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M8G90101032-US-A / TG170201-USA(L7F0080P1)
[ DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN

APPLICATION DATA SHEET (37 CFR 1.76) AND ASSIGNMENT FOR MULTIPLE ASSIGNEES

Title of INVERTER CONTROL DEVICE AND MOTOR DRIVE SYSTEM
Invention :

As the below named inventor, I hereby declare that:

This declaration IZ The attached application, or

is directed to: D United States application or PCT international application number __ PCT/JP2017/031001
filed on August 29, 2017 ~

The above-identified application was made or authorized to be made by me.

1 believe that I am the original inventor or an original joint inventor of a claimed invention in the application.

WHEREAS, (1) Toshiba Infrastructure Systems & Solutions Corporation
(2) Toshiba Industrial Products and Systems Corporation

(hereinafter referred to as "ASSIGINEES") having places of business at:

(1) 72-34, Horikawa-cho, Saiwai-ku, Kawasaki-shi, Kanagawa 212-00183, Japan

(2) 580, Horikawa-cho, Saiwai-ku, Kawasaki-shi, Kanagawa 212-0013 Japan

respectively are desirous of jointly acquiring interests in the entire right, title and interest in and to said invention

and in and to any Letters Patent that may be granted therefore in the United States and its territorial possessions
and in any and all foreign countries;

NOW, THEREFORE, in consideration of the sum of FIVE DOLLARS (8$5.00), the receipt whereof is hereby
acknowledged, and for other good and valuable consideration, I, by these presents do sell, assign and transfer unto
said ASSIGNEES, the full and exclusive right to the said invention in the United States and its territorial
possessions and in all foreign countries (including the right to claim priority under the terms of the Infernational
Convention and other relevant International Treaties and Arrangements from the aforesaid application) and the
entire right, title and interest in and to any and all Letters Patent which may be granted therefor in the United States
and its territorial possessions and in any and all foreign countries and in and to any and all divisions, reissues,
continuations, substitutions and renewals thereof.

1 hereby authorize and request the Patent Office Officials in the United States and its territorial possessions and
any and all foreign countries to issue any and all of said Letters Patent, when granted, to said ASSIGNEES as the
assignees of my entire right, title and inferest in and to the same, for the sole use and behoof of said ASSIGNEES,
their successors and assigns, to the full end of the term for which said Letters Patent may be granted, as fully and
entirely as the same would have been held by me had this Assignment and sale not been made.

Further, I agree that 1 will communicate to said ASSIGNEES or their representatives any facts known to me
respecting said -invention, and testify in any legal proceeding, sign all lawful papers, execute all divisional,
continuation, substitute, renewal and reissue applications, execute all necessary assignment papers to cause any
and all of said Letters Patent to be issued to said ASSIGNEES, make all rightful oaths, and, generally do
everything possible to aid said ASSIGNEES, their successors and assigns, to obtain and enforce proper protection
for said invention in the United States and its territorial possessions and in any and all foreign countries.

I hereby acknowledge that any willful false statement made in this declaration is punishable under 18 U.S.C.
1001 by fine or imprisonment of not more than five (5) years, or both.

LEGAL NAME OF INVENTOR

Inventor: __ Shun Taniguchi Date:

Signature:
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A ADDITIONAL INVENTOR(S) :
SUPPLEMENTAL SHEET FORDECLARATION| ¢ o = Al&800 s

.

Legal Name of Additional Joint Inventor, if any

I

(2) Kazuya Yasui

Inventor’s Signature o
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}CWW ?W ’ Dage(%ptinna])

Legal Name of Additional Joint Inventor, if any

(3) Tomoaki Shigeta
Inventor's Signature ‘FQ{O l7 20¢ 9

/
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17F0080P1 - 1 -

INVERTER CONTROL DEVICE AND MOTOR DRIVE SYSTEM
CROSS REFERENCE TO RELATED APPLICATIONS

This application is a Continuation Application of PCT Application No.
PCT/JP2017/031001, filed August 29, 2017 and based upon and claiming the
benefit of priority from Japanese Patent Application No. 2016-172968, filed
September 5, 2016, the entire contents of all of which are incorporated herein
by reference.

FIELD

Embodiments described herein relate generally to an inverter control

device and a motor drive system.
BACKGROUND

In an inverter device for controlling a motor, a sensorless control
method that dqes not use a rotational phase angle sensor such as a
resolver/encoder has been proposed to reduce size, weight, cost, and to
increase reliability.

For example, a method of estimating the rotational phase angle using
voltage information generated by a no-load magnetic flux interlinked to a
winding, and a sensorless method of using high frequency current information
generated from a rotor salient pole by superimposing a high frequency voltage
have been proposed.

In inverter devices used for railroads or industrial applications, the
rotational phase angle when starting the inverter from a coasting operation, a
momentary power failure, or the like must be estimated. For this case, a
method of controlling switching patterns of the inverter device when restarting,
and estimating the rotor position by observing the current generated by
short-circuiting the winding, and a method of suppressing a current generated

by a magnet-induced voltage to zero, and using the so-generated feature
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quantity to estimate the rotational phase angle have been proposed.

Another method proposed is geared towards free-run Arestarts in
Permanent Magnet Synchronous Motors (PMSMs), in which the inverter is
switched so that a non-zero voltage vector is output, and in which the
rotational phase angle is estimated by a single formula that does not take the
motor speed into account.

For example, when estimating the rotational phase angle of a
Synchronous Reluctance Motor (SynRM) that does not use a permanent
magnet, applying a rotational phase angle estimation in which a no-load
induced voltage is utilized is difficult, since the no-load induced voltage is
small.

Also, although the rotational phase angle during a low-speed rotation
can be accurately estimated by using the method of estimating the rotational
phase angle through superimposing the high frequency voltages, the
rotational phase angle during a high speed rotation has been difficult to
estimate because it is based on the premise that the basic wave frequency is
sufficiently small with regard to the frequency of the superimposed high
frequency voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram schematically showing a configuration example of
an inverter control device and a motor drive system of a first embodiment.

FIG. 2 is a block diagram schematically showing a configuration
example of a startup controller for the inverter control device and the motor
drive system of the first embodiment.

FIG. 3 is a diagram describing an example of a high frequency voltage
command output from a high frequency voltage command generator of the

startup controller.
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FIG. 4 is a block diagram schematically showing a configuration
example of a regular time controller for the inverter control device and the
motor drive system of the first embodiment.

FIG. 5 is a diagram describing an example of a superimposed voltage
command output from the high frequency voltage command generator of the
regular time controller.

FIG. 6 is a block diagram schematically showing a configuration
example of a Pl controller of the regular time controller.

FIG. 7 is a block diagram describing another example of the startup
controller for the inverter control device and the motor drive system of the first
embodiment.

FIG. 8 is a block diagram describing another example of the regular
time controller fdr the inverter control device and the motor drive system of the
first embodiment.

FIG. 9 is a block diagram schematically showing a configuration
example of the startup controller for the inverter control device and the motor
drive system of a second embodiment.

FIG. 10 is a block diagram schematically showing a configuration
example of the startup controller for the inverter control device and the motor
drive system of a third embodiment.

FIG. 11 is a diagram describing an example of an operation of a PWM
generator shown in FIG. 10.

DETAILED DESCRIPTION

An inverter control device according to an embodiment comprises an
inverter main circuit; a current detector configured to detect a current of an
output line of the inverter main circuit; a startup controller comprising a

rotational phase angle estimator configured to calculate, based on a current
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response value detected by the current detector, a value corresponding to a
rotational phase angle of a motor connected to the inverter main circuit in a
stationary reference frame, and a rotational speed estimator configured to
calculate a value corresponding to a rotational speed of the motor by using the
value corresponding to the rotational phase angle when the inverter main
circuit is started; and a regular time controller configured to calculate, with the
value corresponding to the rotational speed as an initial value, an estimated
rotational phase angle of the motor in a rotating reference frame.

Hereinafter, the inverter control device and the motor drive system of
the embodiments will be described with reference to the drawings.

FIG. 1 is the diagram schematically showing the configuration example
of the inverter control device and the motor drive system of the first
embodiment.

The motor drive system of this embodiment is configured to drive a
motor 2, and comprises the motor 2 and the inverter control device. The
inverter control device comprises an inverter 1, a current detector 3, a startup
controller 4, a regular time controller 5, and a switcher 6.

The motor 2 is, for example, a Synchronous Reluctance Motor (SynRM)
including a stator and a rotor. The motor 2 is driven by alternating currents of
three phases supplied from the inverter 1.

The inverter 1 comprises an inverter main circuit that comprises a DC
power source (DC load) and two switching elements of each of: a U-phase, a
V-phase, and a W-phase (none of these elements are shown). The two
switching elements of each of the phases are connected in series between a
DC line connected to a positive electrode of the DC power source and a DC
line connected to a negative electrode of the DC power source. The switching

elements of the inverter 1 are controlled by a gate command received from the
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switcher 6. The inverter 1 is a three-phase AC inverter configured to output a
U-phase current iu, a V-phase current iv, and a W-phase current iw to the
motor 2 In other words, an AC load. The inverter 1 can further charge the DC
power source with the electric power generated by the motor 2.

The current detector 3 is configured to detect, among the currents of
three phases (the U-phase current iu, the V-phase current iv, and the
W-phase current iw), response values of currents of at least two phases (for
example, the U-phase current iu and the W-phase current iw). The current
response values detected by the current detector 3 are supplied to the startup
controller 4 or the regular time controller 5 via the switcher 6.

The switcher 6 is configured to switch supply paths for a gate command
output from the startup controller 4 and a gate command output from the
regular time controller 5 to the inverter 1. The switcher 6 is further configured
to switch supply paths for the current response values-iu, iw detected by the
current detector 3 to either the startup confroller 4 or the regular time
controller 5.

The switcher 6 comprises a first switch 61 and a second switch 62.
Operation of the first switch 61 and second switch 62 are controlled by, for
example, a “normal-mode change” command supplied from the startup
controller 4.

The first switch 61 comprises a first input unit IN1, a second input unit
IN2, and a first output unit OUT1. The gate command output from the startup
controller 4 is input to the first input unit IN1. The gate command output from
the regular time controller 5 is input to the second input unit IN2. The first
output unit OUT1 is electrically connected to a line supplying the gate
command to each of the two switching elements of each of the phases of the

inverter 1.

PATENT
REEL: 057526 FRAME: 0009



10

15

20

25

The first switch 61 electrically connects the first input unit IN1 and the
first output unit OUT1 when the “normal-mode change” command is at a low
(L) level, and electrically connects the second input unif IN2 and the first
output unit OUT1 when the “normal-mode change” command is at a high (H)
level.

The second switch 62 comprises a third input unit IN3, a second output
unit OQUT2, and a third output unit OUT3. The current response values iu, iw
are input from the current detector 3 to the third input unit IN3. The second
output unit OUT2 is electrically connected to a line supplying the current
response values iu, iw to a coordinate converter 44 (to be described later) of
the startup controller 4. The third output unit OUT3 is electrically connected to
a line supplying the current response values iu, iw to a coordinate converter
56 (to be described later) of the regular time controller 5.

The second switch 62 electrically connects the third input unit IN3 and
the second output unit OUT2 when the “normal-mode change” command is at
the low (L) level, and electrically connects the third input unit IN3 and the third
output unit OUT3 when the “normal-mode change” command is at the high (H)
level.

The startup controller 4 is configured to, when starting the inverter 1
(for example, when starting the motor 2 from free-run), calculate an estimated
rotational phase angle Best1 (value corresponding to a rotational phase angle
value 8) by using a high frequency voltage command in which a high
frequency voltage command in a stationary reference frame is superimposed
on a voltage command, and a high frequency current value (current response
value) output from the inverter 1 when the motor 2 is applied with a high
frequency voltage, and use it to calculate an estimated initial rotational speed

value west0 (value corresponding to a rotational speed w). As will be
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described later, the estimated rotational phase angle Best1 (value
corresponding to the rotational phase angle value 8) includes an estimated
initial rotational phase angle value Best0.

The time of start of the inverter 1 is when the inverter control device
starts driving the inverter 1 when, for example, a user presses a start button.
In a case of performing a sensorless control of the inverter, the inverter control
device does not recognize the rotor’s rotational speed at the point of starting
the inverter 1. Therefore, when the inverter 1 is started up, the motor 2 may be
in a free-run state or in a state in which a rotation of the motor 2 is stopped.

The startup controller 4 further outputs a “normal-mode change”
command to the switcher 6. The “normal-mode change” command is at the
low (L) level when the inverter control device and the motor drive system are
activated by an external start command. The startup controller 4 raises, in
synchronization with the point of supplying the estimated initial rotational
speed value west0 to the regular time controller 5, the “normal-mode change”
command from the low (L) level to the high (H) level.

Note that when the inverter main circuit is stopped (for example, when
the user pushes a stop button or the inverter main circuit is stopped by an
operation to protect in case of malfunction), the start control section 4
changes the “normal-mode change” command from the high (H) level to the
low (L) level.

The regular time controller 5 is configured to control the operation of the
motor 2 by superimposing a high frequency voltage command in a rotating
reference frame on a voltage command, with the estimated initial rotational
phase angle value Best0 and the estimated initial rotational speed value west0
supplied to the regular time controller 5 as initial values, and calculating an

estimated rotational phase angle Best by using the high frequency current
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value (current response value) output from the inverter 1 when the motor 2 is
applied with a high frequency voltage.

FIG. 2 is the block diagram schematically showing the configuration
example of the startup controller for the inverter control device and the motor
drive system of the first embodiment.

The startup controller 4 comprises a high frequency voltage command
generator 41, coordinate converters 42 and 44, a PWM modulator 43, a
rotational phase angle estimator 45, and a rotational speed estimator 46.

The high frequency voltage command generator 41 generates a high
frequency voltage command vah* of a ap-fixed reference frame.

FIG. 3 is a diagram describing an example of a high frequency voltage
command output from the h'igh frequency voltage command generator of the
startup controller.

The high frequency voltage command vah*, as shown in FIG. 3, is, for
example, a high frequency voltage command oscillating between Vh [V] and
-Vh [V]. Note that a frequency of the superimposed high frequency signal
twice or more the maximum number of revolutions of the motor 2 connected to
the inverter main circuit is a signal component that does not contribute to the
rotation of the motor 2, which is why the high frequency signal to be
superimposed is set at least to twice or more the maximum number of
revolutions of the motor 2.

The coordinate converter 42 is a means of vector conversion
configured to receive the high frequency voltage command vah* in the
ap-fixed reference frame output from the high frequency voltage command
generator 41, and perform coordinate conversion thereunto to convert them to
voltage commands vu*, vw*, vw* in a three-phase fixed reference frame.

The PWM modulator 43 is configured to generate a gate signal of the
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switching elements of each of the phases of the inverter 1, based on a result
of comparing the voltage command (modulation factor command) values vu~®,
vv*, vw* output from the coordinate converter 42 against a triangular wave,
and output it.

The coordinate converter 44 is a means of vector conversion
configured to receive the current response values iu, iw in the three-phase
fixed reference frame detected by the current detector 3, and perform
coordinate convefsion thereunto to convert them to a current response value
if in the ap-fixed reference frame.

The rotational phase angle estimator 45 is configured to calculate, from
the current response value i output from the coordinate converter 44 and a
superimposed voltage command (high frequency voltage command) vah*
generated by the high frequency voltage command generator 41, the
estimated rotational phase angle Best1 of the motor 2.

This can be expressed, for example, by following Formula (1) which
considers a voltage equation model of the motor 2 in the stationary reference
frame.

[Mathematical 1]

v, iy Ly, + L, cos28 L,sin 26 pi,
=R +
v, is| | ZL;sin28 L, —L cos2@ || pig

Ld+Lq=L1:Ld—L
2 2.

Formula (1)

wherein 5 _
1]

Note that in the above Formula (1), pia is a differentiated value of ia,
and pifB is a differentiated value of if3.
By extracting only high frequency components from the above Formula

(1), only current differentials which can be expressed by following Formula (2)
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are obtained.

[Mathematical 2]

{1’@5] :{Lm Lm:”ipi“’ﬁf] Formula (2)

A Ly Ly || Pigy

Note that in the above Formula (2), the suffix “hf” means the high

5 frequency component.

In addition, inductance matrices L0OQ, LO1, L10, L11 can be expressed

by following Formula (3).
[Mathematical 3]

[LOO L{,l] _ [LO +L,cos280  L;sin28

Ly Iy L, sin 28 LO—LICOSZB} Formula (3)

10 Here, by transforming the Formula (2), Formula (4) is obtained.

[Mathematical 4]

Py, 1 —Loy || ¥
= {L“ OI] i Formula (4)
Plgy | LiLy|~Lyw Lo {Var

In case the high frequency voitage is superimposed only in the

a-direction, vBhf becomes 0, so the Formula (4) can be expressed by

15 following Formula (5).
[Mathematical 5]

pi 1
A= [ I ]"wf Formula (5)

By assigning the Formula (3) to the Formula (5), Formula (6) is

obtained.

20 ‘ [Mathematical 6]
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}*w Formula (6)

Dige | —I,sin26

Pl 1 |L,—L,cos20
L,L,

By focusing on pihf in the Formula (6), Formula (7) is obtained.
[Mathematical 7]

L,L
sin20 = — =472 Pl pormula (7)
5 By solving 6 in the Formula (7), Formula (8) is obtained.

[Mathematical 8]

8= 1 sin”! {—Lqu Ploy
2

I, va } Formula (8)

The rotational phase angle estimator 45 is configured to calculate the
rotational phase angle value 0 by using the above Formula (8), and set it as
10 the estimated rotational phase angle Best1. However, it is assumed that vahf
is obtained by using the superimposed voltage command vah*, and that piphf
is obtained by differentiating the current response value i3. Note that the
estimated rotational phase angle Best1 at the point at which the initial speed is
calculated (point at which the “normal-mode change” command is raised from
15 the low (L) level to the high (H) level) is output as the estimated initial
rotational phase angle value BestO.
The rotational speed estimator 46 is configured to calculate the
estimated initial rotational speed value west0 using the estimated rotational
phase angle 6est1 output from the rotational phase angle estimator 45.
20 The rotational speed estimator 46 counts the number of times the
estimated rotational phase angle Best1 crosses zero from the beginning of the
starting process until the end of a first predetermined period T1. Subsequently,

when the count value is equal to or greater than the predetermined value, the
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rotational speed estimator 46 further counts the number of times the
estimated rotational phase angle Best1 crosses zero from the beginning of the
starting process until the end of a second predetermined period T2 (second
predetermined period T2 > first predetermined period T1).

In this embodiment, for example, the predetermined value to be
compared against the count value is “2”. In other words, when the value
counted during the first predetermined period T1 is equal to or greater than
the predetermined value (for example, 2), the rotational speed estimator 46
further counts the number of times that the rotational phase angle value Best1
estimated during the second predetermined period T2 crosses zero.

The rotational speed estimator 46 uses the number KT2 of times that
the estimated rotational phase angle 8est1 crosses zero from the start of the
starting process (start of the first predetermined period T1) until the end of the
second predetermined period T2 to calculate the following estimated initial
rotational speed value west0. Because the number of times that the value 8
crosses zero is two per cycle, the number is divided by 2.

west0 =2 x (KT2 + T2) + 2 Formula (9)

On the other hand, when the number of times that the estimated
rotational phase angle Best1 crosses zero during the first predetermined
period T1 is less than the predetermined value (for example, two), the
rotational speed estimator 46 sets the estimated initial rotational speed value
west0 to zero. When, for example, the user presses the start button in a state
in which the inverter 1 is stopped, so that the starting process of the inverter 1
is started, the number of times that the estimated rotational phase angle Gest1
crosses zero during the first predetermined period T1 becomes less than the
predetermined value (for example, two), and the estimated initial rotational

speed value west0 becomes zero.
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The rotational speed estimator 46 calculates, as described above, the
estimated initial rotational speed value west0 and supplies the calculation
result to the regular time controller 5. The rotational speed estimator 46 raises,
in synchronization with the point of supplying the estimated initial rotational
speed value west0 to the regular time controller 5, the “normal-mode change”
command to the switcher 6 from the low (L) level to the high (H) level.
Therefore, in synchronization with the point at which the estimated initial
rotational speed value west0 is set as an initial value of a Pl controller 58 of
the regular time controller 5, the first switch 61 and the second switch 62 are
switched, the current command values iu, iw are supplied to the regular time
controller 5, and the gate command calculated by the regular time controller 5
is supplied to the inverter 1.

In this embodiment, the estimated initial rotational speed value westO
has been calculated by using the value (estimated rotational phase angle
Best1) corresponding to the rotational phase angle value 8. However, with
respect to the estimated initial rotational phase angle value 8est0, the
estimated initial rotational phase angle value Ge’stO does not have to be preset
to the normal state controller 5, since its relevance to the initial rotational
speed is low. In case the estimated initial rotational phase angle value Best0 is
not preset to the regular time controller 5, the calculation process can be
simplified, since piphf in the above Formula (6) includes the component of
sin26, by counting the number of zero-crossings of piBhf to calculate the
estimated initial rotational speed value westO.

FIG. 4 is the block diagram schematically showing the configuration
example of the regular time controller for the inverter control device and the
motor drive system of the first embodiment.

The regular time controller 5 comprises a current controller 51, a high
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frequency voltage superimposer 52, a high frequency voltage command
generator 53, coordinate converters 54 and 56, a PWM modulator 55, a
rotational phase angle error estimator 57, the Pl controller 58, and an
integrator 59.

The current controller 51 is configured to receive current response
values idc, iqc and current commands idc*, igc* in a dcqc-rotating reference
frame, calculate fundamental voltage commands vdcf*, vqcf* so that the
difference between the current response values idc, iqc and the current
commands idc*, iqc* becomes zero, and output them.

The high frequency voltage command generator 53 is configured to
generate a superimposed voltage command vdch* in the dcqc-rotating
reference frame.

FIG. 5 is the diagram describing the example of the superimposed
voltage command output from the high frequency voltage command generator
of the regular time controller.

The superimposed voltage command vdch* is, as shown in, for
example, FIG. 5, a high frequency voltage command oscillating between Vh
[V] and -Vh [V].

The high frequency voltage superimposer 52 is configured to add the
superimposed voltage command vdch* to the fundamental voltage commands
vdcf*, vacf* to generate voltage commands vdc®, vqc™.

The coordinate converter 54 is a means of vector conversion
configured to perform, by using the estimated rotational phase angle Best,
coordinate conversion unto the voltage commands vdc*, vqc™ in the
dcqc-rotating reference frame to convert them into the voltage commands vu*,
vw*, vw* in the three-phase fixed reference frame.

The PWM modulator 55 is configured to generate a gate signal of the
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switching elements of each of the phases of the inverter 1, based on a result
of comparing the voltage command (modulation rate command) values vu®,
vv*, vw* output from the coordinate converter 54 against a triangular wave,
and output it.

The coordinate converter 56 is a means of vector conversion
configured to receive the estimated rotational phase angle Best and the
current response values iu, iw detected by the current detector 3, and perform,
by using the estimated rotational phase angle Best, coordinate conversion
unto the current response values iu, iw in the three-phase fixed reference
frame to convert them to the current response values idc, iqc in the
dcqc-rotating reference frame.

This can be expressed, for example, by following Formula (10) which
considers a voltage equation model of the motor 2 in the rotating reference
frame.

[Mathematical 9]

Vv i Lo+ L cos2A8 L;sin2A¢0 pi
{ "]:R[_"]J{ 0 ' ]{ d] Formula (10)

vV, A L;sin2A8 Ly—LjcosZA8 | pi,
wherein 7, :L“’ + L, I, :L“’ —L,
2 2

By extracting only the high frequency components from the above
Formula (10), only the current differentials which can be expressed by
following Formula (11) are obtained.

[Mathematical 10]

Vag | | Ly+ Ljcos2A8 Lsin2ZA8 Pl
Ve | | L;sin2A8 Ly— L cos2A0 || Piyy

aif

:l Formula (11)

PATENT
REEL: 057526 FRAME: 0019



10

15

20

Here, by transforming the Formula (11), Formula (12) is obtained.

[Mathematical11]

Plpe | 1 |Iy—Lcos2A6 L, sin2A8 | Vg
Piyy - L,L,| —Lsin2A6  Ly+Icos2A6 | vy

Furthermore, when the high frequency voltage is superimposed only in

:! Formula (12)

the d-direction, vghf becomes 0, so Formula (12) can be expressed by

following Formula (13).

[Mathematical 12]

Di, 1 [Z,— I cos2A@
A= |7® L‘_ var Formula (13)
Plyy L,L,| —Lsmn 2A0

By focusing on pighf in the above Formula (13), Formula (14) is

obtained.

[Mathematical 13]

LI pi
sin2460 = —=2e Plov £ormula (14)

Vet
By solving A8 in the Formula (14), Formula (15) is obtained.
[Mathematical 14]
A= —%Shl_l(%%J Formula (15)

The rotational phase angle error estimator 57 is configured to calculate,
by using the Formula (15) above, a rotational phase angle error ABest
between the rotational phase angle value and the estimated rotational phase
angle Best of the motor 2 used for the coordinate conversion of the rotating
reference frame, and output it. However, it is assumed that vdhf output from
the high frequency voltage command generator 53 is obtained by using the

superimposed voltage command vdch*, and that pighf is obtained by
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differentiating the current response value igc output from the coordinate
converter 56.

The PI controller 58 is configured to receive the rotational phase angle
error ABest and the estimated initial rotational speed value west0, calculate,
by using the estimated initial rotational speed value west0 as an initial value,
an estimated rotational speed west so that the rotational phase angle error
ABest becomes zero, and output it.

FIG. 6 is the block diagram schematically showing the configuration
example‘of the PI controller of the regular time controller. The Pl controller 58
is a Phase Locked Loop (PLL) circuit.

The Pl controller 58 comprises a proportional gain multiplier 581, an
integral gain multiplier 582, an integrator 583, and an adder 584.

The proportional gain multiplier 581 is configured to receive the
rotational phase angle error ABest, multiply it by a proportional gain Kp, and
output it to the adder 584.

The integral gain multiplier 582 is configured to receive the rotational
phase angle error ABest, multiply it by an integral gain Ki, and output it to the
integrator 583.

The integrator 583 is configured to integrate the output value of the
integral gain multiplier 582, with the estimated initial rotational speed value
west0 supplied from the starting time controller 4 as an initial value, and
output it to the adder 584.

The adder 584 is configured to add the output value of the proportional
gain multiplier 581 and the output value of the integrator 583, and output the
estimated rotational speed west.

In other words, the estimated rotational speed west is calculated as

follows.
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west = (Kp + Ki/s) x ABest Formula (16)

Here, the initial value input to the integrator 583 is the estimated initial
rotational speed value west0 calculated by the start time controller 4.

The integrator 59 is configured to integrate the estimated rotational
speed west output from the Pl controlier 58 to calculate the estimated
rotational phase angle 6est. The initial value of the integrator 59 is the
estimated initial rotational phase angle value Best0 calculated by the startup
controller 4. The estimatéd rotational phase angle Best calculated by the
integrator 59 is supplied to the coordinate converters 54, 56.

Here, the rotational phase angle error ABest input to the Pl controller 58
is the delta between the actual rotational speed and the estimated initial
rotational speed value west0. Therefore, when starting the high speed rotation,
and setting, when estimating the rotational phase angle/rotational speed in the
rotating reference frame, the initial value of the rotational speed to zero, the
control cannot follow the change in the rotational phase angle error ABest
unless the response speed of the Pl controller 58 is sufficiently high with
respect to the rotational speed, meaning that the estimated rotational speed
west cannot be accurately calculated.

On the other hand, in the inverter control device and the motor drive
system of this embodiment, the estimated initial rotational speed value west0
can be calculated more accurately even when the control response is slow,
since the startup controller 4 calculates the estimated rotational phase angle
value in the stationary reference frame, and calculates the approximate
estimated initial rotational speed value west0 from the number of times that
the estimated rotational phase angle value crosses zero in the predetermined
period.

Further, the rotational phase angle error ABest input to the Pl controller
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58 is the delta between the actual rotational speed and the estimated initial
rotational speed value west0. Therefore, when calculating the estimated
rotational phase angle Best and the estimated rotational speed west in the
rotating reference frame in a state in which the estimated initial rotational
speed value west0 and the actual rotational speed value approximately
coincide, the estimated rotational speed can be accurately calculated without
having to increase the response speed of the Pl controller 58.

As described above, in the inverter control device and the motor drive
system of this embodiment, even if a high-speed calculation process cannot
be performed, a stable start at a high-speed rotation can be realized. In other
words, according to this embodiment, an inverter control device and a motor
drive system that realize a stable start can be provided.

In the above embodiment, the rotational speed estimator 46 determines
whether or not the motor 2 is rotating, depending on whether or not the
estimated rotational phase angle Best1 crosses zero twice or more by the
predetermined period T1. This way, when the motor 2 is in a stopped state or
in a state where the motor 2 is rotating at a very high speed, the time required
for a start can be shortened, since the start routine for calculating the
estimated initial rotational speed value west0 is completed within the
predetermined period T1.

In the above embodiment, the rotational speed estimator 46 célculates
the estimated initial rotational speed value west0 based on the number of
times that the estimated rotational phase angle Best1 crossed zero in the
predetermined periods T1, T2. However, the estimated initial rotational speed
value west0 may, for example, be calculated from the period (period from the
point at which the estimated rotational phase angle est1 is zero (first time) to

the next point at which it becomes zero (second time)) in which the estimated
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rotational phase angle Best1 crosses zero the predetermined number of times
(for example, twice). Alternatively, the estimated initial rotational speed value
west0 may be calculated from the behavior of the estimated rotational phase
angle Best1. In either case, the estimated rotational speed value becomes
approximately equal to the actual rotational speed by calculating the
estimated rotational speed value using the estimated rotational phase angle
value calculated in the stationary reference frame. Therefore, a stable start of
the inverter control device and the motor drive system can be realized by
utilizing the estimated rotational speed value calculated in the stationary
reference frame as the initial value when performing sensorless control in the
rotating reference frame.

Note that in the above embodiment, the synchronous reluctance motor
is adopted as the motor 2. However, a similar effect can be achieved by
adopting the permanent magnet synchronous motor having a small magnetic
flux as the motor 2.

Further, in the above embodiment, the method of superimposing the
high frequency voltage to estimate the rotational phase angle in the stationary
reference frame is utilized. In the method of superimposing the high frequency
voltage, since only the high frequency voltage is applied when starting, only
the high frequency current flows, and the start is possible without generating a
torque. |

In the above embodiment, the rotational phase angle is estimated by
using the high frequency current generated by superimposing the high
frequency voltage. However, a similar effect can be obtained by adopting the
method of estimating the rotational phase angle from the high frequency
voltage applied when the high frequency current command is given and the

control is performed.
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FIG. 7 is the block diagram describing the other example of the startup
controller for the inverter control device and the motor drive system of the
above first embodiment.

In this example, a startup controller 4A comprises a high frequency
current command generator 41' in place of the above high frequency voltage
command generator 41, and a current controller 47. Note that configurations
in the following description that are similar to those in the above first
embodiment are given same reference symbols and are not further described.

The high frequency current command generator 41' is configured to
generate high frequency current commands iah*, iBh* and output them to the
current controller 47.

The current controller 47 is configured to generate high frequency
voltage commands vah*, vBh* so that the difference between the high
frequency current commands iah*, iBh* and current response values iq, i
becomes zero, and output them.

The rotational phase angle estimator 45 is configured to calculate the
estimated rotational phase angle 8est10 from the current response values iaq,
iR output from the coordinate converter 44, and the high frequency voltage
commands vah*, vBh* output from the current controller 47.

The rotational phase angle estimator 45 is configured to utilize the
above high frequency components to calculate the rotational phase angle.
First, the voltage equation model of the motor 2 in the stationary reference
frame is expressed by following Formula (17).

[Mathematical 15]
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i:va,} _ R[s},}_} I:LG +L,cos 20 Lysm 26 }{P‘a} Formula (17)

vy iz L,sin 29 Ly~ Lycos28 || pig
L.+ L L, —-L
wherein L, =d—2—qaL1 =% '

By extracting only the high frequency components from the above
Formula (17), only the current differentials which can be expressed by
following Formula (18) are obtained.

[Mathematical 16]

Von Log Loa}[p iah}
= ) Formula (18
l;’ﬂj liLm Ly, | Pig, (18)

In addition, the inductance matrices L0O, LO1, L10, L11 are expressed
by the following Formula (19).
[Mathematical 17]

L | 1 Lyg+Ljcos28 L,sin 28
oo Lov|_| Lo+ Lyc08 S Formula (19)
L, L, I, sin 28 L,—L,cos28

Here, for example, if the high frequency current command is given only
to a B-current, a a-high frequency voltage command becomes a component of
sin28, and the rotational phase angle value 8 can be calculated. Alternatively,
if the high frequency current command is given only to a a-current, a B-high
frequency voltage command becomes a component of sin28, and the
rotational phase angle value © can be calculated similarly.

FIG. 8 is a block diagram describing the other example of the regular
time controller for the inverter control device and the motor drive system of the
above first embodiment.

In this example, a regular time controller 5A comprises a high
frequency current command generator 53’ instead of the high frequency

voltage command generator 53, and a high frequency current command
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superimposer 52' instead of the high frequency voltage superimposer 52.

The high frequency current command generator 53' is configured to
generate high frequency current commands idch™, iqch*, and output them to
the high frequency current command superimposer 52'.

The high frequency current command superimposer 52' calculates the
current commands idc*, igc* by adding the high frequency current commands
idch*, igch* to externally supplied fundamental current commands idcf*, iqcf*,
and output them to the current controller 51.

The current controller 51 receives the current commands idc*, iqc* and
the current response values idc, igc, calculates the voltage commands vdc®, |
vqc* so that the difference between the current commands idc*, iqc* and the
current response values idc, iqc becomes zero, and outputs them to the
coordinate converter 54.

The rotational phase angle error estimator 57 calculates the estimated
rotational phase angle error ABest from the current response values idc, igc
and the voltage commands vdc*, vqc*.

As described above, a similar effect as in the above embodiment can
be achieved by adopting the method of estimating the rotational phase angle
from the high frequency voltage applied when the high frequency current
command is given and the control is performed.

Next, the inverter control device and the motor drive system of the
second embodiment will be described with reference to the drawings. Note
that configurations in the following description that are similar to those in the
above first embodiment are given same reference symbols and are not further
described.

FIG. 9 is the block diagram schematically showihg the configuration

example of the startup controller for the inverter control device and the motor
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drive system of the second embodiment.

In this embodiment, a startup controller 4B and the regular time
controller 5 share the PWM modulator 55, the coordinate converters 54 and
56, the rotational phase angle error estimator 57, the high frequency voltage
superimposer 52, and the high frequency voltage command generator 53.

In other words, the startup controller 4B comprises the high frequency
voltage command generator 53, the high frequency voltage superimposer 52,
the coordinate converters 54 and 56, the PWM modulator 55, the rotational
phase angle error estimator 57, and the rotational speed estimator 46.

In this embodiment, the coordinate converters 54, 56 of the regular time
controller 5 are used in the startup controller 4B by setting the estimated
rotational phase angle Best used for the coordinate converters 54, 56 to zero.

Further, in this embodiment, the high frequency voltage superimposer
52 of the regular time controller 5 is used in the startup controller 4B by setting
the fundamental voltage commands vdcf*, vqcf* input to the high frequency
voltage superimposer 52 to zero.

By setting the estimated rotational phase angle 6est to zero, the
estimated rotational phase angle error ABest calculated by the rotational
phase angle error estimator 57 in the startup controller 4B is set as the
estimated rotational phase angle Best.

The configurations of the inverter control device and the motor drive
system of this embodiment except those mentioned above are similar to the
configurations in the above first embodiment, and the effects achieved are
similar to those achieved in the above first embodiment.

Furthermore, since, as described above, the startup controller 4B and
the regular time controller 5 share configuration, the amount of components

for controlling the inverter 1 and the motor 2 can be reduced, and the
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configurations of the inverter control device and the motor drive system can be
simplified.

Next, the inverter control device and the motor drive system of the thirdr
embodiment will be described with reference to the drawings.

FIG. 10 is the block diagram schematically showing the configuration
example of the startup controller for the inverter control device and the motor
drive system of the third embodiment.

In this embodiment, a startup controller 4C comprises a redundant
PWM generator 48, the coordinate converter 44, the rotational phase angle
estimator 45, and the rotational speed estimator 46.

The redundant PWM generating section 48 is configured to generate
the voltage commands vu*, vw*, vw*, and to output them, and further to output,
based on the voltage commands vu*, vv*, vw*, a gate command to the inverter
1.

FIG. 11 is the diagram describing the example of the operation of the
PWM generator shown in FIG. 10. FIG. 11 schematically shows eight types of
voltage vectors in the aB-fixed reference frame that can be othput by the
inverter 1.

In the motor 2, when the current is zero, the counter-voltage is zero,
irrespective of the speed. In case of performing a general PWM modulation,
when the current command is zero, a zero voltage vector of VO or V7 is
selected as the output voltage vector of the inverter.

Since, at this point, the difference between the output voltage vector and the
counter-voltage becomes zero, no harmonic current is generated. On the
other hand, the redundant PWM generator 48 is configured to generate a gate
command so that, for example, non-zero voltage vectors V1, V6 are

alternately repeated in a short time. At this point, while setting an average of
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the voltage vector output from the inverter 1 to zero, a harmonic current as a
response of the motor 2 is generated by the non-zero voltage vector. By
generating the harmonic current, the estimated rotational phase angle Best1
can be calculated by the saliency of the rotor of the motor 2.

In other words, the redundant PWM generator 48 alternately outputs,
for example, the voltage commands vu*, vv*, vw* corresponding to the
non-zero voltage vector V1 and the voltage commands vu*, vw*, vw*
corresponding to the non-zero voltage vector V6, to the coordinate converter
44.

The coordinate converter 44 is configured to convert the voltage
commands vu*, vw*, vw* in the three-phase fixed reference frame supplied
from the redundant PWM generator 48 into voltage commands va*, vB* in the
ap-fixed reference frame, and output them to the rotational phase angle
estimator 45. Note that the voltage commands va*, vB* in the ap-fixed
reference frame are values corresponding to the superimposed voltage
command (high frequency voltage command) output from the high frequency
voltage command generator 41 in the first embodiment.

The coordinate converter 44 is configured to receive the current
response values iu, iw in the three-phase fixed reference frame detected by
the current detector 3, convert them into the current response values iq, i8 in
the ap-fixed reference frame, and output them to the estimator 45.

The configurations of the inverter control device and the motor drive
system of this embodiment except those mentioned above are similar to the
configurations in the above first embodiment, and the effects achieved are
similar to those achieved in the above first embodiment.

While several embodiments of this invention have been described,

these embodiments have been presented by way of example and are not
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intended to limit the scope of the invention. These novel embodiments can be
implemented in various other forms and, as long as the spirit of the invention
is not departed from, these embodiments may be omitted, substituted, or
changed. The embodiments and any modifications thereof fall both under the
scope of the invention and the gist thereof, and under the scope of claims and
any scope equivalent thereto.

In the above first to third embodiments, the inverter control device may
be configured from hardware, software, or by combining hardware and
software. For example, the inverter control device may include one or more
processors and a memory, and the calculations executed by each of the
elements may be realized by software. In either case, a similar effect as in the

above first to third embodiments can be achieved.
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CLAIMS

1. An inverter control device comprising:

an inverter main circuit;

a current detector configured to detect a current of an output line of the
inverter main circuit;

a startup controller comprising a rotational phase angle estimator
configured to calculate, based on a current response value detected by the
current detector, a value corresponding to a rotational phase angle of a motor
connected to the inverter main circuit in a stationary reference frame, and a
rotational speed estimator configured to calculate a value corresponding to a
rotational speed of the motor by using the value corresponding to the
rotational phase angle when the inverter main circuit is started; and

a regular time controller configured to calculate, with the value
corresponding to the rotational speed as an initial value, an estimated
rotational phase angle of the motor in a rotating reference frame.

2. The inverter control device according to claim 1, further comprising a
high frequency voltage command generator configured to generate a high
frequency voltage command in the stationary reference frame.

3. The inverter control device according to claim 1, further comprising:

a high frequency current command generator configured to generate a
high frequency current command in the stationary reference frame to be
supplied to the motor; and

a current controller configured to calculate a high frequency voltage
command based on the high frequency current command and the current
response value.

4. The inverter control device according to claim 3, wherein the

rotational phase angle estimator is configured to calculate the value
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corresponding to the rotational phase angle of the motor based on the high
frequency current command and the high frequency voltage command instead
of the current response value.

5. The inverter control device according to claim 1, further comprising a
PWM generator configured to generate a gate command to the inverter main
circuit for causing a harmonic current to be output from the inverter main
circuit and the high frequency voltage command based on the gate command.

6. The inverter control device according to claim 1, wherein the regular
time controller comprises a vector converter configured to perform, based on
the estimated rotational phase angle in the rotating reference frame, vector
conversion of a three-phase fixed coordinate and a rotational coordinate, and
wherein the vector converter performs, with the estimated rotational phase
angle in the rotating reference frame set to zero when starting the inverter
main circuit, a vector conversion of the stationary reference frame.

7. The inverter control device according to claim 2, wherein the regular
time controller comprises a vector converter configured to perform, based on
the estimated rotational phase angle in the rotating reference frame, vector
conversion of a three-phase fixed coordinate and a rotational coordinate, and
wherein the vector converter performs, with the estimated rotational phase
angle in the rotating reference frame set to zero when starting the inverter
main circuit, a vector conversion of the stationary reference frame.

8. The inverter control device according to claim 3, wherein the regular
time controller comprises a vector converter configured to perform, based oh
the estimated rotational phase angle in the rotating reference frame, vector
conversion of a three-phase fixed coordinate and a rotational coordinate, and
wherein the vector converter performs, with the estimated rotational phase

angle in the rotating reference frame set to zero when starting the inverter
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main circuit, a vector conversion of the stationary reference frame.

9. The inverter control device according to claim 5, wherein the regular
time controller comprises a vector converter configured to perform, based on
the estimated rotational phase angle in the rotating reference frame, vector
conversion of a three-phase fixed coordinate and a rotational coordinate, and
wherein the vector converter performs, with the estimated rotational phase
angle in the rotating reference frame set to zero when starting the inverter
main circuit, a vector conversion of the stationary reference frame.

10. The inverter control device according to claim 1, wherein the
rotational speed estimator of the startup controller is configured to count an
number of times the value corresponding to the rotational phase angle
crosses zero in a first predetermined period, set the value corresponding to
the rotational speed to zero when the counted value is less than a
predetermined value, and calculate, when the counted value is at or above the
predetermined value, the value corresponding to the rotational speed based
on a value obtained by counting the number of times the value corresponding
to the rotational phase angle crosses zero in a second predetermined period
longer than the first predetermined period, and the second predetermined
period.

11. The inverter control device according to claim 2, wherein the
rotational speed estimator of the startup controller is configured to count an
number of times the value corresponding to the rotational phase angle
crosses zero in a first predetermined period, set the value corresponding to
the rotational speed to zero when the counted value is less than a
predetermined value, and calculate, when the counted value is at or above the
predetermined value, the value corresponding to the rotational speed based

on a value obtained by counting the number of times the value corresponding
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to the rotational phase angle crosses zero in a second predetermined period
longer than the first predetermined period, and the second predetermined
period.

12. The inverter control device according to claim 3, wherein the
rotational speed estimator of the startup controller is configured to count an
number of times the value corresponding to the rotational phase angle
crosses zero in a first predetermined period, set the value corresponding to
the rotational speed to zero when the counted value is less than a
predetermined value, and calculate, when the counted value is at or above the
predetermined value, the value corresponding to the rotational speed based
on a value obtained by counting the number of times the value corresponding
to the rotational phase angle crosses zero in a second predetermined period
longer than the first predetermined period, and the second predetermined
period.

13. The inverter control device according to claim 5, wherein the
rotational speed estimator of the startup controller is configured to count an
number of times the value corresponding to the rotational phase angle
crosses zero in a first predetermined 'period, set the value corresponding to
the rotational speed to zero when the counted value is less than a
predetermined value, and calculate, when the counted value is at or above the
predetermined value, the value corresponding to the rotational speed based
on a value obtained by counting the number of times the value corresponding
to the rotational phase angle crosses zero in a second predetermined period
longer than the first predetermined period, and the second predetermined
period.

14. A motor drive system comprising:

the inverter control device according to claim 1, and
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a synchronous reluctance motor as the motor.

15. A motor drive system comprising:

the inverter control device according to claim 2, and
a synchronous reluctance motor as the motor.

16. A motor drive system comprising:

the inverter control device according to claim 3, and
a synchronous reluctance motor as the motor.

17. A motor drive system comprising:

the inverter control device according to claim 5, and

a synchronous reluctance motor as the motor.
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ABSTRACT

A device according to an embodimentincludes an inverter maiﬁ circuit;
a detector configured to detect a current of an output line of the inverter main
circuit; a starting time controller comprising a rotational phase angle estimator
configured to calculate, based on a current response value detected by the
detector, a value corresponding to a rotational phase angle of a motor
connected to the inverter main circuit in a stationary reference frame, and a
rotational speed estimator configured to calculate a value corresponding to a
rotational speed of the motor by using the value corresponding to the
rotational phase angle when the inverter main circuit is started; and a regular
time controller configured to calculate, with the value corresponding to the
rotational speed as an initial value, an estimated rotational phase angle of the

motor in a rotating reference frame.
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