa circuit diagram of a device for controlling an electric motor;
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Fig.2 is a circuit diagram of a normalizer with a unit for shifting the reference level,

and

Fig. 3  is a diagram of the voltages of a section of a winding armature at the input of the

normalizer.

The electric motor 1 has a permanent-magnet rotor 2, which performs the function of
an inductor or a rotor 3 of soft magnetic material with an excitation winding 4. The
sections of the winding armature 5, 6, 7 in a “star” formation are connected both to the
outputs of a full-wave frequency converter 8 designed in the form of a three-phase bridge
with bypass diodes and to the inputs 12, 13, 14 of a normalizer 9. The inputs 11 and 15
of the normalizer 9 are connected to a voltage source. The signals from the outputs 16,
17, 18, 19, 20, 21 of the normalizer 9 arrive at a microcontroller 10 which forms the
controlling combinations for the frequency converter 8. The normalizer 9 comprises a
divider 22 and a comparator unit 23 which has two reference level inputs 24 and 25. A
unit 26 for shifting the reference level, which defines the thresholds of the comparators,

i1s arranged between the divider 22 and the comparator unit 23.

The unit 26 for shifting the reference level comprises a current sensor 27, a voltage
sensor 28, two adders 29 and 30 and an inverter 31. The inputs of the adder 29 are

connected to the current sensor 27 and the voltage sensor 28, and the inputs of the adder
30 are connected to the output of the adder 29 and to the mid-point of the divider 22.

The output of the adder 30 is connected to the reference level input 24 directly, and to the

reference level input 25 by way of the inverter 31.

In the voltage diagram there are evident at the input of the normalizer 9:

—t the switch-off time from “+” of the power source,
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the time interval during which the current flows in the previous

direction under the action of the EMF of the self-induction by

way of the bypass diode of the frequency converter 8,

are intervals at which the voltage at the input of the normalizer 9

coincides with the back EMF of the section,

voltage for shifting the reference level, formed by the unit for
shifting the reference levels in a manner dependent upon the

voltage Unum and the load current,

the intersection time of the back EMF of the reference voltage

level section corresponding to the angle ap-n°,

the intersection time of the back EMF of section 6 with the zero

level corresponding to the angle oo,
the time of connecting section 6 to “— of the power source,

the sum of the time for calculation of the switching time by the

microcontroller and the delay of the normalizer filter,

the switching time in the absence of shifting, taking into

consideration the armature reaction corresponding to the angle

oo+30°,

€¢ %

the time of disconnecting the section from “-” of the power

source,
the time of connecting the section to “+” of the power source,

the maximum possible shifting of the switching times when
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calculating them with respect to the intersection time of the back

EMF with the zero level section,

- T3 the maximum possible shifting of the switching times when
calculating them with respect to the intersection time of the back

5 EMF with the reference level section Ugw.

Implementation of the invention applied for

The method applied for of controlling an electric motor i1s carried out in the
following way during the operation of the device: After the start of the electric motor in

10 accordance with EMF signals in current-free sections of the armature winding the
microcontroller 10 issues controlling combinations in a cyclical manner for 120° key
switching to the full-wave frequency converter 8. The rotor 2 or 3 starts to rotate. In the
output of the I control combination, the frequency converter 8 disconnects, for example,
section 6 from “+” of the source at the moment in time t in Fig. 3. The normalizer 9,

15  which includes a unit for shifting the reference level, converts the voltage sections 6 at
the input 13 into discrete logic level signals at the outputs 18, 19. These signals arriving

at the inputs of the microcontroller 10 contain the following information:

— Tmme T (Fig. 3) — the flow time of the current in the previous direction under the
action of the EMF of the self-induction by way of the bypass diode of the frequency

20 converter 8;

— Time instant t1 (Fig. 3) — the transition time of the EMF of the section disconnected
from the voltage level source corresponding to the angle 00-n° in a manner dependent

upon the level Ug.



10

15

20

CA 02641994 2014-01-09

- 10 -

The microcontroller 10 calculates the time for connecting the section 6 to “~ of the
power source (the time of the output of the I+1™ combination), using the time period
between the times tl, the transition of the EMF of the section disconnected from the
voltage level source corresponding to the angle ap-n°. The time T is used in order to
allow for the reaction of the armafure when determining the switching times. To this end
the calculated time is shifted in magnitude in proportion to the time T. As is evident
from Fig. 3, when calculating the switching times with respect to the intersection of the
EMF with the zero free phase, the time t2 (the angle ao), the interval T2 is the available
switching range . This is linked to the fact that from 10 to 15 electrical degrees (the time
T1) are involved in the delay of the normalizer filter and the time for the processor to

calculate the switching times after the time t2.

In the method applied for, the interval T3 is the available switching range, since the
delay of the filter and the calculation time are read off from the time t1 (the angle ao—n°®),
and this makes it possible to achieve large shift angles of the switching times, which in
turn allows the electric motor to be controlled with large distortion factors of the

electromagnetic field.

The use of the present method of controlling an electric motor is particularly
effective in systems where the length of the cable leading to the motor is substantial and
varies within quite wide limits, for example in the recovery of oil by a submerged pump,
the drive of which is in the form of a submerged electric motor, the control of which is
carried out by an on-land control station which is positioned at a considerable distance

from the borehole.
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The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:

1. A method of controlling an electric motor, sections of which are joined to form a
star and which are connected to outputs of a full-wave frequency converter designed to
form a three-phase bridge with bypass diodes, the method comprising:
starting and rotating a rotor of the electric motor in accordance with EMF signals
In current-iree sections of an armature winding;
converting the EMF signals into discrete logic level signals by a normalizer;
delivering the discrete logic level signals to inputs of a microcontroller;
calculating a switching time of each section of the armature winding by the
microcontroller in accordance with a mathematical model of the electric motor; and
shifting the switching time of each section in a manner dependent upon a
magnitude of load current, rotational speed of the rotor and inductance of the section of
the armature winding, flow time of current through the bypass diode of the three-phase
bridge being used for an integral estimation of values of the load current, rotor speed and
armature coil inductance values,
wherein each switching time is calculated and shifted with respect to a transition
time when the EMF signal in a current-free section crosses a reference voltage level
which is different from zero, which transition time 1s earlier than a time when the EMF

signal 1n the current-free section crosses a zero voltage level.



CA 02641994 2014-01-09

212 -
2. A method according to claim 1, wherein each armature section is connected
between first and second outputs of the three-phase bridge and the method further
COmprises:
determining the non-zero reference voltage level from a first voltage level

associated with the first output, a second voltage level associated with the second output

and the current supplied to the electric motor.

3. A device for controlling an electric motor, comprising a full-wave frequency
converter that forms a three-phase reverse diode bridge, a normalizer for conditioning
and transforming EMF signals induced in current-free sections of an armature winding of
the electric motor to logical signals, and a microcontroller for receiving the logical
signals and for calculating a switching time of each section of the armature winding in
accordance with a mathematical model of the electric motor and shifting the switching
time of each section in a manner dependent upon a magnitude of load current, rotational
speed of the rotor and inductance of the section of the armature winding, the flow time of
the current through the bypass diode of the three-phase bridge being used for an integral

estimation of values of the load current, rotor speed and armature coil inductance values,

wherein each switching time is calculated and shifted with respect to a transition

time when the EMF signal in a current-free section crosses a reference voltage level

which is different from zero, which transition time is earlier than a time when the EMF

signal in the current-free section crosses a zero voltage level.

4. A device according to claim 3, wherein the normalizer comprises first and second

reference level inputs.
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5. A device according to claim 3 or 4, wherein a reference level shift block is

provided between a divider and a comparator block.

6. A device according to claim S5, wherein the reference level shift block comprises a

current sensor and a voltage sensor.

7. A device according to claim 5, wherein the reference level shift block comprises

adding means and an inverter.

8. A device according to claim 6, wherein the reference level shift block comprises

adding means and an inverter.

9. A device according to claim 8, wherein the adding means includes a first adder

having inputs connected to the current and voltage sensors.

10. A device according to claim 9, wherein the adding means includes a second adder

having inputs connected to the first adder output and to the divider midpoint.

11. A device according to claim 10, wherein the second adder output 1s connected to

the first reference level input directly and to the second reference level input by way of

the inverter.
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