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UNBALANCED VOLTAGE COMPENSATION METHOD, UNBALANCED
VOLTAGE COMPENSATOR, THREE-PHASE CONVERTER CONTROL

METHOD, AND CONTROLLER OF THREE-PHASE CONVERTER

Background of the Invention
1. Field of the Invention

The present invention relates to unbalanced
voltage compensation, and more particularly, it
relates to a method and a compensator for compensating
for unbalance of three-phase AC (alternating current),
and & control method and a controller for compensating
for the unbalance of three-phase AC in a three-phase
converter which converts three-phase AC power into DC

{direct current) power.

2. Description of the Related Art

It is known that occurrence of voltage reduction
on the power source side, such as instantaneous voltage
drop (voltage sag) and a long-term voltage reduction,
has an impact on the load side which receives power
supply from the power source, such as production line
stop and defects in manufactured goods. In particular,
since it has a significant impact on semiconductor
manufacturing eguipment, standards are established
regarding the voltage sag; "SEMI F47-0200" (non-patent
document 1), and "SEMI F47-0706" (non-patent document
2). As for a testing method, it is described in “"SEMI

F42-0600".,
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Conventionally, this type of veltage sag has been
addressed, for example, by installing an electric
storage device such as a voltage sag compensator and
an uninterruptible power supply (UPS), which employ
a capacitor and a storage battery. The compensator
using the electric storage device may have a
configuration to be installed as a parallel device
either on the power source side or on the load side.
Alternatively, it may be installed as a serial device,
being inserted between the power source side and the
load side, with a configuration that the power system
is switched at the time of wvoltage sag.

It is also known that when a short interruption
or instantaneous wvoltage drop occurs in the three-
phase AC input voltages of the (AC-DC) power converter
for converting the three-phase AC power into DC power,
the power supply to the load is maintained by the
voltage sag compensator (for example, see patent
document 1 and patent document 2).

FIG. 16 illustrates a configuration example of
a conventional voltage fluctuation compensator 102.
FIG. 16 illustrates a three-phase AC power source 101
in the form of wye connection having AC power sources
l10la, 101lb, and 10lc for respective phases. However,
in the conventional system using the electric storage
device, it does not matter which connection is employed,
the wye connection oxr delta connection. The voltage

fluctuation compensator 102 is installed between the
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three-phase AC power source 101 and a DC load (not
illustrated). It is to be noted here that the three-
bPhase AC power source with the electric storage device
is applicable to any of the wye connection and the delta
connection.

In the voltage fluctuation compensator 102, as
to the phases for the three-phase AC (a~phase, b-phase,
and c¢c-phase), the voltage compensation circuits 104a,
104b, and 104c for respective phases are serially
connected, those voltage compensation circuits
respectively being provided with capacitors 105a, 105b,
and 105c as energy storage means, and a control circuit
103 is provided for controlling the voltage
compensation circuits 104a, 104b, and 104c for the
respective phases,

The three-phase AC power source is connected not
only to three-phase equivalent locads, but also to
various single-phase loads. Application of such
various loads ox influences such as weather phenomenon
and accident phenomenon may cause a voltage sag in the
state where the three phases are balanced or
unbalanced.

The voltage compensation circuits 104a, 104b, and
104c for the respective phases, output compensating
voltages for the respective phases based on a command
from the control circuit 103, and compensate for the
voltage fluctuations. The voltage fluctuation

compensator 102 recharges the capacitors 105a, 105h,
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and 105¢ during the normal operation. In the event
of short interruption or instantaneous voltage drop,
the electric power discharged from the capacitors 105a,
105b, and 105c keeps a constant output voltage, thereby
continuing power supply to the DC load.

There are following problems in the voltage sag
compensator as described above, i.e., not only this
system requires eguipment investment for installing
a large-sized electric storage device or a capacitor
unit, but also periodic maintenance is necessary.‘
Therefore, it has been demanded that power is supplied
stably by means of converting the three-phase AC input
power, even at the time of instantaneous voltage drop,
without using the electric storage device. There has
been also a demand for a power factor improvement
without using the electric storage device.

In ordexr to address the problems above,
followings are suggested; considering that in the
event of the instantaneous woltage drop, the input
voltages during the voltage sag become unbalanced in
the three phases, a three-phase PWM converter is
employed to compensate for the voltage sag, by
controlling the three-phase unhbhalanced input voltages
during the voltage sag period, so as to achieve the
voltage sag compensation without using the voltage
Fluctuation compensator employing the storage device.
According to the voltage sag compensation by using the

three-phase PWM converter, the electric power having
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been supplied in the normal state before the voltage
sag state can be supplied continuously, even after the
cccurrence of the veoltage sag.

Hereinafter, an explanation will be made how the
three-phase PWM converter controls the three-phase
unbalanced input voltages.

FIG. 17 illustrates an equivalent circuit in the
event of voltage sag. In FIG. 17, er, es, and e
represent transmission line voltages balanced in three
phases, Z, represents a transmission line impedance,
412, Z23, and Z3; are equivalent impedances at the time
of voltage sag, ean, €pc, and es, represent 1ine voltages
unbalanced in three phases generated at the time of
voltage sag, ei:, represents a zero-phase-sequence
voltage, and Z,, 4,, and Z. represent load impedance,
which 1s expressed in the form of load impedance
obtained by converting the DC load Ra. (shown in FIG.
18) to the three-phase AC input side.

When the amplitude is assumed as E,, the
transmission line voltages balanced in three phases
er, €5, and e; are respectively expressed by the

following formulas (1) to (3):

er = Epcosot w (1)
e = Epcos{wt - 2p/3) - (2)
e = Epcos(wt + 2p/3) - {3)

Since er, €;, and e: represent the transmission

line voltages balanced in three phases, negative-
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phase-seguence component en(rst) and zero-phase-
sequence component eg (rs¢; do not appear. Therefore,
the negative-phase-seguence component ej(rsty and the
zero-phase-sequence component e,(rst) are expressed by
the following formula (4):

n(rst) = ©€o(rst) = 0 - (4)

In the example of FIG, 17, the state where the
voltage sag is occurring corresponds to the state that
the equivalent impedances Z:2, 223, and Z;; are applied
on the transmission line impedance Z%;. On this
occasion, the line voltages eipn, €pe, and egx go into
the three-phase unbalanced state, and cause the
zero-phase-sequence voltage e;, as shown in FIG. 17.

As shown in FIG. 18, with respect to the terminals
a, b, and ¢ in FIG. 17, the left side illustrates the
three-phase AC power source 100B, and the right side
illustrates a main circuit unit of the three-phase
converter 200. The three-phase AC power source 100B
is illustrated in such a manner as being equivalent
to the three-phase balanced voltages e., €5, and ey,
and unbalanced factors. In this illustration,
application of the impedances Z:;, 223, and Zj3; as shown
in FIG. 17 expresses the unbalanced factors in
eguivalent manner.

An unbalanced voltage compensator 400 uses given
or measurable three-phase unbalanced input phase
voltages to generate compensation signal. The

three-phase PWM converter 200 is provided with a
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three-phase PWM circuit 200a and a three-phase PWM
control pulse generator 200b. The three-phase PWM
control pulse generator 200b generates control pulse
signals based on the three-phase unbalanced input
voltages generated in the unbalanced wvoltage
compensator 400, thereby exercising the PWM control
over the three-phase PWM circuit 200a. According to
the PWM control, the three-phase PWM converter 200
supplies to the DC load 300, the DC voltage to which
the unbalanced voltage compensation has been
rerformed.

As described above, the three-phase unbalanced
input voltages during the voltage sag are controlled
by the three-phase PWM converter, and the compensation
for the voltage sag can be achieved without using the
voltage fluctuation compensator employing the
electric storage device such as a capacitor or a
storage battery.

However, in general, in order to control the
three-phase PWM converter in which PFC (Power Factor
Correction) is incorporated, it is necessary to derive
wye-connection three-phase unbalanced phase voltages
which are 1202 out of phase with each other. After
the process for converting derived detection signals
into variables on a rotating coordinate system
(dg-axis), they are separated into a positive-phase-
sequence voltage, a negative-phase-sequence voltage,

and a zero-phase-sequence voltage, and they are used
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as feedback signals which are necessary for the
control.

For example, the following non - patent documents
3 to 5 are known as describing the wvoltage sag
compensation according to the three-phase PWM
converter control.

In the three-phase PWM converter control described
in those non-patent documents, three-phase unbalanced
voltages of wye-connection, which are 1202 out of phase
with each other, are assumed as given or measurable
input phase voltages.

On the other hand, a general three-phase power
distribution system employs delta connection. 1In the
three-phase power distribution with delta connection,
thethree—phasevoltageﬁhichcanluaactuallynmasured
is a line voltage between the terminals, and the
wye-connection veoltage and the zero-phase-seguence
voltage are unmeasurable,

Therefore, in order to compensate for the
three-phase unbalanced voltages in the three-phase
power distribution being the delta connection, by the
three~-phase PWM converter control which has been
conventionally suggested, it is necessary to derive
from the line volitages being measured, three-phase
unbalanced phase voltages being the wye-connection,
which are 1202 ocut of phase with each other.

As described above, with the control of the

three~-phase unbalanced input wveltages during the
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voltage sag by using the three-phase PWM converter,
it is possible to achieve the voltage sag compensation
without using the voltage fluctuation compensator
which employs an electric storage device such as a
capacitor or a storage battery.

However, in general, in order to control the
three-phase PWM converter which incorporates the PFC
(Power Factor Correction), it is necessary to derive
the three-phase unbalanced phase voltages being
wye-connection, which are 1202 out of phase with each
other., Detection signals being derived are subjected
to conversion process to be converted into wvariables
on the rotating ceordinate system (dg-axis), and
thereafter, these signals are separated into a
positive-phase-sequence voltage, negative-phase-
sequence voltage, and zero~phase-seguence voltage, so
as to be used as feedback signals which are required
for the control.

The non-patent documents 3 to 5 are known as
disclosing the voltage-sag compensation by the
three-phase PWM converter control, by way of example.
However, the three-phase PWM converter control
described in these documents assumes that the
three-phase unbalanced voltages being wye-connection
which are 1202 out of phase with each other are given
or measurable input phase voltages.

On the other hand, a general three-phase power

distribution system employs the delta connection. A
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voltage that can be measured is a delta-connection
three-phase voltage., and it is a line voltage between
each of the terminals of the delta connection.
Therefore,Etwye-connection'voltage and a zero~phase-
sequence voltage are actually unmeasurable.
Conseguently, in order to compensate for the three-
phase unbalanced voltages in the delta-connection
three-phase power distribution, by the three-phase PWM
converter control conventionally suggested, it is
necessary to derive wye-connection three-phase
unbalanced phase voltages which are 1202 out of phase
with each other, from the 1ine voltages being measured,
When the voltage sag compensation is controlled by the
three-phase PWM converter, it is necessary to convert
delta-type voltages of the three-phase unbalanced
voltages being received, into wye-type voltages, so
as to obtain control parameters. In particular, it
is significant to extract a zero-phase-sequence
voltage.

For example, patent document 3 is known as
disclosing an apparatus or a method for compensating
for the instantaneous voltage drop by the control
according to this three-phase PWM converter. The
instantaneous voltage drop compensator as described
in the patent document 3 is provided with a line phase
voltage conversion means. The line phase voltage
conversion means converts a line voltage signal being

detected by a line voltage detection means into a phase

10
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voltage conversion signal, and generates a zero-phase-
seguence voltage signal and a phase voltage signal from
this phase voltage conversion signal.

The line phase voltage conversion means detects
peak values of the phase voltage conversion signals
{ve’', Vva', V"), calculates coefficients k1, k2, and

k3 based on these three peak values, and generates the

zero—phase—seqqence voltage signal v0 (= kl-v,.' + k2-
vs' + k3'vy') and the phase voltage signals (v, Vs,
ve) based on the coefficients k1, k2, and k3 being
calculated.

Patent document 1 : Japanese Unexamined Patent
Application Publication No. 2003-274559 (FIG. 1,
paragraph [00181])

Patent document 2 : Japanese Unexamined Patent
Application Publication No., 2004-222447

Patent document 3 : Japanese Unexamined Patent
Application Publication No. 2008-141887 (paragraph
[0043], from [0055] to [0059])

Non-patent document 1

SEMI " SEMI F47-0200 Specification for Semiconductor
Processing Equipment Voltage Sag Immunity”, pp. 859
- 864, issued in September, 1999, as the first edition,
and issued in February, 2000 (SEMI 1999, 2000) (SEMI
1999, 2001)

Non-patent document 2

SEMI "SEMI F47-0706 Specification for

Semiconductor Processing Equipment Voltage Sag

11
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Immunity”, pp. 1- 12, issued in September, 1999, as
the first edition, and approved to be issued in May,
2006 (SEMI 1999, 2006)

Non-patent document 3 : J. K. Kang, S. K. Sul,
"Control of Unbalanced Voltage PWM Converter Using
Instantaneous Ripple Power Feedback”, Power
Electronic Specialist Conference, PESC 97, PP. 503 -
508 (1997-5)

Non-patent document 4 :H. S, Kim, H. S. Mok, G. H.
Choe, D. §. Hyun, S. Y. Choe, "Degign of Current
Controller for 3-phase PWM Converter with Unbalanced
Input Voltage”, Power Electronics Specialist
Conference, PESC 98, pp. 503 - 509 (1988-8)

Non-patent document 5 : §. C. Ahn, D. 8. Hyun, "New
Control Scheme of Three-Phase PWM AC/DC Converter
Without Phase Angle Detection Under the Unbalanced
Input Voltage Conditions”, TEEE Transaction on Power
electronics, pp. 616 =~ 622 (2009-9)

According to the patent document 3, the line phase
voltage conversion means converts the ling voltage
signals being measured, into phase voltage conversion
signals, and generates a zero-phase-sequence voltage
signal and phase voltage signals based on the phase
voltage conversion signals. Accordingly, it is
possible to control the three-phase PWM converter
based on the three-~phase unbalanced voltages (line
voltages) of the general three-phase power

distribution system, and the three-phase unbalance

12
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compensation can be performed.

However, this line phase voltage conversion means
detects peak values of the phase voltage conversion
signa;s obtained by converting the line voltages, and
generates the zero-phase-sequence voltade signal and
the phase voltage signals according to the
coefficients calculated based on these three peak
values. Therefore, in order to generate the zero-
phase-sequence voltage signal and the phase voltage
signals, it is necessary to repeat measuring the line
voltages more than once, s0 as to obtain the
coefficients being optimum, and there is a possibility
that a longer time may be taken to generate the signals .

If unbalanced voltages and phase angles of the
wye-phase volitages are given, the line voltagés being
unbalanced can be determined from those wye-phase
voltages according to a standardized manner. On the
other hand, even though the unbalanced voltages and
the phase angles of the line voltages are known, the
wye-phase voltages cannot be determined according to
a standardized manner from these line voltages. This
is because a reference point of the wye-phase voltages
cannot be specified, and there is infinite number of
combinations of wye-phase voltages having the same
unbalanced voltages and phase angles.

In order to control the three-phase PWM converter,
it is necessary to have a relationship of 1202 out of

phase between the wye-phase voltages. Therefore,

13
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specific wye-phase voltages which are 1202 out of phase
with each other have to be selected fxrom the infinite
number of combinations of wye-phase voltages. When
these specific wye-phase voltages which are 1209 out
of phase with each other are selected, a positive-
phase-segquence voltage becomes in phase with a
particular phase (a-phase) of the wye-phase voltages,
and a DC component as a control target can be extracted
according to the subsegquent dg-axis conversion process
Therefore, it is convenient for the control of the
three-phase PWM converter. 1In addition, a phase angle
of the negative-phase-sequence voltage and a phase
angle of the zero-phase-sequence voltage with respect
to the positive-phase-sequence voliage, indicate the
gsame angle in the direction opposite to each other,
therefore enabling the zero-phase-seguence voltage to
be derived.

Conventionally, in ordexr to obtain from the line
voltages, the wye-phase voltages which are 1202 out
of phase with each other, it is necessary to detect
the unbalanced state ¢f voltages and further to select
the wye-phase voltages which are 1202 out of phase with
each other, from the line voltages being measured.
Therefore, it may take a longer processing time. By
way of example, when the unbalanced state of voltages
is detected in aliternating current, it is necessary
to monitor voltage fluctuations during at least 1/2

cycle,

14
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In ordexr to quickly compensate for the voltage
unbalance by controlling the three-phase PWM converter,
it is requested to reduce the time required for
detecting the unbalance in voltages and generating a
control signal, and thus it is necessary to derive
instantaneous wye-phase voltages from instantaneous
line wvoltages. It is to be noted here that the
instantaneocus line voltages are line voltages measured
at a certain point of time, and the instantaneous
wye-phase voltages are values of the line voltages
derived based on the actual measured values of the line
voltages being obtained at this point of time. These
wye-phase values correspond one-to-one with one point
for measuring the line voltages, and this means that
the wye-phase voltages can be obtained from values
measured at one measuring point of time, withont
requiring measured values at multiple points.

In order to quickly eliminate an influence caused
by the instantamneous voltage drop on the load side,
it is necessary to immediately generate the zero-
phase-sequence voltage signal and the phase voltage
signals which are reguired for controlling the
three~phase PWM converter, in response to the
fluctuation of the unbalanced state of the three-phase
line wvoltages in the three-phase power distribution
system. In the line phase voltage conversion means
described above, it is expected that actual

measurement of the line voltages is repeated more than
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once in order to generate the zero-phase-sequence
voltage signal and the phase wvoltage signals.
Therefore, there is a possibility that the response
to the fluctuations in the unbalanced state of the
three~phase line voltages may be insufficient.

As a response to the instantaneous voltage drop,
the specification for voltage sag immunity SEMI
¥47-0200 is known, for instance. The specification
for voltage sag immunity SEMI F47-0200 defines a range
in a wide band (a range of input voltage reduction £from
0% to 100%) to be controlled by the voltage sag
compensation. In this voltage sag immunity
specification, it ig defined that the voltage
reduction rate within 0.2 seconds from the occurrence
of voltage sag is down to 50%, and the voltage reduction
rate from 0.2 seconds to 0.5 seconds is down to 70%,
and the like.

If the response to the instantaneous voltage dxop
is imnsufficient, it is difficult to satisfy this
specification veltage sag immunity.

Conventionally, the following technigque has not
been known; i.e., using the three-phase unbalanced
voltages of line voltages as the input voltage,
instantaneous wye-phase voltages are derived from the
instantaneous line voltages, thereby controlling the
three-phase PWM converter and compensating for the
unbalanced voltages.

An object of the present invention is to solve

16
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the conventional problems, and to derive instantanecus
values of wye-phase voltages of the wye-connection
which are 1202 out of phase with each other, from the
instantaneous values of the line wvoltages, in order
to compensate for the unbalanced voltages of three-
phase AC. That is, the instantaneous wye-phase
voltages are derived from the instantaneous line
voltages, thereby controlling the three-phase PWM
converter to compensate for the unbalanced voltages.

More specifically, an object of the present
invention is to derive a positive-phase-sequence
voltage, a negative-phase-segquence voltage, and a
zero-phase-sequence voltage, which are three-phase
unbalanced voltages of wye-connection being 1202 out
of phase with each other at the time of actual
measurement, from actual measured values of the line
voltages, at one actual measurement point, being the
three-phase unbalanced voltages which are generated
in delta connection. That is, the object is to the
three-phase unbalanced voltages of wye-connection
which are 12092 out of phase with each other, from actual
measured values of the line voltages at one actual
measurement point, thereby controlling the three-
phase PWM converter to compensate for the unbalanced
voltages.

Here, the instantaneous values of line voltages
are values of the line voltages actually measured at

a certain point of time, and the instantaneous values

17
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of wye-phase voltages are values of the wye-phase
voltages being derived based on the actual measured

values of the line wvoltages.

Sumnmary of the Invention

The present invention is directed to using line
voltages actually measured at a certain point of time,
without using actual measurement values obtained at
maltiple measuring points, to derive the wye-phase
voltages obtained at the measuring point of time, and
controlling a three-phase PWM converter by using the
wye-phase voltages being derived, so as to compensate
for unbalanced voltages.

FIG. 1 is a schematic diagram to explain the
unbalanced voltage compensation according to the
present invention. The present invention is directed
to the compensation of the unbalanced voltages by using
the line voltages at the terminals a, b, and ¢, in the
case where the three-phase unbalanced voltages €1a, €1b.»
and e,. are not given or not directly measurable, and
it is further directed to obtaining instantaneous
values of the wye-phase voltages of wye-connection
which are 1202 out of phase with each other, by using
the line voltages actually measured at one point of
time, thereby performing the unbalance dompensation.

In FIG. 17, in association with the respective
terminals a, b, and ¢, the three-phase AC power source

100B side is illustrated as an equivalent circuit

18
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incorporating balanced voltages e, ey, and e:, a
transmission impedance Z,, and equivalent impedances
Z32, Z23, and Z;; in the event of voltage sag.
Conventionally, as shown in FIG. 18, it is assumed that
the unbalanced state of this three-phase AC power
gsource l00B is caused by unbalancing factors against
the balanced voltages e;, e;, and er. Therefore, the
unbalanced voltage compensator 400 is capable of
compensating for the three~phase unbalanced voltages
under the condition that the three-phase unbalanced
voltages e;., e3p, and e;. are given or measurable.
However, if these three-phase unbalanced voltages e1a,
e1n, and e;;, are unknown or unmeasurable, the unbalanced
voltage compensation cannot be performed.

As against the conventional way to handle the
unbalanced state as described above, the three-phase
AC power source 1l00A as shown in FIG. 1 includes
unbalanced voltages ei1a, ei1n, and e;., each with the
phase angle of 2p/3, and it is possible to assume that
those unbalanced voltages induce the induced voltages
€ab:, €pe, and ec,, respectively on the terminals a, Db,
and ¢. Accordingly, the induced voltages €an, €pc, and
€:a Can be treated as voltages generated f£rom the
three-phase unbalanced voltages &1a, €10, and €1, in the
three-phase AC power source 100A. In other words,
these induced voltages can be assumed as making up for
acquisition of the unbalanced voltages e;., e€i1p, and

e1.. when those unbalanced voltages cannot be directly

19
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obtained.

According to the aforementioned overview for
handling the unbalanced state of the present invention,
even when the three-phase unbalanced voltages €13, €1b,
and e are not given or unmeasurable, it is possible
to obtain the three-phase unbalanced voltages €1a, €1b.
and e;. by using the induced voltages ey, €pc, and ega,
thereby compensating for the unbalanced voltages.
Here, the induced voltages ey, €ne, and ec; correspond
to the line voltages of the terminals a, b, and c,
respectively.

The present invention is directed to a technigue
for deriving from the instantaneocus values of the line
values, instantaneous values of wye-phase voltages of
wye-connection which afe 1202 out of phase with each
other, thereby controliing the three-phase PWM
converter to compensate for the unbalanced voltages,
and even in the case where the three-phase unbalanced
input voltages are not given or unmeasurable, it is
possible to perform the unbalanced wvoltage
compensation.

The present invention focuses attention on that
input voltages in a general three-phase power
distribution system are based on the delta-type
connection (line voltages) instead of wye-type
connection {(wye-phase voltages), and by subjecting the
line voltages to the vector operation, instantaneous

values of the wye-phase voltages which are 1202 out
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of phase with each other and the zero-phase-seguence
voltage are derived. In order to control the three-
phase converter, it is necessary to derive the wye-
Phase voltages and the zero-phase-seqguence voltage.
In the present invention, the wye-phase voltages

obtained by the vector operation is subjected to the
dg-axis conversion process, and a bC component of the
positive-phase-sequence is extracted to be used as a
feedback signal to control the three-phase converter.

The present invention is intended for the line
voltages of three-phase unbalance in a general three-
phase power distribution system, and according to a
method for converting the line voltages into the
wye-phase voltages by using a centroid vector
operation, instantanecus values of the three-phase
unbalanced voltages of wye-phase voltages which are
1202 out of phase with each other and the zero-phase-
sequence voltage are derived from the instantaneous
values of three-phase unbalanced voltages being the
line voltages.

The present invention includes following
embodiments; an unbalanced voltage compensation
method, an unbalanced voltage compensator, a method
for controlling three-phase converter, a controller
of three-phase converter, and a program for
compensating for unbalanced voltages. Any of the
embodiments above are commonly provided with technical

elements;: the centroid vector operation, symmetrical
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component calculaticen, and unbalanced voltage
compensation.

The first embodiment of the present invention
relates to the unbalanced voltage compensation method,
and specifically, it relates to a method for
compensating for the unbalance in the three-phase AC
input voltages, in a power conversion which subjects
the three-phase AC voltages to the PWM conversion and
cutputs DC voltage.

The unbalanced voltage compensation method
according to the present invention includes, in the
power conversion for subjecting the three-phase AC
voltages to the PWM conversion and cutputting the DC
voltage, a centroid vector operation step for
obtaining from line voltages, wye-phase voltages which
are 1202 out of phase with each other, a symmetrical
component calculation step for calculating
symmetrical component voltages of a three-phase
balanced system, from the wye-phase voltages that are
obtained by the centroid vector operation step, and

an unbalanced voltage compensation step for forming

a compensation signal for compensating for unbalanced

voltages of three-phase AC voltages, and subjecting
the three-phase AC voltages to the PWM conversion to
generate a conitrol signal for outputting the DC
voltage.

In the centreid vector operation step of the

present invention, the vector operation is performed
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as to all combinations of two line voltages which are
selected from the three-phase line voltages.
According to this wvector operation, centroid vector
voltages are obtained which are directed to the
respective terminal voltages from the terminal-
voltage centroid of delta voltages being the three-
phase line voltages. Then, the vector voltages being
obtained are respectively rendered as the wye-phase
voltages which are 1202 out of phase with each other.
The inventors of the present invention have found
the following; in a triangle whose vertices form the
terminal voltages of respective phases in the three-
phase AC voltages, when centroid vectors are obtained
as to each line voltage vector connecting twe terminals
according to the centroid vector operation step of the
present invention, the centroid of these centroid
vectors agrees with a reference point of the zero-
phase-sequence component of each of the wye-phase
voltages which are 1202 out of phase with each other.
The centroid vector veltages cobtained from the
line voltages include a positive-phase-sequence
component and a negative-phase~-sequence component of
the symmetrical component voltages though they do not
include the zero-phase-seguence component.
Therefore, according to the relationship in which the
centroid of the centroid wvectors agrees with the
reference point of the zero-phase-seguence component,

it is possible to treat the centroid vector voltages
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as the wye-phase voltages which are 1202 out of phase
with each other according to the dg-axis conversion
PrOoCess.

In the symmetrical component calculation step,
each of the wye-phase voltages obtained in the centroid
vector operation step is subjected to the dg-axis
conversion, calculates a d-axis voltage signal and
g-axis woltage signal, subjects the d-axis voltage
signal and the g-axis voltage signal being calculated
to frequency separation, obtains a positive-phase-
sequence voltage £from a DC component, and calculates
a negative-phase-sequence voltage from an AC
component.

Since the wye-phase veoltages obtained in the
centroid vector operation step do not include the
zero-phase-sequence component, the zero-phase-
sequence voltage is calculated by using amplitude
calculated from the negative-phase-seqguence voltage
and a phase calculated from the positive-phase-
sequence voltage and the negative-phase-sequence
voltage, in order to calculate the zero-phase-sequence
voltage in the symmetrical calculation step.

The unbalanced voltage compensation step
generates a compensation signal for compensating for
the unbalanced voltages of the three-phase line
voltages based on the zero-phase-sequence voltage of
the symmetrical component voltages which are obtained

in the symmetrical component calculation step, obtains
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wye-phase voltages based on the symmetrical component
voltages and the compensation signal, the wye-phase
voltages being 1202 out of phase with each other as
to which the unbalanced voltages have been compensated
for, and subjects the three-phase AC vﬁltages to the
PWM conversion based on these obtained wye-phase
voltages to generate the control signal for outputting
the DC voltage.

Actual measurement values of the line voltages
correspond one~to-one with the control signal, and one
control signal is generated based on the actual
measurement values of the line voltages which are
obtained at one measurement point of time.

According to the present invention, the
compensation signal and the control signal for
performing the unbalance compensation may be obtained
based on the line voltages in the three-phase AC
voltages, those line voltages being values measured
at one point of time. Therefore, the measurement at
multiple points, conventionally performed, is not
necessary to obtain the signals.

Therefore, it is possible to save the time for
preparing measurement data to form the compensation
signal and the control signal for performing the
unbalance compensation, and these signals can be
generated from the measurement data only at one
measurement point of time. Seen in this light, it is

possible to generate the compensation signal and
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control signal, which are instantanecus.

The second embodiment of the present invention
relates to an unbalanced voltage compensator, and more
particularly, it relates to a compensator which
compensates for the unbalance in the three-phase AC
input voltages, in the power conversion by subjecting
the three-phase AC voltages to the PWM conversion to
output DC veltage.

In the power conversion by subjecting the
three-phase AC voltages to the PWM conversion to ocutput
the DC voliage, the unbalanced voltage compensator of
the present invention is provided with a centroid
vector operation unit for obtaining £from line voltages,
wye-phase voltages which are 1202 out of phase with
each other, a symmetrical component calculation unit
for calculating symmetrical component voltages of a
three-phase balanced system, from the wye-phase
voltages obtained in the centroid vector operation
unit, and an unbalanced voltage compensation unit for
forming a compensation signal to compensate for
unbalanced voltages of the three-phase AC veoltages,
and subjecting the three-phase AC voltages to the PWM
conversion to generate a control signal for outputting
the DC wvoltage.

The centroid vector operation unit of the present
invention performs the vector operation as to all
combinations of two line voltages which are selected

from the three~phase line voltages. According to this
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vector operation, centroid vector voltages are
obtained which are directed to respective terminal
voltages from the terminal-voltage centroid of delta

voltages being the three-phase line voltages. The

.vector voltages being obtained are respectively

rendered as the wye-phase voltages which are 1202 out
of phase with each other, and then outputted.

The unbalanced voltage compensation unit of the
pPpresent invention generates and outputs a compensation
signal for compensating for the unbalanced voltages
of three-phase AC voltages based on the zero-phase-
sequence voltage of the symmetrical component voltages
which are obtained in the symmetrical component
calculation unit, obtains wye-phase voltages based on
the symmetrical component voltages and the
compensation signal, the wye-phase voltages being 1202
out of phase with each other as to which the unbalanced
voltages have been compensated for, and subjects the
three-phase AC voltages to the PWM conversion based
on the obtained wye-phase voltages to generate the
control signal for outputting the DC wvoltage.

The symmetrical component calculation unit of the
present invention calculates a d-axis voltage signal
and a g-axis voltage signal by subjecting each of the
wye-phase voltages obtained in the centroid vector
operation unit to the dg-axis conversion, subjects the
d-axis voltage signal and the g-axis voltage signal

being calculated to frequency separation, obtains a
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positive-phase-sequence voltage from a DC component,
and calculates a negative-phase-sequence voltage from
an AC component, then outputting those voltages to the
unbalanced voltage compensation unit.

The symmetrical component calcoculation unit of the
present invention calculategs a zZero-phase-seguence
voltage, based on amplitude calculated from the
negative-phase~-sequence voltage and a phase
calculated from the positive-phase-sequence voltage
and the negative-phase-sequence voltage, and outputs
the zero-phase-sequence volitage to the unbalanced
voltage compensation unit.

The unbalanced voltage compensation unit of the
present invention generates one control signal foxr the
actual measured values of the line volitages at one
measurement point of time.

Technical matters relating to the unbalanced
voltage compensation of the present invention can be
applied to a control of the three-phase converter which
subjects the three-phase AC voltages to the PWM
conversion te output DC wvoltage.

The third embodiment of the present invention is
directed to a method for controlling the three-phase
converter, and the fourth embodiment of the present
invention is directed to a controller of the three-
phase converter.

A method for controlling the three-phase

converter according to the third embodiment of the
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present invention includes, in subjecting three-phase
AC voltages to the PWM conversion to output DC voltage,
similar to the unbalanced voltage compensation method
according to the first embodiment, a centroid vector
operation step for obtaining from line voltages,
wye-phase voltages which are 1202 out of phase with
each other, a symmetrical component calculation step
for calculating symmetrical component voltages of a
three-phase balanced system £rom the wye-phase
voltages obtained in the centroid vector operation
step, and an unbalanced voltage compensation step for
forming a compensation signal to compensate for
unbalanced voltages in the three-phase AC voltages and
subjecting the three-phase AC voltages to the PWM
conversion to generate a control signal for outputting
the DC wvoltage.

In the centroid vector operation step, the vector
cperation is performed as to all combinations of two
line voltages which are selected from the three-phase
line voltages. According to this vector operation,
centroid vector voltages are obtained which are
directed to respective terminal voltages from the
terminal-voltage centroid of delta voltages being the
three-phase line voltages. Then, the vector voltages
being obtained are xespectively rendered to be the
wye-phase voltages which are 1202 out of phase with
each other.

The unbalanced voltage compensation step
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generates a compensation signal for compensating for
the unbalanced voltages of three-phase AC veltages
based on the zero-phase-sequence voltage of the
symmetrical component veltages which are obtained in
the symmetrical component calculation step, obtains
wye-phase voltages based on the symmetrical component
voltages and the compensation signal, the wye-phase
voltages being 1202 out of phase with each other as
to which the unbalanced voltages have been ¢ompensated
for, subjects the three-phase AC voltages to the PWM
conversion based on the obtained wye-phase voltages
to generate a control signal for outputting DC voltage,
and the control signal generated by the unbalanced
voltage compensation step controls a switching
operation of the three-phase converter to subject the
three~-phase AC wvoltages to the PWM conversion and
output the DC voltage.

In the symmetrical component calculation step,
each of the wye-phase voltages obtained in the centroid
vector operation step is subjected to the dg-axis
conversion to calculate a d-axis volitage signal and
a g-axis voltage signal, the calculated d-axis and
g-axis voltage signals are subjected to fregquency
separation, and a positive-phase-seguence voltage is
obtained from a DC component and a negative-phase-
seqguence voltage is obtained from an AC component.

In the symmetrical component calculation step,

a zero-phase-seguence voltage is calculated based on
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amplitude calculated from the negative-phase-
seguence voltage and a phase calculated from the
positive-phase-seqguence voltage and the negative-
phase-sequence voltage. Actual measurement values of
the line voltages corresponds one-to-one with the
control signal, and one control signal is generated
based on the actual measurement values of the line
voltages at one measurement point of time.

The controller of the three-phase converter
according to the fourth embodiment of the present
invention includes, in controlling the three-phase
converter to subject three-phase AC voltages to the
PWM conversion to output DC voltage, similar to the
unbalanced voltage compensator of the second
embodiment, a centroid vector operation unit fFfor
obtaining from line voltages, wye-phase voltages which
are 12092 out of phase with each other, a symmetrical
component calculation unit for calculating
symmetrical component voltages of a three-phase
balanced system, from the wye-phase voltages obtained
in the centroid wvector operation unit, and an
unbalanced veoltage compensation unit for forming a
compensation signal to compensate for unbalanced
voltages of the three-phase AC voltages, and
subjecting the three-phase AC voltages to the PWM
conversion to generate a control signal for outputting
the DC wvoltage.

The centroid vector operation unit of the present
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invention performs the vector operation as to all
combinations of two line voltages which are selected
from the three~phase line voltages. According to this
vector operation, centroid wvector voltages are
obtained which are directed to respective terminal
voltages from the terminal-voltage centroid of delta
voltages being the three-phase line voltages. Then,
the vector voltages being obtained are respectively
rendered as the wye-phase voltages which are 1202 out
of phase with each other, and then cutputted.

The unbalanced voltage compensation unit of the
present invention generates and outputs a compensation
signal for compensating for the unbalanced voltages
of three-phase AC voltages based on the zero-phase-
sequence voltage of the symmetrical component voltages
which are obtained in the symmetrical component
calculation unit, obtains wye~-phase voltages based on
the symmetrical component voltages and the
compensation signal, the wye~phase voltages being 1202
out of phase with each other as to which the unbalanced
voltages have been compensated for, subjects the
three-phase AC voltages to the PWM conversion based
on the obtained wye-phase voltages to generate a
control signal for outputting DC voltage, and the
control signal generated by the unbalanced voltage
compensation unit controls a switching operation of
the three-phase converter to subject the three-phase

AC voltages to the PWM conversion and output the DC
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voltage.,

The symmetrical component calculation unit
subjects each of the wye-phase voltages obtained in
the centroid vector operation unit to the dg-axis
conversion to calculate a d-axis voltage signal and
a g-axis voltage signal, subjects the calculated
d-axis and g-axis voltage signals to frequency
separation, obtains a positive-phase-sequence
voltage from a DC component and a negative-phase-
sequence voltage from an AC component, then outputting
the voltages to the unbalanced voltage compensation
unit.

The symmetrical component calculation unit
calculates the zero-phase-seguence voltage, based on
amplitude calculated from the negative-phase-
sequence voltage and a phase calculated from the
positive-phase-sequence voltage and the negative-
pPhase-sequence voltage, and outputs the zero-phase-
sequence voltage to the unbalanced voltage
compensation unit.

Actual measurement values of the line voltages
correspond one-to-one with the control signal, and one
control signal is generated based on the actual
measurement values of the line voltages at one
measurement point of time.

Another aspect of the present invention is
directed to an unbalanced voltage compensation program.

The unbalanced voltage compensation program of the
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present invention is a program to allow a computer to
execute each of the following steps in controlling a
three-phase converter, and in controlling the three-
phase converter for subjecting three-phase AC voltages
to the PHWM conversion to output DC voltage, the program
includes a centroid vector operation step for
obtaining £from line voltages, wye-phase voltages which
are 1202 out of phase with each other, a symmetrical
component calculation step for calculating
symmetrical component voltages of a three-phase
balanced system from the wye-phase voltages obtained
in the centroid vector operation step, and an
unbalanced voltage compensation step for forming a
compensation signal to compensate for unbalanced
voltages of the three-phase AC voltages to generate
a control signal which subjects the three-phase AC
voltages to the PWM conversion for outputting DC
voltage.

Here, the above steps may include, similar to the
unbalanced voltage compensation method being the first
embodiment of the present invention, a centroid vector
operation step, a symmetrical component calculation
step, and an unbalanced volitage compensation step.

In the centroid vector operation step., the vector
operation is performed as to all combinations of two
line voltages which are selected £from the three-phase
line voltages. According to this wector operation,

centroid vector wvoltages are obtained which are
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directed to respective terminal voltages from the
terminal-voltage centroid of delta voltages being the
three-phase line voltages. Then, the vector voltages
being obtained are respectively rendered to be the
wye-phase voltages which are 1202 out of phase with
each other.

The unbalanced voltage compensation step
generates a compensation signal for compensating for
the unbalanced voltages of three-phase AC voltages
based on the zero-phase-sequence voltage of the
symmetrical component veltages which are obtained in
the symmetrical component calculation step, obtains
wye-phase voltages based on the symmetrical component
voltages and the compensation signal, the wye-phase
voltages being 1202 out of phase with each other as
to which the unbalanced voltages have been compensated
for, and subjects the three-phase AC voltages to the
PWM conversion based on the obtained wye-phase
voltages to generate a control signal for outputting
bl wvoltage.

In the symmetrical component calculation step of
the present invention, each of the wye-phase voltages
obtained in the centroid vector operation step is
subjected to the dg-axis conversion to calculate a
d-axis voltage signal and a g-axis voltage signal, the
calculated d-axis and g-axis voltage signals are
subjected to frequency separation, and a positive-

phase-sequence voltage is obtained £from a DC component
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and a negative-phase-sequence voltage 1s obtained £rom
an AC component.

In the symmetrical component calculation step,
a zero-phase-~sequence voltage is calculated based on
amplitude calculated from the negative-phase-
sequence voltage and a phase calculated £rom the
positive-phase-segquence voltage and the negative-
phase-sequence voltage, and the zero-phase-seduence
voltage is outputted to the unbalanced voltage
compensation unit, Actual measurement values of the
line voltages correspond one-to-one with the controi
signal, and one control signal is generated based on
the actual measurement values of the line voltages at
one measurement point of time.

According to the embodiments of the present
invention, it is possible to use the line voltages
actually measured at a certain point of time without
using actual measurement values obtained at multiple
measuring points, whereby the wye-phase voltages at
the measuring point can be derived.

As the instantaneous values of wye-phase voltages
120° out of phase with each other are derived from the
instantaneous values of line voltages, the amount of
time to compensate the three-phase unbalanced voltages
required for detecting an unbalance of voltages and
generating a control signal can be shortened. This will
allow a rated output retain and a three-phase balanced

current output by a three-phase converter control
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without using an electric storage device,

instantaneously without a time-delay.

Effect of the invention

As described above, according to each of the
embodiments of the present invention; the unbalanced
voltage compensation method, the unbalanced voltage
compensator, the three-phase converter control method,
the controller of the three-phase converter, and the
unbalanced voltage compensation program, it is
possible to derive from the line voltages,
instantaneous values of the wye-phase voltages of
wye-connection which are 1202 out of phase with each
other, in performing the unbalanced voltage
compensation in the three-phase AC.

According to the present invention, in performing
the unbalanced voltage compensation in the three-phase
AC, it is possible to derive from actual values of the
line voltages at one actual measurement point of time,
being the three-phase unbalanced voltages, the
positive-phase-segquence voltage, the negative-phase-~
sequence voltage, and the zero-phase-seguence voltage,
which are the three-phase unbalanced voltages of
wye-connection being 1202 out of phase with each other

at the time of the actual measurement.

Brief Description of the Drawings

FIG. 1 is a schematic diagram to explain the unbalanced
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voltage compensation according to the present
invention;

FIG. 2 illustrates a schematic configuration of the
unbalanced voltage compensator according to the
present invention;

FIG. 3 is a flowchart to explain a procedure for
obtaining wye-phase voltages from line voltages,
according to the centroid vector operation in the
unbalance compensation of the present invention:
FIG. 4 is a flowchart to explain a procedure for
calculating symmetrical voltages f£rom the wye-phase
voltages, according to the centroid vector operation
in the unbalance compensation of the present
invention;

FIG. 5 illustrates a voltage vector diagram to explain
the centroid vector operation in the unbalance
compensation of the present invention;

FIG. 6 illustrates voltage vector diagrams to explain
the centroid vector operation in the unbalance
compensation of the present invention;

FIG. 7 illustrates a more detailed configuration
example of the unbalanced voltage compensator
according to the present invention;

FIG. 8 illustrates a configuration example to explain
that the unbalanced voltage compensating operation of
the present invention is performed by an arithmetic
processing of the CPU according to software;

FIG., 9 is a flowchart to explain that the unbalanced
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voltage compensating operation of the present
invention is performed by an arithmetic processing of
the CPU according to seftware;

FIG. 10 illustrates experimental examples of the
unbalanced voltage compensation according to the
present invention:

FIG. 11 illustrates experimental examples of the
unbalanced voltage compensation according fto the
present invention;

FIG. 12 illustrates experimental examples of the
unbalanced voltage compensation according to the
present invention:

FIG. 13 jillustrates experimental examples of the
unbalanced voltage compensation according to the
present invention;

FIG. 14 illustrates experimental examples of the
unbalanced voltage compensation according to the
present invention;

FIG. 15 illustrates an experimental example of the
unbalanced voltage compensation according to the
present invention;

FIG. 16 illustrates a configuration example of a
conventional voltage fluctuation compensator:

FIG. 17 illustrates an equivalent circuit in the event
of voltage sag; and

FIG. 18 illustrates equivalent circuits, respectively
on the input side and on the load side o0f the

three-phase converter.
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Description of the Preferred Embodiments
Hereinaftexr, preferred embodiments of the
present invention will be explained in detail with

reference to the accompanying drawings. With
reference to PIG. 2 to FIG. 9, a configuration of the
unbalanced voltage compensator of the present
invention and an unbalanced voltage compensation
method of the present invention will be explained,
taking a three-phase converter as an example, and
experimental results of the embodiments will be
explained with reference to FIG. 10 to FIG. 15.

With reference to FIG. 2, a schematic
configuration ¢of the unbalanced voltage compensator
of the present invention will be explained. In FIG.
2, a three-phase AC power source 100 supplies
three-phase AC power, and the three-phase converter
200 subjects the three-phase AC power to the PWM
conversion to output DC voltage to the DC load 300.

The unbalanced voltage compensator 1 of the
present invention compensates for unbalanced voltages
in the three-phase AC power, and suppresses
fluctuations of the voltage outputted to the DC load
300. In addition, the unhbalanced voltage compensator
1 feedbacks the voltage and current inputted into the
DC load 300 to perform a power factor control according
to the PFC (Power Factor Correction) control.

The unbalanced voltage compensator 1 is provided
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with a centroid vector operation unit 10 to obtain fronm
line voltages, wye-phase voltages which are 1202 out
of phase with each other, a symmetric coordinate
component calculation unit 20 for calculating
symmetrical component voltages of a three-phase
balanced system, £from the wye-phase voltages obtained
by the centroid vector operation unit 10, and an adder
30 for forming a compensation signal for compensating
for the unbalanced voltages in the three-phase AC
voltages and subjecting the three-phase AC voltages
to the PWM conversion to generate a control signal for
outputting DC voltage.

The three-phase converter 200 is provided with
a2 three-phase PWM circuit 200a and a three-phase PWM
pulse generator 200b for controlling the operation of
the three-phase PWM circuit 200a to generate pulse
signals for performing the PWM control. The three-
phase PWM pulse generator 200b forms the pulse signals
based on the control signal generated in the adder 30.
For example, the three-phase PWM circuit 200a may be
formed by a bridged circuit which is made up of a
switching element, and the pulse signals control
ON/OFF operation of the switching element to perform
the PWM control.

The centroid vector operation unit 10 performs
thevectoroperationas'U)allcombinationsoftwol&ne
voltages selected from the line voltages., According

to the vector operation, centroid vector voltages are
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obtained, directed from themcentroid of the terminal
voltages of delta connection to the terminal voltages,
respectively, and those obtained vector voltages are
outputted to the symmetric coordinate component
calculation unit 20, assuming these voltages as wye-phase
voltages which are 120° out of phase with each other,

The symmetric coordinate component calculation unit
20 calculates from the wye-phase voltages obtained in the
centrolid vector operation unit 10, a
peositive-phase-sequence voltage, a negative-phase-
sequence voltage, and a zero-phase-sequence voltage,
which are symmetrical component voltages of the
three-phase balanced system, and these voltages are
outputted to the adder 30.

The unbalanced voltage compensation is made up of a
constant current control unit 40 for performing constant
current control by a constant current command value
generator 41 generating a current command value based on
the positive-phase-sequence voltage calculated in the
symmetric coordinate component calculation unit 20 and the
feedback value of the input power to the load side, and
a PI control unit 42 for performing PI control based on
the current command value and the input current into the
three-phase converter 200, an average power operation unit
50 for performing the PFC control ({(power factor control}
by the PI control, and the adder 30 for adding the

positive-phase-seguence voltage after the constant

current control is performed, the negative-
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phase-sequence voltage, and the zero-phase-seguence
voltage. The zero-phase-sequence voltage is added as
the compensation signal which compensates for the
unbalanced voltages of three-phase AC voltages.

The adder 30 outputs the wye-phase voltages which
are 1202 out of phase with each other, as to which the
unbalanced voltages have been compensated for. The
wye-phase voltages outputted from the adder 30 are
inpuited into the three-phase PWM pulse generator 200b
in the three-phase converter 200, serving as the
control signal for subjecting the three-phase AC
voltages to the PWM conversion to output DC voltage.

The input power to be given as a feedback to the
constant current control unit 40 can be acquired in
The average power operation unit 50, for example, by
calculating power based on the current and the voltage
being detected on the load side.

[Calculate wye-phase voltages by the centroid vector
operation]

Next, in the unbalance compensation of the
present invention, with reference to the flowcharts
in FIG. 3 and FIG. 4, and the vector diagrams in FIG.
5 and FIG. 6, there will be explained a procedure for
obtaining the wye-phase voltages which are 1202 out
ofphasewitheachotherfromthe1inev01tagesbyusing
the centroid vector operation, and a procedure for
calculating symmetrical component voltages from the

wye-phase voltages being obtained.
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The line voltages (€ap, €vc, €ca) bPetween each of
the three-phase AC terminals are detected. Here, the

line voltage em, is a vector voltage between the

un n

terminal "a”" and the terminal "b", the line voltage

epe 15 a vector voltage between the terminmal "b" and

un n

the terminal "c¢”, and the line voltage e., is a vector

n ”

voltage between the terminal "“"¢” and the terminal "a”
{S1).

The line voltages being detected (ean, €bc, €ca)
are subjected to the wvector operation, and centroid

vectors (ezs, €3p, ©2c) are calculated.

€2a = (€an - ©ca)/3 w (5)
€zp = (€ve - @an)/3 w (6)
€2c = (Bca - €pe}/3 w (7)

The inventors of the present invention have
focused attention on that there is a relationship as
expressed by the following formula (8) between the
centroid vectors (eza, €2b, €2c) calculated from the
line voltages, and the wye-phase vector voltages (e,

€1n., €10) Which are 1202 out of phase with each other.

€i1a = €23 + €10
€1p = E€32p + B1o
C1c = 82c +* B3, w (8)

The formula (8) expresses that the wye-phase
voltages (ej1a, €1b, ©1¢) which are 12092 out of phase with
each other are represented by the vectorial sum of the
centroid vectors of the line voltages (eaa., €2, €30},

respectively, and the zero-phase-sequence voltage e;,.
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According to the formula (8), the inventors of the
present invention have found that it is possible to
obtain the wye-phase voltages (ei1,. €1n, ©1c) Which are
1202 out of phase with each other, from the centroid
vectors of the line voltages (eza, €2p, €2c) by deriving
the zero-phase-sequence voltage e;,. Further, it is
also found that according to this relationship, the
positive-phase-sequence voltage eip and the negative-
phase-sequence voltage e;, of the wye-phase voltages
{e1a., e1n, e1.) which are 1202 out of phase with each
other, can be obtained from the centroid vectors {e2a,
€2b, €3c) O0f the line voltages.

The present invention utilizes the relationship
between the centroid vectors of the line voltages and
the wye-phase voltages. By using the centroid vectors
{e2a, @2, €2c) easily calculated by the vector
operation from the line voltages (e€ap, €pc. €ca) being
the delta voltages, instead of directly detecting the
wye-phase voltages (ei1a, €1p, ©1c) Which are 1202 out
of phase with each other, these centroid vectors {eza,
€21, €2:) are applied to the control of the three-phase
PWM converter, thereby facilitating the compensation
for the three-phase AC unbalanced voltages.

(Relationship between the centroid vectors and the
rhase vecltages)

Hereinafter, an explanation will be made
regarding that the centroid vectors (ejz., €sp, €2¢)

obtained by the vector operation correspond to the
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wye-phase voltages which are 1202 out of phase with
each other.

FIG. 5 illustrates the relationship between the
delta voltages and the wye-phase voltages. In FIG.

5, the delta voltages are represented by the line

n L

voltages (2ap, ©be: ©ca) between the terminals “"a" and
"b", "b" and "¢", and "¢” and “a", The wye-phase
voltages (exa., ©xb. €ke) are represented by the vector
voltages from an arbitrary point k to each of the
terminals a, b, and c. The point k is a reference point
arbitrarily determined in the wye-phase voltages.
Here, if the wye-phase voltages (exa, kb, Bke) Are
given, the delta voltages (2ap, ©be, Sca) are determined
in standardized manner. On the other hand. even when
the delta voltages (ean, ©bve. €ca) are given, the
reference point k can be defined at any position and
thus the point may exist countlessly. Therefore, the
wye-phase voltages (8xa, €xb, €kc) are not determined
in standardized manner, and there exist infinite
number of combinations that may be represented as the
wye-phase voltages (exa. €xn. ©xc). It is to be noted
that the zero-phase-sequence voltage according to the
wye-phase voltages {(€xa, ©xpb, ©Sxc) 15 assumed as eyxq,

n "

and the point "o" 1s assumed as the reference point
of the zerc-phase-seqguence voltage.

According to the relationship between the delta
voltages (line voltages} and the wye-phase voltages

as shown in FIG. 5, following formula is obtained:
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€ab - ©ca = €kxa - €xp - (@xc - €xa)

3eka - (exa + €exp + €xc)

3exa - 3exo w (9)
According to the relationship of formula (9), the
wye-phase voltages (exa., exb. ©xc) can be expressed by
the following formulas (10) to (12), by the delta
voltages (ean, €nc. €ca) and the zero-phase-sequence

voltage eys.

€xa = (€ap - €ca)/3 + ey, w (10}
€xb = (epc - €an)/3 + ey, w (11)
exe = (€ca - €pc)/3 + ey - (12)

On the other hand, as for the wye-phase voltages
which are 1202 out of phase with each other, when the
phase angle £1, of the a-phase is represented by a, the
bPhase angles f£3,, fip, and £,, of the respective three
phases a-phase, b-phase, and c-phase are expressed by;

£ia = a

£, = a - 2p/3

fic

a + 2p/3 w (13)

The phase angle of the positive-phase-sequence
voltage is in phase with the a-phase of the wye-phase
voltages having the relationship of 1202 out of phase

from each other. According to this relationship, a

,bC component as a control target of the three-phase

PWM converter can be extracted by the dg-axis
conversion, thereby facilitating the control of the

three-phase PWM converter.
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In addition, in the wye-phase voltages which are
1202 out of phase with each other, the phase angle of
the negative-phase-sequence voltage and that of the
zero-phase-sequence voltage, with respect to the
positive-phase-segquence voltage, are in the opposite
direction at the same angle.

FIG. 6A illustrates the relationship between the

wye~phase voltages which are 1209 out of phase with

n L]

each other and the reference point "o" of the zero-
phase-sequence voltage. FIG. 6B illustrates the
relationship between the wye-phase voltages which are
1202 out of phase with éach other and the reference
point of the centroid vectors (centroid). In FIG. 6,
the reference point of the wye-phase voltages which
are 1202 out of phase with each other is represented
by K = 1, and the reference point (centroeid) of the
centroid vectors is represented by K = 2,

As shown in FIG. 6A, the wye-phase voltages (eja,
€ip, €i1c) which are 1202 out of phase with each other

are expressed by the following formula (l1l4) assuming

that K = 1 in the formulas (10) to (12):

€1a = {€ap - @¢al/3 + €15 = €55 + €1,
€1p = (@pc = @ap)/3 + €10 = eop + €10
€16 = (€ca ~ €bcl)/3 + €15 = 8oc + €30 e (14)

On the cther hand, as shown in FIG. 6B, the
centroid vectors (eza. ezp. €2.) are obtained by the
vector operation, as to the twe line voltages out of

the delta voltages (e€asb, ©bc. €ca).,. and when the point
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of the centroid vector is represented by K = 2, the
centroid vectors are expressed by the following

formula {(15)(82):

€2a = {(€ap - €ca)/3
@p = (€pc - @ap}/3
€20 = (@ca ~ €pe)/3
€20 = (€22 + €2p + €30)/3 = 0 w {(15)

According to FIG. 6B, when the wye-phase voltages
(e1a., e1p., e1c) which are 1202 out of phase with each
other are expressed by using the centroid vectors (e;a.
€2, €2¢), the aforementioned formula (8) can be
obtained.

The formula (8) indicates that, as described
above, the wye-phase voltages (eja, ©1n, €:1c) are
represented by the vectorial sum of the respective
centroid vectors of the line voltages (eza, esp. esc)
and the zero-phase-sequence voltage e;,.

On the other hand, as for the wye-phase voltages
which are 1202 out of phase with each other, when the
phase angle of the a-phase is represented by a, the
phase angles f£;,, £i,, and £,, of the a-phase, bh-phase,
and c-phase respectively are expressed by:

fia = &

fip = a - 2p/3

il

£is a + 2p/3 .. {1l8)

The phase angle of the positive-phase-sequence

voltage is in phase with the a-phase of the wye-phase
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voltages which are 1202 out of phase with each other.

With the relationship above, the DC component as
a control target of the three-phase PWM converter can
be extracted by the dg-axis conversion, thereby
facilitating the control of the three-phase PWM
converter (83).

In the wye~-phase voltages which are 1202 out of
phase with each other, the phase angle of the
negative-phase-sequence voltage and that of the
zero-phase-sequence voltage, with respect to the
positive-phase-seguence voltage, are in the opposite
direction at the same angle.

Therefore, instead of the wye-phase voltages (ei1a,
€1p, €1c) which are 1202 out of phase with each other,
the centroid vectors of the line voltages (eza. ©€2p.
e;c) are used to extract the positive-phase-sequence
voltage e, and the negative-phase-sequence voltage eq
from these centroid vectors (esza., €35, €2:), thereby
taking out the DC component as a control target of the
three-phase PWM converter, and it is further possible
to compensate for the unbalanced voltages by
extracting the zero-phase-sequence voltage (S4).

Next, the centroid vectors (eza., €21, €2¢) obtained
in the step 52 are subjected to the dg-axis conversion
process, and the d-axis component e;qa and the g-axis
component e,, are obtained. This conversion is
conducted so as to control the three-~phase PWM

converter by the DC component (83).
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In order to perform the dg-axis conversion, a
spatial vector is converted into a real vector. When
the phase difference between the wye-phase voltages
(ei1a., €10, ©1¢) and the three-phase balanced voltage (e,
es, e¢) are assumed as a, the wye-phase voltages (e1a,
1p., €1c) are equivalent to a real part of the wye-phase
voltages represented by the spatial vector, and they

are expressed by the following formula (17):

e]_a = Elamcos(mt -+ a)
iy = E1prCOS(wt + a - 2p/3)
€1 = E1cnCOS(0t + a + 2p/3)

(17)
When these wye-phase voltages are subjected to

the dg-axis conversion, the d-axis, the g-axis and the
zero-phase-sequence component can be obtained.
However, in the delta connection, it is not possible
to directly detect the wye-phase voltages (e ., e;p,
€1c) which are 1202 out of phase with each other, and
they are not given. Therefore, the Zero-phase-
sequence voltage e;, is unclear.

In the present invention, instead of the
wye-phase voltages (e;a, €1p, €1c) which cannot be
detected directly, the centroid vectors (e2a, €20, €3¢)
are employed, which are obtained by subjecting
detectable line voltages to the centroid vector
operation. Accordingly, with the line voltages at one
measurementpointoftime,ji:ispossibletocompensate

for the three-phase unbalanced voltages.
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When the wye-phase voltages (eia, €1p, €1c) ©f the
formula (8) are subjected to the dg-axis conversion,

following formula (18) is established:

O coswt cos(ot-2x/3) cos(ottZn/3)lje,,
€1q= 2 |-sinot -sin(ot-2n/8) -sin(wt2z/3)||ey| - (18)
3
5 elz 1 1 1 €1c
When the centroid vectors (e€za. €2p, €20} Oof the
formula (15) are subjected to the dg-axis conversion,
following formula (19) is established:
e 5y coswt cos(wt-2mx/3) cos(wttlZm/3)||e,,
€ 5o = 2 |-sinwt -sin(ot-27/3) -sin(wt+2x/3)||e 4
ezz 3 I l 1 eZC
€14 ‘
= |®1q - (19)
10 0

The d-axis components e;a, eza. and the g-axis
components eiq, e€zq after the dg-axis conversion,
expressed by the formulas {(18) and (19), are not

15 influenced by the zero-phase-seguence voltage e,
expressed by the formula (14), and the values of the
d-axis components are equal to each other., and the
values of the g-axis components are egqual to each
other.

20 When the formula (192) is employed, which is

obtained by subjecting the formula (15) to the dg-axis
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conversion, the formula (15) expressing the
instantaneous line voltages {(€a.b, ©pc. €ca) Obtained at
one measurement point, it is possible to respond to
the PFC control at high speed, by acguiring the line
voltages at one measurement point without using the
values at multiple measurement points of time.

It is to be noted that if the PFC control is
performed by using the formula (19), the zero-phase-
sequence voltage e;, does not appear in the formula (19).
Therefore, the zero-phase-sequence voltage e;, is
calculated by using the positive-phase- sequence
voltage and the negative-phase-sequence voltage.
Calculation of the zero-phase-sequence voltage ei,
will be described in the following (S3).

Next, symmetrical component voltages (positive-
phase-sequence voltage, negative-phase-seqguence
voltage, and zero-phase-sequence voltage) are
obtained from the d-axis component e;4 and the g-axis
component eiq, which are acguired by the dg-axis
conversion (S54).

(Calculation of the symmetrical component voltages)

Hereinafter, with reference to the flowchart
shown in FIG. 4, the calculation of the symmetrical
component voltages will be explained.

As to the wye-phase voltages (ej1a, €1, €1c) Which
are 1202 out of phase with each other, when the
positive-phase-~component voltage is assumed as €1p.

the negative-phase-sequence voltage is assumed as €1n.
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and the zero-phase-sequence voltage is assumed as €14,
the wye-phase voltages {ei1a, €1b, €1c) are expressed by

the following:

€1a = €31p * €1n t+ €310

ep = erpre 12P/3 4 ey, -3/ 4 gy,

e1c = e1p° 3%/ 4+ @ ,-e7P/3 4 e,

€12 = Bipmncos(wt + a) + Eimmcos(wt+ f£i1,) + Eicncos(ot +
£10) '

ei1p = Ejpmcos(®t + a - 2p/3) + Biamcos(et + £i1, + 2p/3)}
+ Eiomcos{ot + f£1,)

€31c = Eipncos(eot + a + 2p/3) + Ejppcos(at + £1, -~ 2p/3)
+ Eiomcos{at + £1,)

w (20)

By subjecting those elements teo the dg-axis

conversion, the following formula (21) is obtained,

€14 € 1dp N € Jdn
€ 1q e lap € lan

E

{005(2 wtto ) :|

cos @
lpn[sincu] nn {-sin Qe tt ¢ ) e {21)

The positive-phase-sequence voltage (ei1ap. €1qp)
in the formula {(21) corresponds to the DC component,
and the negative-phase-sequence voltage (ej34n, ©i1qn)
corresponds to the AC component. Therefore, it is
possible to extract the positive-phase-seguence

voltage (ei1ap. e1gqp) and the negative-phase-seguence
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voltage (e€ian, €i1gqn). according to the freguency
separation.
This frequency separation can be performed by
using a band pass filter or a low pass filter. By way
5 ofexample,thezmsitive-phase~sequencevoltage(elw,
ei1gqp) can be extracted by the low pass filter, and
(Eipncosa, Eppsina) are acguired. In addition, the
negative-phase-sequence voltage (€1an. €1qn) <an be
extracted by subtracting the positive-phase-sequence
10 wvoltages (eigp, ©1qp) being extracted, from the original
signals having been subjected to the dg-axis
conversion, and (Eigncos{20t + £1,), ~Einnsin(20t + £1,))
are acqguired (8541, 842).
When the clock time of the measuring point is
15 assumed as "ts"”, the phase angle a of the positive-
phase-sequence voltage and the phase angle fi, of the
negative-phase-seguence voltage can be obtained,

respectively by the formula (22) and the formula (23):

20 a = tan"‘(eiqp/€1ap) w (22)

£1n = -20t; - tanul(elqn/eldn) - (23)
The negative-phase-sequence voltage e;; is
expressed by the formula (25) and the formula (26),

25 according to the formula (24):

3eip = Eiamcos(wt + a) + Ejpyncos{et + a + 2p/3) + Eicpcos (ot

+ a - 2p/3) w(24)
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1 1 ARE 2 ,
€ EJ{EIam_ Z(Elbm Elcm)} {TB(Elbm lcsn)} cos(wttaty’) +-+(25)
/3
j% (E (B o)
¢ = tan ] (26)
Bl 5 (Bt E o)

In addition, the zero-phase-seguence voltage e,

is expressed by the formula (27):

elo= -é"\/{ lam (Elbm+Elcm)} {@(Elbm lcm)}zcos(“)t+@'¢’) (2 7)

In the formula above, according to the
relationship that:
Eion = Einm

Ffain a + f£'

fio0 =2 - £7,
the following relationship is found:

fio0 = 282 ~ £, w (28)

Therefore, the phase £,, of the
zero-phase-sequence voltage e;, is expressed by the
following formula {(29):
£i0 = 20ts + 2tan'(eigp/eiap) + tan '(eign/€1an) = (29)
(S43)

The amplitude E;.,n of the zero-phase-sequence
voltage e;, is expressed by the following, according
to the negative-phase-sequence voltage. {(ejan, €14qn):

Biom = (€1an® + €14n°)*% . (30) (S44)
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Therefore, the zero-phase-sequence voltage i, is
expressed by the following:
e1o = (e1an® + eign’)*/?:cos{et + f10) . (31)  (S45)
Accordingly, the wye-phase voltages {e€i1a., €ib.
e1.) which are 1202 out of phase with each other are

expressed by the following formulas (32) to (34):

€1a = (8ap - @ca)/3 + (e].dn2 + elqnz)llz'cos(mt + £315)
(32)

ein = (€pe - €ap)/3 + (eian® + €1gn)''?-cos(et + £,,)
w {(33)

e1c = (€ca = €pc)/3 + (eran? + eign’)?-cos(ot + £i1,)
(34)

Next, the zero-phase-seguence voltage
compensates for the unbalanced voltages and
simultaneously the PFC control ig performed (S85).
Then, the wye-phase voltages (e;., €1p., €1c) are
obtained, which are 1202 out of phase with each other
and on which the unbalanced voltage compensation and
the power factor control have been performed (S6), and
a control signal is generated for controlling the
three-phase PWM converter based on the obtained
wye-phase voltages (eia, €1p, €1c) (S7).

[Configuratlon example of unbalanced voltage
compensator]

Next, with reference to FIG. 7, a more detailed
configuration example will be explained regarding the

unbalanced voltage compensator of the present
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invention,

In the configuration example of the unbalanced
voltage compensator as shown in FIG. 7, similar to the
schematic configuration as shown in FIG. 2, the
three-phase AC power source 100 supplies the three
-phase AC power to the three-phase converter 200, and
the converter subjects three-phase AC voltages of the
three-phase AC power to the PWM conversion to obtain
DC voltage, and outputs the DC voltage to the DC load
300.

The unbalanced voltage compensator 1 of the
present invention is provided with the centroid vector
operation unit 10 for obtaining wye-phase voltages {(eza,
€s3p. €30} from each of the line voltages (eap, €he. €ca)
of the distribution line three-phase balanced voltages
€a, €p, and e.,, the symmetric coordinate component
calculation unit 20 for calculating three-phase
balanced system symmetrical component voltages (ejiqap,
€iqps ©1ldn. ©€1qn) from the wye-phase voltages (eza, ©2p.
ez:) which are obtained in the centroid vector
operation 1¢, and the adder 30 for forming a
compensation signal for compensating for the
unbalanced voltage of the three-phase AC voltages and
subjecting the three-phase AC voltages to the PWM
conversion to génerate a control signal for outputting
bC voltage, and those three elements constitute the
unbalanced voltage compensation unit.

The unbalanced voltage compensator 1 of the
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present invention is provided with the constant
current control unit 40 and the average power operation
unit 50 for perferming the PFC control. In addition,
on the distribution line, the input side_of the
three-phase PWM converter 200 is provided with contact
points 61 for detecting the line voltages, sensors 63
for measuring a current wvalue, and AC reactors 60.
Furthermore, the output side of the three-phase PWM
converter 200 is provided with a contact point 67 for
detecting DC wvoltage, a sensor 65 for measuring DC
current to detect the DC voltage, and a capacitor 69
for output smoothness.

On the input side of the three-phase PWM converter
the contact points 61 are connected to a line voltage
detector 62, and the line voltage detector 62 measures
the line voltages of the three-phase voltages. The
sensors 63 are connected to a current detector 64, and
the current detector 64 measures the current of the
three-phase voltages.

In addition, on the output side of the three-phase
PWM converter 200, a voltage detector 68 is connected
to the contact point 67, and the voltage detector 68
measures the output voltage. In addition, the sensor
65 is connected to a current detector 66, and the
current detector 66 measures the output current.

The three-phase AC power source outputs the
three-phase input power, the voltage V, phase, voltage

Vy phase, and voltage V. phase. The voltages Va, V.
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and V., are respectively the phase voltages of the
a-phase, b-phase, and c-phase. The contact points 61
have the points to establish contact respectively with
the a-phase line, b-phase line, and c-phase line. The
sensors 63 are installed respectively on the a-phase
line and on the c-phase line, and those sensors detect
AC input current inputted £rom the three-phase AC power
source. The AC reactors 60 are respectively provided
on the a-phase line, b-phase line, and c-phase line,
so as to block high-frequency current.

The dg-axis converters 81, 82, 83, and 84 are
provided for converting from three axes to two axes,
or from two axes to three axes. The dg-axis converter
81 converts the wye-phase voltages (eza, €35, €2¢)
obtained in the centroid vector operation unit 10 into
the d-axis voltage e;4 and the g-axis voltage e,q, the
dg~axis converter 82 converts the biaxial negative-
phase-sequence voltages {eian, €1qn) inteo the triaxial
negative-phase-sequence voltages (€1an, ©1ibn, @1en) » the
dg-axis converter 83 converts i,, iy, and i. obtained
from the current detector 64 into the d-axis current
i3 and the ¢g-axis current iy, and the dg-axis converter
84 convexrts the biaxial positive-phase-seguence
voltages (vap ", Vg °) after the constant current
control is performed, into the triaxial positive-~
phase-sequence voltages (ejap, €1np., ©€icp)-

In addition, a synchronous signal generatorxr 70

is connected to the centroid vector operation unit 10,
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and based on the wye-phase voltages (eza, €2p, ©€2¢)
obtained in the centroid vector operation unit 10, a
synchronous signal "s" is generated to synchronize the
dg-axis converters 81, 82, and 83.

The three-phase converter 200 is provided with
a three-phase PWM circuit 200a, and a three-phase PWM
pulse generator 200b for generating pulse signals to
control the operation of the three-phase PWM circuit
200a so as to perform the PWM control. The three-phase
PWM pulse generator 200b forms the pulse signals based
on the phase voltages (Va, Ve, V¢) generated by the adder
30. The three-phase PWM circuit 200a may be formed
of a bridge circuit, being made up of a switching
element for instance, and the pulse signals control
ON/OFF operation of the switching element, thereby
performing the PWM control.

For example, the three-phase PWM circuit 200a of
the three-phase converter 200 may be made up of a
semiconductor switching element such as an IGBT
(Insulated Gate Bipolar Transistor) and a diode, and
each gate of the semiconductor switching element is
controlled ON and OFF, thereby converting the three-
phase AC power being inputted into DC power and
outputting the DC power.

The capacitor 69, the sensor 65, and the contact
point 67 are provided on the output side of the
three-phase converter 200. The capacitor 69 smoothes

the DC voltage outputted from the three-phase
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converter 200. The sensor 65 is a current sensor for
detecting the DC cutput current that is cutputted from
the three-phase converter 200, and a current detector
66 detects a current value I3, of the DC output current.
The contact point 67 is a point to establish contact
with the DC output line of the three-phase converter
200, and the voltage detector 68 detects a voltage
value Vg of the DC output wvoltage.

Hereinafter, each unit of the unbalanced voltage
compensator 1 will be explained.

The line voltage detector 62 detects line
voltages (eab, €bes, ©ca) 0f the three-phase AC input
voltages at the contact points 61. The centroid
vector operation unit 10 calculates and obtains the
centroid vector voltages (esa, €3p, €2:) from the line
voltages (&ab, €vc, €ca) detected in the line voltage
detector 62, and the obtained centroid vector veltages
(eza. €2pv, €20} are used as substituting signals for the
pPhase voltages (e1a, €1b, €1c) which are 1202 out of phase
with each other.

The dq converter (conversion from three-phase to
two-phase) 8l converts the centroid vector voltages
(€22, €2n., e30.) obtained in the centroid wvector
operation unit 10, into voltages signals (ejiaq, €14) OFf
the d-axis and g-axis (two phases). The synchronous
signal generator 70 uses the centroid vector voltages
{eza, €2p, €e3¢) Obtained in the centroid vector

operation unit 10 to generate the synchronous signal
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"s". The dg-axis conversion by the dg converter 81
can be conducted based on the formula (21) as described
above.

The current detector 64 acguires detection
signals of the a-phase and c-phase AC input current,
which ére detected by the sensors 63, and generates
signals (i,, ip, ic) of the three-phase AC input current.
The current detector 64 generates the three-phase AC
input current signals by using that the total sum of
the AC input current of the a-phase, b-phase, and
c-phase becomes zero. Therefore, if it is configured
such that at least two AC input currents out of the
a-phase, b-phase, and c-phase are detected, input
currents of the three phases can be acquired.

The dq converter (conversion from three-phase to
two-phase} 83 converts the three-phase AC input
current signals (i,, 1s, ic) detected in the current
detector 64 into a d-axis current signal and a g-axis
current signal (ia, igq) (two phases).

The symmetric coordinate component calculator 20
is provided with a positive-phase-seqguence voltage
calculator 21, a negative-phase-seguence voltage
calculator 22, a fi1, calculator 23, and a zero-
phase-seqguence voltage calculator 24, inputs the
voltage signals (eia, e1q) of the d-axis and g-axis (two
phases) converted by the dg converter 81 (conversion
from three-phase to two-phase), and calculates the

positive-phase-sequence voltage(eigp, ©€i1gp) ., The
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negative-phase-sequence voltage (eian, €©i1qn}., and the
zero~phase-sequence component voltage {(e;,), which are
symmetrical component voltages.

In the aforementioned formula (21), in the d-axis
voltage eiq and in the g-axis voltage e4q obtained by
subjecting the centroid vector voltage (eza, ©20. €2c)
to the dg-axis conversion, the DC components (Eipm cosa,
Eipnsina) are egquivalent to the positive-phase-
sequence voltages (eiqp, €i1qp). the AC components
(Eigmcos (20t + £13), ~Emnmsin{20t + £1,) ) are equivalent
to the negative-phase-seqguence voltages (ejan, ©1iqa) .
Therefore, it is possible to extract the positive-
phase-sequence voltages (eiap, €14p) and the negative-
pPhase-segquence voltages (eiqn., elﬁdlaccording to the
freguency separation.

The positive-phase-seguence voltage calculator
2) is capable of extracting the positive-phase-~
sequence voltages {eiqp, €14qp) by using a band pass
filter or a low pass filtexr. In addition, the
negative-phase-seguence voltage calculator 22
gsubtracts from the original signals after the dg-axis
conversion, the positive-phase-seguence voltages
(e1ap, €1qp) extracted in the positive-phase-seguence
voltage calculator 21, thereby extracting the
negative~-phase-sequence voltages (Eimmncos{2eot + fig).
~Einmsin(20t + £5,)).

As described above, the zero-phase-seguence

voltage e;, can be expressed by the formula (31), and
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the phase f;, of the zero-phase-seguence voltage e,
is expressed by the formula (29). The amplitude Eiq,
of the zero-phase-seguence voltage e;, is expressed by
the formula (30).

Then, the f;, calculator 23 uses the positive-
phase-sequence voltage (eiqp, e1qp) and the negative-
phase-sequence voltage (eiay, €1qn) to calculate the
phase f;,, and inputs the calculated phase into the
zero-phase-seqguence voltage calculator 24. Then, the
zero-phase-sequence voltage calculator 24 uses the
phase calculated by the fi, calculator 23 and the
negative-phase-sequence voltage (ejan. €1qgn)
calculated by the negative-phase-seqguence voltage
calculator 22, thereby obtaining the zero-phase-
sequence voltage e;,.

The positive-phase-segquence voltages (1dp, €1qp)
calculated by the positive-phase-seguence voltage
calculator 21 are subjected to the constant current
control in the constant current contrcl unit 40, and
the two-to-three axis conversion in the dp converter
84 converts the voltages into the positive-phase-
sequence voltages (Viap, Viep. Viep) Trespectively
associated with the positive-phase-sequence voltages
(€1ap. @1vp., €1cp), and thereafter those voltages are
inputted in the adder 30.

The negative-phase-sequence voltages (e1an. €1qn)
calculated in the negative-phase-sequence voltage

calculator 22 are converted from two-axis to three-
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axis, and after converted into the negative-phase-
seqguence voltages (€jan, ©i1bn. €i1cn). thereafter
inputted into the adder 30. The zZero-phase-seguence
voltage e;, calculated in the zero-phase-seguence
voltage calculator 24 is inputted to the adder 30.

The adder 30 adds the inputted
positive-phase—sequencevoltages(Vlu“'vmp,vlqd, the
negative-phase-sequence voltages {(€1an: ©ibn, ©1cn) » and
the zero-phase-sequence voltage e ., and then outputs
the phase voltages (ed,ehﬂ er). These phase voltages
{ea, e, ef) are signals after the unbalance
compensation and the constant current control are
performed. The three-phase PWM control pulse
generator 200b of the three-phase PWM converter 200
generates control pulse signals to control the
three-phase PWM circuit 200a based on the phase
voltages (eg, €a, ©r).

Hereinafter, an explanation will be made as to
the configuration for the constant current control.
In order to perform the constant current control of
the three-phase PWM converter, it is necessary to know
a relational expression between the input power and
the input voltage.

As shown in the following, space vector I,
represents the a-phase current i, according to the
positive-phase-seguence current amplitude Iom 2and the
negative-phase-seguence current amplitude I,,, and the

formula below is established:
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Ia = Ipmej(mt+ﬁ) + Inme-j(atq.ﬂ) e (35)

On the other hand, the a-phase-sequence voltage
5 €12 €eXpressed by the formula (20) is converted into the
space vector Vi,, and when the input power P;, is

obtained, the following formula is established:

i 3
jQ =”2—VlaI *

P. = P+

_g.{ eJ(wt+a)+E R € J(wt’rmn)HIpme-j(wt+ﬁ)+Imej{wmxn)}
7 (B

2

in

L€ ile-8)y E p,l,e 3o

+ Elmenmej(Zwt+a+2.n)+ ElmIpme—j(th+¢h+5)} v (38)

10 After the zero-current control is performed, the
negative-phase-sequence current I,, becomes zero (Inm

= 0).
Under the condition that “I,, = 0", “P" and "Q"
in the input power Py, expressed by the formula {36)

15 are further expressed as the following:

P = —;—{v fapitp T Vol cosZcut(v"dni*’dp + veqﬂleqp)
+ sinZwt(veqni"dp - vadnieqp)} (37)
Q = 3{ ®oi%, — % 1% + cos2ewt(ve _i®, - w )
2 qp~ dp dp™ qp qn~ dp “anl qp
mosinZwt (v it + v qnlsqp)} vs (38)

Here, the following is to be noted:
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v %4 Elpmcosa, L Elpmsmcr.
-] = a o= = 1 vy
Vo= Eypcosé v, E sing (3 9)
s N }
1% IpmcosB, 1% Ipm31nB

As for Py, in the formula (36}, when the average
value power contrel and the zero control of the
5 negative-phase-sequence current are performed, the
term "20t” in the formulas (37) and (38} can be
eliminated. If the average value power of P and Q is

assumed as "Pave” and "Qave”, the following formula is

obtained:
e e : 8
we| 3|V % Vel
Q" T e || T (40)
10 ave qp dp w®

On the other hand, the average value power Pave
Of Pin according to the PI control is given as the

following formula, when a voltage command value is

assumed as Vgc ©.

k.
15 Pave: Ekpv-}. slv}('vdc*r_vdc)-}‘vdcidc cer (41)

As for the current command values in the case
where Qave in the formula (40) is subjected to the zero
control, ig:'" and ig."" substitute for the current terms

20 respectively in the formula (40), and the following

formula is established:
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L 2 Ve Vel|Bl (42)

i ¥r - e 2 e 2 e - 4,8
Lap B(vdpﬂqup)v@ V|| O

This formula (42) expresses current command
values according to the input power and the input
voltage. The output signals va,'" and vg, © according
to the constant current control using the current

command values, are given as shown in the following:

k.
vdp*rz_[kp.l-Tl](idp*r—id)+wLiq+edD er (43)

i

|
vqp*f——[kp +T](1qp*r—iq)—led+eqp e (4 4)

The constant current control unit 40 determines
the current command values based on the average power
obtained in the average power operation unit 50,
compares the current command values with the input side
current detected by the current detector 64, thereby
bPerforming the constant current control over the
positive-phase-sequence voltage acquired from the
positive-phase-sequence voltage calculator 21, and
after converting the control values (Vap ™, Vgp' ") being
acquired, into triaxial pPositive-phase-sequence
signals (Viap, Vibp., Vicp) by the dg converter 84, the
signals are inputted into the adder 30.

The current detector 66 acquires a detection

signal of the DC output current that is detected by
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the sensor 65, and generates a DC output current signal
isec. The voltage detector 68 detects a DC cutput
voltage at the contact point 67, and generates a DC
ocoutput voltage signal wvac.

The average power operation unit 50 is provided
with a multiplier 51, a subtractor 52, a DC wvoltage
control unit 53, and an adder 54,

The subtractor 52 subtracts the DC output voltage
signal vg. detected by the voltage detector 68, from

¥ which

the DC voltage command value signal vac
indicates a certain consitant voltage value set as the
voltage command value, and outputs a deviation signal
being obtained. The multiplier 51 multiplies the DC
output current signal i4. detected by the current
detector 66, by the DC output veoltage signal wvg.
detected by the voltage detector 68, and calculates
an instantanecus power signal Pge.

The DC voltage control unit 53 generates a DC
voltage control signal as a result of PI {Propoxrtional
Integral) control for controlling the DC output
voltage signal vac to be a constant voltage value, from
the deviation signal calculated by the subtractor 52.
The adder 54 adds the instantaneous power signal Py
calculated by the multiplier 51 to the DC wvoltage
control signal generated by the DC voltage control unit
53, thereby generating the average power signal P.

The constant current control unit 40 is provided

with a constant current command value generator 41 for
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generating current command values, and constant
current control output units 42a and 42b for generating
output signals which have been subjected to the
constant current control based on the current command
values. The constant current control output unit 42a
generates a d-axis output signal vdp*r, and the constant
current control output unit 42b generates a g-axis
output signal wvg,*®

The constant current command value generator 41
generates signals of the current command values (idp*r,
igp ©) according to a computation, based on the average
bpower signal P,y. calculated in the adder 54, and
positive-phase-sequence components of the d-axis and
g-axis voltage signals {€1ap. €1qp) which are separated
by the positive-phase-seguence voltage calculator 21.

The constant current control output unit 42a
performs the constant current control based on iy from
the dg converter 83 and the current command value
signal igs ", and generates the d-axis output signal
vVap ©. The constant current control output unit 42b
performs the constant current control based on the ig
from the dg converter 83 and the current command value
signal ig,*", and generates the g-axis output signal
Vgp'©. The constant current control is performed
according to the PI control which controls the input
current to be a constant current wvalue.

The three-phase PWM control pulse generator 200b

assumes the signals (Va, Ve, Vg) calculated by the
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adding part 31b of the adder 30 as gate control signals,
compares those signals with triangle wave signals
generated by a carrier frequency generator (not
illustrated), generates gate pulse signals as the PWM
signals, and outputs the signals to each of the gates
of the semiconducter switching elements in the
three-phase PWM circuit 200a.

[Operétion example of the unbalanced wvoltage
compensator]

Next, an operation example of the unbalanced
voltage compensator 1 will be explained. The centroid
vector operation unit 10 calculates the centroid
vectoxr voltages {(ez,, ©2n, €35) Ffrom the line voltages
{€ab. ©ne, ©ca), and the dg-axis converter 81 converts
the centroid vector voltages (e;a., €3n, €2;) being
calculated into the d-axis voltage signal e;; and the
g~axis voltage signal e g as expressed in the formula
(21).

The first term on the right-hand side of the
formula (21) expresses the positive-phase-seqguence
components €145, €1qp Of the d-axis and g-axis voltage
signals e;s. €1, and the second term on the right-hand
side expresses the negative-phase-sequence
components €ian, €1qn Of the d-axis and g-axis voltage
signals e g, €1q- Therefore, it is possible to separate
the d-axis and g-axis voltage signals e;q and €1q
according to the frequency separation byusinga filter

or the like, between the positive-phase and the
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negative-phase; i.e., between the positive-phase-
sequence components e;qp, €1qp and the negative-phase-
Sequence components e€i1dqn, €iqn- The positive-phase-
sequence voltage calculator 21 and the negative-phase-
sequence voltage calculator 22 perform the separation
between the positive phase and the negative phase.
The dg-axis converter 82 converts the negative-phase-
sequence components e qn, @14qn 0f the d-~axis and g-axis
voltage signals e;a, e;q having been separated between
the positive-phase and the negative-phase, into phase
voltage signals (ejan. ©1bn. ©1cn) OFf the three-phase
negative~phase-segquence components.

On the other hand, the zero-phase-seguence
voltage calculator 24 calculates the zero-phase-
sequence voltage e;,, by using signal values of the
positive-phase-sequence voltage and the negative-
bhase-sequence voltage being calculated.

As to the input power, the active power signal
Pave and the reactive power signal Q... are expressed
bytheformula(40),usingthapositive—phase—sequence
components v“hn veqp of the d~axis and g-axis voltage

signals va, Vg, and input command current signals i°%,;,
1i%gp-

The current detector 66 detects the DC cutput
current signal ig, via the sensor 65, The voltage
detector 68 detects the DC output voltage signal vac

via the contact point 67. The multiplier 51

multiplies the DC output current signal ige by the DC
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coutput voltage signal va., and outputs the DC output
power signal P4.. The subtractor 52 subtracts the DC
output voitage signal vz from the DC voltage command
value signal v °, and generates a deviation signal.
The DC voltage control unit 53 performs the PI control
over fthe deviation signal between the DC voltage
command value signal vmfr and the DC output wvoltage
signal wvg., for controlling the DC output wvoltage
signal Vg to be a constant voltage value, and then,
generates a DC voltage control signal.

The adder 54 adds the DC voltage control signal
outputted from the DC voltage control unit 53 to the
DC output power signal Py.. thereby outputting the
average power signal Paye. As expressed by the formula
(41) the average power signal Paye 1S obtained by adding
the DC woltage control signal obtained by the PI
control over the deviation signal between the DC
voltage command value signal Vg.'® and the DC output
voltage signal va. to the DC output power signal Py,
(= Vvac'iac) -

The reactive power O in the formula (40) 1is
controlled so that the input power factor becomes 1,
therefore, it becomes zero. Accordingly, the formula
(40) is modified to the formula (42) expressing the
input command current signals i4,"° and Iq;r.

The constant current command value generator 41
generates and outputs the input command current

*r

. . . * .
signals i4p, ©~ and 14, © based on the average power signal
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Pave and the positive-phase-seguence components €1dp .,
e1qp 0f the d-axis and g-axis voltage signals, which
are calculated in the positive-phase-sequence voltage
calculator 21.

On the input current side of the constant current
control, the current detector 64 detects three-phase
AC input current signals i,, ip,., i. of the three-phase
AC power being outputted from the three-phase AC power
source 100 via the sensors 63.

The dg-axis converter 83 (conversion from
three-phase to two-phase) converts the three-phase AC
input current signals i,, ip, and i., into the d-axis
current signal i34 and the ¢g-axis current signal ig.

The d-axis and g-axis constant current output
units 42a and 42b input the d-axis current signal i4
and the g-axis cufrent signal iy, respectively, as the
feedback values of the input current. The constant
current control output units 42a and 42b further input
from the constant current command value generator 41,
a positive-phase-sequence current command value
signal of the d-axis i4,"° and a positive-phase-
sequence current command value signal of the g-axis
iqf”, and according to a predetermined computation
based on deviation signals between the d-axis and
g-axis current signals ig and iy, and the current
command value signals ig,"" and iq,*Y, generate and
output control signals Va,'" and Vgp'® for controlling

the input current to be a constant current value.
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It is to be noted that the d-axis control
performed by the constant current control output unit
42a is expressed by the formula (43), and the ¢g-axis
control performed by the constant current control
output unit 42b is expressed by the formula (44).

The dg converter 84 converts the control values
Vap ¥ and Vg,'F into triaxial positive-phase signals
(Viaps Vibp, Vigp), a@nd thereafter inputs the converted
signals in the adder 30.

In the adder 30, the adding part 3la adds the
zero-phase-sequence voltage e,, calculated in the
zero-phase-seguence voltage calculator 24, to the
phase voltage signals (e€j3an, €ibns 2i1en) 0L the
negative-phase-sequence components obtained by the
conversion in the dg-axis converter 82. The adding
part 31lb further adds the positive-phase-sequence
components of the phase voltage signals (Viap, Vibp.
Viep) obtained by the conversion ian the dg-axis
converter 84, to the signals obtained by adding the
phase voltage signals {€i1ans B1bn. ©1cn) L0 the
zero-phase-sequence voltage e;, calculated in the
adding part 3la, generates three-phase voltage signals
(Va, V., V¢)}, and outputs the generated signals to the
three-phase PWM control pulse generator 200b.

The three-~phase PWHM control pulse generator 200b
generates gate control signals for controlling the
three-phase PWM circuit 200a based on the three-phase

voltage signals (Vaq, Ve, Vg), compares the generated
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signals with triangle wave signals generated from a
carrier frequency generator (not illustrated),
generates gate pulse signals by the PWM (Pulse Width
Modulation) conversion, and outputs the gate Pulse
gignals to each of the gates of the semiconductor
switching elements of the three-phase PWM circuit 200a
so as to perform ON/OFF control on each of the gates.

Next, operations of the unbalanced voltage
compensator 1 in the balanced state and in the
unbalanced state will be explained. It is to be noted
here that the unbalanced state includes the state where
the voltage is reduced within a short period
(instantaneous voltage drop), and further it includes
the state where unbalance occurs in the three-phase
voltages for a long period of time. Here, it is assumed
that the load amount in the DC load 300 is constant.
[Operations in the balanced statel]

In the state before the instantaneous voltage
drop occurs, the three-phase AC input voltages from
the three-phase AC power source 100 are in the state
of being balanced. In this balanced state, as shown
in FIG. 17, the three-phase voltage signals e,, eg, et
correspond to the positive-phase-sequence voltage €1y
only, and at this time, the d-axis voltage signal e;q
expressed in the formula (21) becomes Eipm. and the
g-axis voltage signal e;q becomes zero. Here, since
Z32, %423, and Z3; are open, the phase delay due to Zis

is ignorable. Therefore, it can be determined that
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the formulas (1), (2), and (3} correspond to the
formula {(17), and a = 0 is established,

On this occasion, the signals 14, ", 14~ of the
current command values are expressed by the following
formula (45) according to the formula (42):

iap’® = (2/3) (Pave/Eipm)

igp’® = 0 w(45)

Since the command value current signal iﬂfr is
zero, current control is performed from the constant
current command value generator 41 so that the input
power factor is controlled to be 1. According to the
DC voltage control unit 53, the DC output voltage is
controlled to be a constant wvalue, and therefore,
constant DC power is outputted regularly to the DC load
300 side.

[Operations in the unbalanced state]

Next, an explanation will be made regarding the
unbalanced state where at least one-~phase AC input
voltage out of the three-phase AC input voltages from
the three-phase AC power source 100 becomes the state
of instantanecous voltage drop and the AC input voltages
become unbalanced.

When the instantaneous voltage drop occurs in the
AC input voltages, the positive-phase-sequence
voltage calculator 21 of the symmetric coordinate
component calculator 20 outputs the positive-phase-
sequence components e,5p, 214qp ©f the d-axis and the

g-axis voltage signals, the negative-phase-sequence

78



10

15

20

25

voltage calculator 22 ocutputs the negative-phase-
sequence components e€ian, €i1qn 0f the d-axis and the
g-axis voltage signals, and the zero-phase-sequence
voltage calculator 24 outputs the zero-phase-seguence
component e;,.

The constant current control output units 42a and
42b add the positive-phase-sequence components €1dp
€i1qp Of the d-axis and the g-axis voltage signals to
the current command value signals. The negative-
bPhase-sequence components eiqn, €1¢qn 0f the d-axis and
g-axis voltage signals are further added via the adding
parts 31a and 31b, to generate the output signals (Vg.
Ve. Vz), and the current control is performed £from the
constant current command value generator 41 so that
the input power factor becomes 1. In addition, the
DC voltage control unit 53 controls the DC output
voltage to be a constant value, whereby the constant
DC power is outputted regularly on the DC load 300 side.

By adding the zero-phase-sequence component e,
to the negative-phase-seguence component and the
positive-phase-sequence component, the zero-phase-
sequence component of the power source voltage is
superimposed on the output signals (V4, V., V:), and
a control signal for the three-phase PWM converter is
generated based on the output signal on which the zero-
phase-sequence component is superimposed, allowing
the three-phase AC input voltages to compensate for

the instantaneous voltage drop.

79



10

15

20

26

The present invention subjects the wvector
operation to the line wvoltages acguired at one
measurement point of time, thereby acquiring the phase
voltages of three phases as described above, performs
the constant current control according to the PFC
control based on the pesitive-phase-sequence voltage
and the negative-phase-seguence voltage of the phase
voltages, further calculating the zero-phase-
sequence voltage from the phase wvoltages, and
superimposing the zZzero-phase-sequence voltage on the
positive-phase-sequence voltage and the negative-
phase-sequence voltage, thereby compensating for the
unbalance.

In the unbalanced voltage compensation according
to the present invention, the line voltages acquired
at one measurement point of time are used as original
signals for calculating the zero-phase-sequence
voltage. Therefore, it is possible to acguire a
control signal for compensating £for the unbalance from
the measurement value acquired at one measurement
point of time.

Typically, £foxr detecting voltage fluctuations of
the phase wvoltage, at least a half cycle of time
interval is necessary. Therefore, a measured value
at just one measurement point of time is not enough
for detecting and compensating for the unbalanced
state, and measured values obtained at multiple

measurement points of time are reguired. On the other
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hand, in the present invention, the line voltages
acquired at one measurement point of time are subjected
to the wvector operation, thereby obtaining the
positive-phase-sequence voltage and the negative-
phase-sequence voltage of the phase voltages, and the
zero—phase—sequencevoltagecanlnscaiculatedfromthe
positive~phase-seguence voltage and the negative-
Phase-sequence voltage. Accordingly, it is possible
to generate a signal for compensating for the unbalance,
from only the values acquired at one measurement point
of time.

The acguisition of the line voltages and the
unbalanced voltage compensation based on the acguired
line voltages are not limitedly based on the values
acguired at one measurement point of time.
Alternatively, the acquisition of the line voltages
and the unbalance compensation are sequentially
repeated, thereby not only compensating for the
instantaneous voltage drop, but also compensating for
the unbalanced state of the voltages for a long term.

Next, with reference to FIG. 8 and FIG. 9, a
configuration example of the present invention will
beexplainedas'h)theunbalancedvoltagecompensation
inwhichtheunbalancedvoltagecompensatingoperatioﬂ
is performed by an arithmetic processing by the CPU
according to software.

The unbalanced voltage compensator 1 of the

present invention is able to implement the functions
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of instantaneous voltage dxrop compensation and the
power conversion, by means of the circuit
configuration. Alternatively, it is able to
implement the functions of instantaneous voltage drop
compensation and the power conversion by allowing the
CPU to execute a program.

FIG. 8 1llustrates a configuration example in the
case where the unbalanced voltage compensator of the
present invention is implemented by the CPU and
software. Hereinafter, the unbalanced voltage
compensator implemented by the configuration of the
CPU and software will be explained, with the reference
numeral 2 being appended.

As shown in FIG. 8, in the three-phase AC power
supplied from the three-phase AC power source 100, the
three-phase PWM converter 200 subjects the three-phase
AC voltages to the PWM conversion and outputs DC
voltage to the DC lcad 300. The computer control unit
2 has a function of the unbalanced veltage compensation
and controls the three-phase converter 200 to perform
power conversion and unbalanced voltage compensation.

The computer control unit 2 is provided with the
CPU (Central Processing Unit) 2a, RAM (Random Access
Memory) 2b, ROM (Read Only Memory) 2c¢, and I/0C unit
2d, and each of the elements are connected via a bus
2e.,

The CPU 2a conducts centralized control over each

of the elements of the computer control unit 2. The
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CPU 2a develops a designated program in the RAM 2b,
out of system programs and various application
Programs stored in the ROM 2c¢, and executes wvarious
Processing in cooperation with the program being
developed in the RAM 2b.

The CPU 2a controls the three-phase PWM pulse
generator provided in the three-phase converter 200
in cooperation with the power conversion control
program, thereby converting the three-phase AC input
power inputted from the three-phase AC power source
100 into DC output power, and compensating for the
unbalanced voltages of the AC input voltage.

The RAM 2b is a volatile-type memory for storing
various information items, and has a work area to
develop various data and programs. The ROM 2¢ is a
memery for storing various information items in
readable manner, and stores the power conversion
control program for controlling the three-phase
converter,

The I/0 unit 2d handles inputting and outputting
of various signals with the three-phase converter 200.
The I/0unit 2d inputs the line voltages and the a-phase
and c-phase AC input current on the three-phase AC
input side, as well as the DC output current and the
DC output voltage on the DC output side. The I/0 unit
2d further outputs a gate pulse signal for controlling
semiconductor-switching elements of the three-phase

bridge circuit in the three-phase converter 200.
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Next, with reference to FIG. 8, an explanation
will be made as to the operations according to the
program control by the computer control unit 2.

In the computer control unit 2, for example,
cutputting of the three-phase AC power from the
three-phase AC power source 100 triggers reading of
the power conversion control program from the ROM 2c
and developing the program in the RAM 2b, and then
processing for the power conversion control and
unbalanced voltage compensation is executed in
cooperation with the CPU 2a.

As shown in the flowchart in FIG. 9, f£irstly the
voltage detecting process is performed (S101}. In the
step of S101, three-phase AC voltages are acquired via
the I/0 unit 24, line voltage signals ean, €pc, ©ca OF
the three-phase AC voltages being acguired are
detected, and then phase voltage signals e3a, €2b, €3¢
are calculated according to the centroid vector
operation. In the configuration example as shown in
FIG. 7, for example, the centroid vector operation is
performed in the centroid vector operation unit 10,

The phase voltage signals e;a,, €2p, €3¢0 0f three
phases being calculated are converted into the d-axis
voltage signal e;q4 and the g-axis voltage signal eiq.
being two phases., The positive-phase-sequence
compoenents e€3ap, €1¢p @and the negative-phase-seguence
components € an, €1qn are separated and obtained from

the d-axis and g-axis voltage signals e;q, e,q being
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converted. Then, the negative-phase-seguence
components ej34;, €14n 0f the d-~axis and g-axis voltage
signals e:q, €14, are converted into the phase voltage
signals €i1an, €1bn. €1cn 1N three phases. The processes
in the step of S101 correspond to the processes
performed in the line voltage detector 62, the centroid
vector operation unit 10, the dg-axis converter 81,
the positive-phase-sequence voltage calculator 21,
the negative-phase-sequence voltage calculator 22,
the phase calculator 23 for calculating the zero phase
f,, and the zero-phase-sequence voltage calculator 24.

Each of the processes in step S101 may be
performed in parallel as appropriate. 1In the
following steps $102 to S106, such parallel processing
as performed in step S101 may also be performed in the
same manner.

In the step of S102, a synchronous signal
calculation process is performed. A synchronous

m

signal "s" is generated from the phase signals eza, €21,

and e;c in three phases. The synchronous signal “s”
may be obtained from the zero cross point of any of
the phase voltages of the phase voltage signals es,,
€2p, and e., for instance. The synchronous signal can
be generated by comparing the phase voltage with the
zero voltage and outputting the synchronous signal “"s”
at the point when the phase voltage becomes egual to

the zero voltage. 1In the configuration example as

shown in FIG. 7, the synchronous signal generator 70
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can generate the signal by using the output signals
{ess, ©ap, €20) from the centroid vector operation unit
10, and it is possible to configure this operation by
a coemparison circuit which compares the cutput signal
e»; with the zero voltage, for instance.

Alternatively, the synchronous signal may be generated
at an arbitrary point of time and this synchronous

signal can be assumed as an initial value of the

w rr

synchronous signal "“s

The synchronous signal “s” is used for
synchronizaﬁion in the dg-axis conversion including
the two-phase to three-phase conversion and
three-phase to two-phase conversion in each of the
steps S101, S103, and 8106. On this occasion, the
synchronization is performed by using the synchronous
signal “s” obtained in the step 8102 executed just
before, or the synchronous signal “s” being the initial
value. Therefore, the step of 8102 corresponds to the
processing performed in the synchronous signal
generator 70.

Next, a current detection process is performed
in the step of S103. 1In the step of S103, three-phase
AC input current signals i,, 1ip, 1. being inputted via
the I/0 unit 2d are detected, and converted into the
d-axis current signal ig, and the g-axis current signal
igq- The process in the step of 3103 corresponds to the

processes performed in the current detector 64 and in

the dg-axis converter 83.
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Next, a voltage control process is performed in
the step 5104. In the step of S104, the DC output
current signal igc. and the DC output voltage signal vge
are detected via the I/0 unit 2d4. The detected DC
output current signal iszc is multiplied by the detected
DC output voltage signal va., thereby calculating the
DC output power signal Pg.. The DC output voltage
signal vac. is subtracted from the DC voltage command
value signal Vac %, calculating a deviation signal, and
a DC voltage control signal for controlling the DC
output voltage signal vac to be a constant voltage value
i1s generated from the deviation signal being
calculated. Then, the DC voltage control signal is
added to the DC output power signal Ps. to generate an
average power signal P,y.. The processes in the step
5104 correspond to the processes performed in the
current detector 66, the voltage detector 68, the
subtractor 52, the multiplier 51, the DC wvoltage
control unit 53, and the adder 54.

Next, a current control process is performed in
the step S105. In the step of 8105, current command
value signals 1.4p"", i,4,"° are generated. based on the
average power signal P,y generated in the step S104
and positive-phase-sequence components egp, €4p 0f the
d-axis and g-axis voltage signals, obtained by
positive-negative phase separation in the step S101,
a current control signal is generated by using the

current command value signals i,4,"7, 114,"° and the
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d-axis current signal iy and the g-axis current signal
iq, which are converted and obtained by the dg converter.
The processes of S105 correspond to processes
performed by the constant current command wvalue
generator 41 and the constant current control output
units 42a and 42b.

Next, a4 control correction process is performed
in the step S106. In the step $§106, the input current
control signal generated in the step S105 is added to
the positive-phase-sequence components ejgp, e1qp ©OFf
the d-axis and g-axis voltage signals obtained by
positive-phase and negative-phase separation in the
step $101, the output signals vap °, Vgqp ° expressed in
the formula (42) and formula (43) are generated, and
two-phase output signals vap °, V'~ are converted into
the three-phase control signals Viap., Viep. Viep. The
phase voltage signals €jan, €ibnr S1en ACqguired in the
step S101 are added to the zero-phase voltage signal
€10, then further added to the control signals Viap:, Vivp.
Viep, thereby generating the gate control signals.

Then, triangle wave signals are generated, and
by comparing the triangle wave signals with the gate
control signals, thereby generating gate pulse signals.
Subsequently, the gate pulse signals are outputted to
each gate of the semiconductor switching elements of
the three-phase PWM circuit 200a in the three-phase
converter 200 via the I/0 unit 24.

The processes in the step S106 correspond to the

88



10

15

20

25

processes performed in the adder 30, the dg-axis
converter 83, the constant current control output
units 42a, 42b, the dg-axis converter 84, and the
three-phase PWM control pulse signal generator 200Db.

In the step of S107, it is determined whether or
not the power conversion control process and the
unbalanced voltage compensation process are
terminated. If those processes are not terminated,
they are continued after returning to the step S101,
and if it is determined to terminate the processes,
those power conversion control process and the
unbalanced voltage compensation process are
terminated.

In the configuration for allowing the program to
activate the CPU, similar to the case of the circuit
configuration, it is possible to implement the
functions of the unbalanced voltage compensation and
the power conversion.

Subsequently, with reference to FIG. 10 to FIG.
15, an explanation will be made regarding eXxperimental
examples of the unbalanced voltage compensation
according to the present invention. FIG. 10 to FIG.
15 illustrate measurement data, which is obtained when
the three-phase converter is controlled by the
unbalanced voltage compensator according to the
configuration example as shown in FIG. 7.

Measurement is performed under the condition that

the three-phase rated 1line voltage is 200 V, the
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three-phase rated line current is 17.5 A, the carrier
frequency is 18.5 kHz, the DC link veoltage (output
voltage) is 380 V, the DC link capacity is 1,200 nF,
the transmission liane inductance is 300 pH, and the
load resistance is 25 0. Then, from the state where
the three-~phase rated line voltage is 200 V and the
three-phase rated line current is 17.5 A, the voltage
is suddenly dropped to the unbalanced voltage and then
recovered. Under this condition, an influence is
compared between the case where the unbalance in
voltage is compensated for and the case there is no
compensation. Here, the influence is represented by
the £luctuations in the output voltage Vi and the input
current i,, iy, i., which are caused by the three-phase
unbalanced voltages generated by the instantaneous
voltage drop, or the like. According to the results
of the experiments, it is possible to check the
effectiveness of the unbalanced voltage compensation
control.

FIG. 10 shows characteristics in the case where
the input phase voltage e;, suddenly dropped to 50%,
and thereafter it was resumed to 100%. FIG. 10A
illustrates the case where the unbalanced voltage
compensation was not performed: and FIG. 10B
illustrates the case where the unbalanced voltage
compensation according to the present invention was
performed. In the case where the unbalanced voltage

compensation was performed, the output voltage Vae was
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kept constant, and there was shown a favorable
performance.

FIG. 11 and FIG. 12 are enlarged views of FIG,.
10, and FIG. 11 illustrates the case where the input
Phase voltage e;, suddenly dropped from 100% to 50%;
and FIG. 12 illustrates the case where the input phase
voltage e;, recovered from 50% to 100%. PFPIG. 11A and
FIG. 12A illustrate the case where the unbalanced
voltage compensation was not performed; and FIG. 11A
and FIG. 12B illustrate the case where the unbalanced
voltage compensation according to the present
invention was performed. It is possible to read £rom
the figures that the input current i,, i,., i. made a
high-speed response from the sudden change point.

FIG. 13 illustrates a comparison of
characteristics, when the input Phase voltage e, of
the three-phase AC power source 100 shown in FIG. 7
was dropped by 50%. FIG. 13A illustrates the input
voltages, FIG. 13B illustrates the case where the
unbalanced voltage compensation was not performed, and
FIG. 13C i1llustrates the case where the unbalanced
voltage compensation according to the present
invention was performed.

As shown in FIG. 13B, when the unbalanced voltage
compensation was not performed, it is found that there
were a large unbalance in amplitude of input current
and displacement of phase angle. On the other hand,

as shown in FIG., 13C, it is found that an effect from
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the compensation cohtrol by performing the unbalanced
voltage compensation of the present invention brought
about a favorable balance both in amplitude of the
input current and the phase angle.

FIG. 14 illustrates the case that the input phase
voltage e, from the three-phase AC power source 100
of FIG, 7 was dxopped by 100% and reached zero voltage.
FIG. 14A illustrates the input voltages, FIG. 14B
illustrates the case where the unbalanced voltage
compensation was not performed, and FIG. 14C
illustrates the case where the unbalanced voltage
compensation according to the present invention was
performed.

The result of FIG. 14C shows that according to
the unbalanced voltage compensation of the present
invention, when the voltage sag occurred due to earth
fault, that is, even when the input phase voltage &,
of the three-phase AC power source 100 of FIG. 7 was
dropped by 100% and reached the zero voltage, it is
possible to keep the amplitude and the phase angle of
the input current i., ip, i. to be nearly balanced in
three phases.

FIG. 15 illustrates an input phase voltage drop
rate and an input current balanced rate. According
to FIG. 15, in the case where the unbalanced voltage
compensation was not performed (triangle marks in the
figure), when the input phase voltage drop rate was

20%, the input current balanced rate was 67.9%. On
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the other hand, in the case where the unbalanced
voltage compensation of the present invention was
performed, favorable characteristics were shown as the
following; when the input phase voltage drop rate was
20%, the input current balanced rate was 94.5%, and
the input current balanced rate was kept in the range
from 97.9% to 83.3% across the overall input phase
voltage drop rate, from 0% to 100%.

The results above have been obtained by the
experiment conducted by applying the unbalanced
voltage compensation of the present invention to a
representative 5kW RF (Radio Freguency) generator,
whichjj;usedassemiconductormanufacturingequipment,
liquid crystal manufacturing equipment, or the like,
and it is possible to achieve the performance which
satisfiesthevoltagesagstandard(SEMIF47—0200)(l)
required:ulthesemiconductormanufacturingequipment
or the like.

By way of example, the maximum voltage drop rate
and duration at the voltage sag, as défined in the
voltage sag standard (SEMI F47-0200) {1): Percent of
nominal voltage and duration of voltage sag in seconds
are 50% and 0.2 seconds. As shown in the experimental
result of FIG. 10 in association with this standard,
when the experiment was conducted with the maximum
voltage drop rate of 50% and the duration of 1 second
in the event of voltage sag, the voltage reduction was

able to be improved drastically by performing the

93



10

15

20

25

voltage sag compensation according to the unbalanced
voltage compensation of the present invention, though
the voltage drop time in the measurement data was
extended 5 times longer than the standard value (= 1
second/0.2 seconds).

As described above, according to the unbalanced
voltage compensation of the present invention, it is
possible to compensate for the instantaneous voltage
drop, and even at the time of instantaneous voltage
drop of the input voltage, power is supplied stably
to the DC load. Therefore, compared to the
configuration of the instantaneous wvoltage drep
compensation which utilizes a storage device such as
a capacitor and a storage battery, it is possible to
achieve a configuration for performing the
instantaneous veoltage drop compensation, being
smallexr in size, longer in l1life, and lower in cost.
In addition, since the storage device method such as
a capacitor and a storage batterv is not employved, it
is easy to do maintenance for the configuration of the
instantaneous voltage drop ccompensation.
Furthermore, since the power factor can be improved,
a higher harmonic wave can be suppressed by the power
factor improvement.

According to the unbalanced voltage compensation
of the present invention, in particular when the PFC
control is employed, there are advantages including

the followings; there is l1ittle need of new plant and
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equipment spending, the size is drastically reduced
by eliminating the storage device unit, and periodical
maintenance of capacitor unit can be eliminated.

In addition, according to the unbalanced voltage
compensation, even when there occurs an extreme
voltage sag, i.e., in the event of nearly earth fault,
it is possible to perform the unbalance compensation
control as far as an active phase remains as a energy
source.

The constant current command wvalue generator
generates current command value signals, from the
positive-phase-sequence components of the d-axis and
gd-axis voltage signals based on the AC input voltages
and the DC voltage control signal based on the DC output
voltage, thereby enabling a quick response by the input
current command signal against the fluctuations of the
AC input voltages, and excessive fluctuations of the
DC output voltage can be suppressed.

On the output side, the current detector, the
voltage detector, and the adder detect a DC output
power signal, and the adder adds the DC output power
signal to the DC voltage control signal, whereby the
average power operation unit allows a quick response
against the load amount fluctuations of the DC load
which outputs the DC output power, and suppresses the
excessive fluctuations of the DC output voltage.

| The synchronous signal generator generates a

synchronous signal, and each of the dg-axis converters
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performs the conversion according to the syanchronous

n

signal "s”, f£from three-phase to two-phase or from
two-phase to three-phase, thereby constantly keeping
the power factor to 1, regardless of whether the AC
input voltages are balanced or unbalanced,

In addition, the centroid vector operation unit
of the present invention detecits the line voltage
signals of the AC input voltages and converts the
signals to phase voltages, and therefore, it is
possible to compensate for the instantaneous wvoltage
drop at every measurement point of time, regardless
of whether the AC system of the three-phase AC power
source is three-phase three-wire sysitem, or three-
phase four-wire system.

It should be understood that disclosed
embodiments and the descriptions of the modification
examples are Just examples of the instantaneous
voltage drop compensator, the instantaneous voltage
drop compensation method, and the instantaneous
voltage drop compensation program, and the present
inventicn is not limited to those embodiments, and it
is susceptible of changes and modifications without
departing from the scope of the invention. Therefore,
such modifications fall within the ambit of the present
invention.

The present invention can be applied to a facility
which requires a stable power supply being small in

voltage fluctuations on the lcad side, such as
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semiconductor manufacturing eguipment, in

rarticular.
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What is claimed is:

1. An unbalanced voltage compensation method in power
conversion for subjecting three-phase AC voltages to PWM
conversion and outputtiﬁg DC voltage, comprising,

a centroid vector operation step for obtaining Y-phase
voltages which are 120° out of phase with each other, from line
voltages of the three-phase AC voltages,

a symmetrical component calculation step for calculating
symmetricalcomponentvoltagesofeathree—phasebalancedsystem,
from the Y-phase voltages that are obtained by the centroid
vector operation step, and

an unbalanced voltage compensation step for forming a
compensation signal for compensating for unbalanced voltages
of three-phase AC voltages, and subjecting the three-phase AC
voltages to the PWM conversion to generate a control signal for
outputting the DC voltage, wherein,

the centroid vector operation step performs a vector
operation as to all combinations of two line voltages which are
selected from the line voltages, obtains centroid vector
voltages which are directed to respective terminal voltages
from a terminal-voltage centroid according to the vector
operation, and renders the vector voltages respectively as the
Y-phase voltages which are 120° out of phase with each cther,
and

the unbalanced voltage compensation step generates the
compensation signal for compensating for the unbalanced
voltages of the three-phase AC voltages based on a zero-phase-
sequence voltage of the symmetrical component voltages which

are obtained in the symmetrical component calculation step,
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obtains Y-phase voltages based on the symmetrical component
voltages and the compensation signal, the Y-phase voltages

being 120° out of phase with each other as to which the unbalanced
voltages have been compensated for, and subjects the three-
phase AC voltages to the PWM conversion based on the Y-phase
voltages to generate the control signal for outputting the DC

voltage.

2. The unbalanced voltage compensation method accoxrding to
claim 1, wherein,

the symmetrical component calculation step subjects each
of the Y-phase voltages obtained in the centroid vector
operation step to dg-axis conversion to calculate a d-axis
voltage signal and a g-axis voltage signal, subjects the d-axis
voltage signal and the g-axis voltage signal being calculated
to frequency separation, obtains a positive-phase-sequence
voltage from a DC component, and calculates a negative-phase-

sequence voltage from an AC component.

3. The unbalanced voltage compensation method according to
either of claim 1 and claim 2, wherein,

the symmetrical component calculation step calculates
the zero-phase-sequence voltage according to amplitude
calculatedfromtjuanegative—phase—sequencevoltageandeaphase
calculated from the positive-phase-sequence voltage and the

negative-phase-sequence voltage.

4. The unbalanced voltage compensation method according to
any one of claim 1 to claim 3, wherein,

actualn@asurementvaluesofthelinevoltagescorrespond
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one-to-one with the control signal, and one control signal is
generated based on the actual measurement values of the line

voltages at one measurement point of time.

5. The unbalanced voltage compensator in power conversion
for subjecting three~phase AC voltages to PWM conversion and
outputting DC voltage, comprising,

a centroid vector operation unit for obtaining Y-phase
voltages which are 120° out of phase with each other, from line
voltages of the three-phase AC voltages,

a symmetrical component calculation unit for calculating
symmetricalcomponentvoltagesofzathreerhasebalancedsystem,
from the Y-phase voltages that are obtained by the centroid
vector operation unit, and

an unbalanced voltage compensation unit for forming a
compensation signal for compensating for unbalanced voltages
of three-phase AC voltages, and subjecting the three-phase AC
voltages to the PWM conversion to generate a control signal for
outputting the DC voltage, wherein,

the centroid vector operation unit performs a vector
operation as to all combinations of two line voltages which are
selected from the line voltages, obtains centroid vector
voltages which are directed to respective terminal voltages
from a terminal-voltage centroid, and renders the vector
voltages respectively as the Y-phase voltages which are 120°
out of phase with each other, thereafter outputting the voltages,
and

the unbalanced voltage compensation unit generates and
cutputs the compensation signal for compensating for the
unbalanced voltages of the three-phase AC voltages based on the
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zero-phase-sequence voltage of the symmetrical component
voltages which are obtained in the symmetrical component
calculation unit, obtains the Y-phase voltages based on the
symmetricalcomponentvoltagesandthecompensationsignal,the
Y-phase voltages being 120° out of phase with each other as
to which the unbalanced voltages have been compensated for, and
subjects the three-phase AC voltages to the PWM conversion based
on the Y-phase voltages to generate the control signal for

outputting the DC voltage.

6. The unbalanced voltage compensator according to claim 53,
wherein,

the symmetrical component calculation unit subjects each
of the Y-phase voltages obtained in the centroid vector
operation unit to dg-axis conversion to calculate a d-axis
voltage signal and a g-axis voltage signal, subjects the d-axis
voltage signal and the g~axis voltage signal being calculated
to frequency separation, obtains a positive-phase-sequence
voltage from a DC component, calculates a negative-phase-
sequencevoltagefromanzuicomponent,andoutputsthepositive—
phase-sequence voltage and the negative-phase-sequence

voltage to the unbalanced voltage compensation unit.

7. The unbalanced voltage compensator according to either
of claim 5 and claim 6, wherein,

the symmetrical component calculation unit calculates
the zero-phase-sequence voltage according to amplitude
calculated fromthe negative-phase-sequence voltage and a phase
calculated from the positive-phase-sequence voiltage and the

negative-phase-sequence voltage, and outputs the zero-phase-
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Sequence voltage to the unbalanced voltage compensation unit.

8. The unbalanced voltage compensator according to any one
of claim 5 and claim 7, wherein,

the unbalanced voltage compensation unit generates one
control signal with respect to actual measurement values of the

line voltages at one measurement point of time.

9. A three-phase converter control method, the converter
subjecting three-phase AC voltages to PWM conversion and
outputting DC voltage, comprising,

a centroid vector operation step for obtaining from line
voltages, Y-phase voltages which are 120° out of phase with each
other,

a symmetrical component calculation step for calculating
symmetricalcomponentvoltagescﬂfathree—phasebalancedsystem,
from the Y-phase voltages that are obtained by the centroid
vector operation step, and

an unbalanced voltage compensation step for forming a
compensation signal for compensating for unbalanced voltages
of three-phase AC voltages, and subjecting the three-phase AC
voltages to the PWM conversion to generate a control signal for
outputting the DC voltage, wherein,

the centroid vector operation step performs a vector
operation as to all combinations of two line voltages which are
selected from the line voltages, obtains centroid vector
voltages which are directed to respective terminal voltages
from a terminal-voltage centroid according to the vector
operation, and renders the vector voltages respectively as the

Y-phase voltages which are 120° out of phase with each other,
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the unbalanced voltage compensation step generates the
compensation signal for compensating for the unbalanced
voltages of the three-phase AC voltages based on a zero-phase-
sequence voltage of the symmetrical component voltages which
are obtained in the symmetrical component calculation step,
obtains Y-phase voltages based on the symmetrical component
voltages and the compensation signal, the Y-phase voltages
being 120° out of phase with each other as to which the unbalanced
voltages have been compensated for, subjects the three-phase
AC voltages to the PWM conversion based on the Y-phase voltages
to generate the control signal for outputting the DC voltage,
and

the control signal generated in the unbalanced voltage
compensation step controls a switching operation of the
three-phase converter to subject the three-phase AC voltages

to the PWM conversion and output the DC voltage.

10. The three-phase converter control method according to
claim 9, wherein,

the symmetrical component calculation step subjects each
of the Y-phase voltages obtained in the centroid vector
operation step to dg-axis conversion to calculate a d-axis
voltage signal and a g~axis voltage signal, subjects the d-axis
voltage signal and the g-axis voltage signal being calculated
to freguency separation, obtains a positive-phase-sequence
voltage from a DC component, and calculates a negative-phase-

sequence voltage from an AC component.

11. The three-phase converter control method according to

either of claim 9 and claim 190, wherein,
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the symmetrical component calculation step calculates
the zero-phase-sequence voltage according to amplitude
calculatajfrmnthenegative—phase—sequencevoltageandjiphase
calculated from the positive-phase-seguence voltage. and the

negative-phase-sequence voltage.

12. Thethree—phaseconvertercontrolnethodaccordingtoany
one of claim 9 to claim 11, wherein,

actual measurement values of the line voltages correspond
one-to-one with the control signal, and one control signal is
generated based on the actual measurement values of the line

voltages at one measurement point of time.

13. A controller of a three-phase converter for subjecting
three-phase AC voltages to PWM conversion and outputting DC
voltage, comprising,

a centroid vector operation unit for obtaining from line
voltages, Y-phase voltages which are 120° out of phase with each
other,

a symmetrical component calculation unit for calculating
symmetricalcomponentvoltagesofeathree—phasebalancedsystem,
from the Y-phase voltages that are obtained by the centroid
vector operation unit, and

an unbalanced voltage compensation unit for forming a
compensation signal for compensating for unbalanced voltages
of three-phase AC voltages, and subjecting the three-phase AC
voltages to the PWM conversion to generate a control signal for
outputting the DC wvoltage, wherein,

the centroid vector operation unit performs a vector

operation as to all combinations of two line voltages which are
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selected from the line voltages, obtains centroid vector
voltages which are directed to respective terminal voltages
from a terminal-voltage centroid according to the vector
operation, and renders the vector voltages respectively as the
Y-phase voltages which are 120° out of phase with each other,

the unbalanced voltage compensation unit generates the
compensation signal for compensating for the unbalanced
voltages of the three-phase AC voltages based on a zero-phase-
sequence voltage of the symmetrical component voltages which
are obtained in the symmetrical component calculation unit,
obtains Y-phase voltages based on the symmetrical component
voltages and the compensation signal, the Y-phase voltages
being 120° out of phase with each other as to which the unbalanced
voltages have been compensated for, subjects the three-phase
AC voltages to the PWM conversion based on the Y-phase voltages
to generate the control signal for outputting the DC voltage,
and

the contrel signal generated in the unbalanced voltage
compensation unit controls a switching operation of the three-
phase converter to subject the three-phase AC voltages to the

PWM conversion and output the DC voltage.

14, The controller of the three-phase converter according to
claim 13, wherein,

the symmetrical component calculation unit subjects each
of the Y-phase voltages obtained in the centroid vector
operation unit to dg-axis conversion to calculate a d-axis
voltage signal and a g-axis voltage signal, subjects the d-axis
voltage signal and the g-axis voltage signal being calculated

to frequency separation, obtains a positive-phase-sequence
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voltage from a DC component, calculates a negative-phase-
sequencevoltagefromanEchomponent,andoutputsthepositive—
phase-sequence voltage and the negative-phase-sequence

voltage to the unbalanced voltage compensation unit.

15. The controller of the three-phase converter according to
either of claim 13 and claim 14, wherein,

the symmetrical component calculation unit calculates
the zero-phase-sequence voltage according to amplitude
calculatedfromthenegative—phase—sequencevoltageandiaphase
calculated from the positive-phase-sequence voltage and the
negative-phase-sequence voltage, and outputs the zero—-phase-

sequence voltage to the unbalanced voltage compensation unit.

ie. The controller of the three-phase converter according to
any one of claim 13 to claim 15, wherein,

the unbalanced voltage compensation unit generates one
control signal with respect to actual measurement values of the

line voltages at one measurement point of time.

17. An unbalanced voltage compensation program for allowing
a computer to execute each step of an unbalanced voltage
compensation method in power conversion for subjecting three-
phase AC voltages to PWM conversion and outputting DC voltage,
comprising,

a centroid vector operation step for obtaining from line
voltages,Y—phasevoltageswhichare120°(nn:ofphasewitheach
other,

a symmetrical component calculation step for calculating

symmetricalcomponentvoltagesofeathree~phasebalancedsystem,
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from the Y-phase voltages that are obtained by the centroid
vector operation step, and

an unbalanced voltage compensation step for forming a
compensation signal for compensating for unbalanced voltages
of three-phase AC voltages, and subjecting the three-phase AC
voltages to the PWM conversion to generate alcoﬁtrol signal for
outputting the DC voltage, wherein,

the centroid vector operation step performs a vector
operation as to all combinations of two line voltages which are
selected from the line voltages, obtains centroid vector
voltages which are directed to respective terminal voltages
from a terminal-voltage centroid according to the vector
operation, and renders the vector voltages respectively as the
Y-phase voltages which are 120° out of phase with each other,
and

the unbalanced voltage compensation step generates the
compensation signal for compensating for the unbalanced
voltages of the three-phase AC voltages based on a zero-phase-
sequence voltage of the symmetrical component voltages which
are obtained in the symmetrical component calculation step,
obtains Y-phase voltages based on the symmetrical component
voltages and the compensation signal, the Y-phase voltages
being 120° out of phase with each other as to which the unbalanced
voltages have been compensated for, and subjects the three-
phase AC voltages to the PWM conversion based on the Y-phase
voltages to generate the control signal for outputting the DC

voltage.

18. The unbalanced voltage compensation program according to
claim 17, wherein,
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the symmetrical component calculation step subjects each
of the Y-phase voltages obtained in the centroid vector
operation step to dg-axis conversion to calculate a d-axis
voltage signal and a g-axis voltage signal, subjects the d-axis
voltage signal and the g-axis voltage signal being calculated
to frequency separation, obtains a positive-phase-sequence
voltage from a DC component, and calculates a negative-phase-

sequence voltage from an AC component.

19. The unbalanced voltage compensation program according to
either of claim 17 and claim 18, wherein,

the symmetrical component calculation step calculates
the zero-phase-sequence voltage according to amplitude
calculated from the negative-phase-sequence voltage and a phase
calculated from the positive-phase-sequence voltage and the

negative-phase-sequence voltage.

20. The unbalanced voltage compensation program according to
either of claim 17 and claim 19, wherein,

actual measurement values of the 1line voltages correspond
one-to-one with the control signal, and one control signal is
generated based on the actual measurement values of the line

voltages at one measurement point of time.
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