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DESCRIPTION

BACKGROUND OF THE INVENTION

1. Field of the Invention:

[0001] The present invention relates to signal processors, filters, and control circuits for
controlling output or input of power converter circuits. The present invention also relates to
interconnection inverter systems and PWM converter systems using the control circuits.

2. Description of the Related Art:

[0002] Interconnection inverter systems convert DC (direct current) power which is generated
by solar cells for example, to AC (alternate current) power for supply to electrical power
systems. (See JP-A-2009-44897, for example.)

[0003] Fig. 36 is a block diagram for describing a conventional interconnection inverter
system.

[0004] The interconnection inverter system A100 converts power generated by a DC power
source 1 for supply to a three-phase electrical power system B. Hereinafter, the three phases
will be called phase U, phase V and phase W.

[0005] An inverter circuit 2 receives a DC voltage from the DC power source 1, and converts
the DC voltage into an AC voltage by way of switching operation of switching elements. A filter
circuit 3 removes switching frequency components contained in the AC voltage outputted from
the inverter circuit 2. A voltage transformer circuit 4 increases (or decreases) the AC voltage
from the filter circuit 3 to a system voltage of the electrical power system B. A control circuit 7
receives an electric current signal detected by a current sensor 5 and a voltage signal detected
by a voltage sensor 6 as inputs, generates PWM signals based on these, and outputs the
PWM signals to the inverter circuit 2. The inverter circuit 2 performs switching operation of the
switching elements based on the PWM signals from the control circuit 7.

[0006] Fig. 37 is a block diagram for describing an internal configuration of the control circuit
7.

[0007] Electrical current signals of respective phases inputted from the current sensor 5 are
then inputted to a three-phase to two-phase converter 73.

[0008] The three-phase to two-phase converter 73 performs so called three-phase to two-
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phase conversion (alpha-beta conversion). The three-phase to two-phase conversion is a
process in which three-phase AC signals are converted into equivalent two-phase AC signals,
by first decomposing the three-phase AC signal components into two kinds of components in
an orthogonal coordinate system (hereinafter called fixed coordinate system) composed of a
mutually perpendicular two axis called alpha axis and beta axis; and then by adding these
components for each of the axes. Thus, the original signal is converted into an AC signal on
the alpha axis and an AC signal on the beta axis. Thus, the three-phase to two-phase
converter 73 converts the three electric current signals lu, lv, lw inputted thereto, to an alpha
axis current signal la and a beta axis current signal I3, and then outputs these signals to a
fixed-to-rotating coordinate converter 78.

[0009] The conversion process performed in the three-phase to two-phase converter 73 is
represented by a formula shown below as Equation (1).

1 LS

lee) _ |2 2 20l
M—ﬁ NCRNY:] I
2 7 L

[0010] The fixed-to-rotating coordinate converter 78 performs so called fixed-to-rotating
coordinate conversion (dq conversion). The fixed-to-rotating coordinate conversion converts
two-phase signals in the fixed coordinate system into two-phase signals in a rotating
coordinate system. The rotating coordinate system is an orthogonal coordinate system
composed of d axis and q axis which are perpendicular to each other, and rotating in the same
direction and at the same angular velocity as of a fundamental wave of the system voltage in
the electrical power system B. The fixed-to-rotating coordinate converter 78 converts alpha
axis current signals la and beta axis current signals If in the fixed coordinate system which are
inputted from the three-phase to two-phase converter 73 into d axis current signals Id and q
axis current signals Iq in the rotating coordinate system based on a phase 6 of the
fundamental wave of the system voltage detected by a phase detector 71, and then outputs
the converted signals.

[0011] The conversion process performed in the fixed-to-rotating coordinate converter 78 is
represented by a formula shown below as Equation (2).

Id B cos@ sinf || Ia @
Ig| |-sin@ cosd| 1B

[0012] An LPF 74a and an LFP 75a are low-pass filters, allowing only DC components in the d
axis current signals Id and in the q axis current signals Iq to pass through, respectively. The
fixed-to-rotating coordinate conversion converts fundamental wave components in the alpha
axis current signal la and the beta axis current signal I into DC components of the d axis
current signal Id and q axis current signal Iq respectively. APl controller 74b and a Pl controller
75b each perform PI (proportional-integral) control based on the DC component values in the d
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axis current signals Id and the q axis current signals Iq and deviations from their respective
target values, and then output correction value signals Xd, Xq. Since DC components can be
used as the target values, the PI controller 74b and the Pl controller 75b are capable of
providing highly accurate control.

[0013] A rotating-to-fixed coordinate converter 79 converts the correction value signals Xd,
Xq, which are inputted from the PI controller 74b and the PI controller 75b respectively, into two
correction value signals Xa, XB in the fixed coordinate system. In other words, it performs a
reverse conversion process of the process performed by the fixed-to-rotating coordinate
converter 78. The rotating-to-fixed coordinate converter 79 performs so called rotating-to-fixed
coordinate conversion (reverse dq conversion), i.e., conversion of the correction value signals
Xd, Xq in the rotating coordinate system into correction value signals Xa, XB in the fixed
coordinate system based on the phase 6.

[0014] The conversion process performed in the rotating-to-fixed coordinate converter 79 is
represented by a formula shown below as Equation (3).

X | cosf —sind || Xd ()
XB| |sin@ cos@ | Xg|

[0015] A two-phase to three-phase converter 76 converts the correction value signals Xa, X@3
which from the rotating-to-fixed coordinate converter 79 into three correction value signals Xu,
Xv, Xw. The two-phase to three-phase converter 76 performs so called two-phase to three-
phase conversion process (reverse alpha-beta conversion), i.e., an inverse conversion process
of the process performed by the three-phase to two-phase converter 73.

[0016] The conversion process performed in the two-phase to three-phase converter 76 is
represented by a formula shown below as Equation (4).

1 0
Xu _
2l 1 B[4
XV =, |—] == —_— ...(4)
31 2 2 X3
Xw 1 \/g -
2 2|

[0017] A PWM signal generator 77 generates PWM signals based on the correction value
signals Xu, Xv, Xw from the two-phase to three-phase converter 76, and outputs the generated
signals.

[0018] A problem, however, is that designing the control system of the control circuit 7
requires tremendous work. Recent interconnection inverter systems must satisfy requirements
for very quick response in its control operation, such as restoring its output within a
predetermined amount of time upon momentary voltage drop. In order to design the control
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system so as to satisfy such requirements as the above, the LPF 74a and the LFP 75a must
be given optimal parameters, and the Pl controller 74b and the PI controller 75b must be
designed to have optimized proportional and integral gains. However, since the fixed-to-
rotating coordinate converter 78 and the rotating-to-fixed coordinate converter 79 perform
nonlinear time-varying processes, it was not possible to design the control system by using a
linear control theory. Further, system analysis was not possible, either, since the control system
includes nonlinear time-varying processing.

[0019] CN 101252336 discloses a permanent magnetism synchronous electric machine and a
compressor system high speed operation control method.

SUMMARY OF THE INVENTION

[0020] The present invention has been proposed under the above-described circumstances,
and it is therefore an object of the present invention to provide a signal processor configured to
perform a process which is equivalent to performing a set of the fixed-to-rotating coordinate
conversion, a predetermined process and the rotating-to-fixed coordinate conversion, while
maintaining linearity and time-invariance in the process.

[0021] A first aspect of the present invention provides a signal processor which generates an
output signal by performing signal processing to an input signal by a first transfer function. The
first transfer function is expressed by

F(s+ jw,)+ F(s- jw
where F(s) represents a transfer function expressing a predetermined process, wg represents

a predetermined angular frequency, and j represents the imaginary unit.

[0022] A second aspect of the present invention provides a control circuit for controlling
operation of a plurality of switching units inside a power converter circuit by a PWM signal. The
control circuit includes the signal processor according to the first aspect of the present
invention; and a PWM signal generator which generates a PWM signal based on an output
signal from the signal processor obtained by a signal input thereto of a signal based on an
output from or an input to the power converter circuit.

[0023] According to a preferred embodiment of the present invention, the control circuit
further includes a two-phase conversion unit which converts a signal based on an output from
or an input to the power converter circuit into a first signal and a second signal. With this
arrangement, the PWM signal generator generates a PWM signal based on an output signal
obtained from an input of the first signal to the signal processor and an output signal obtained
from an input of the second signal to the signal processor.

[0024] According to a preferred embodiment of the present invention, the power converter
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circuit relates to a three-phase alternate current, and the two-phase conversion unit converts a
signal based on a three-phase output from or three-phase input to the power converter circuit
into the first signal and the second signal.

[0025] According to a preferred embodiment of the present invention, the power converter
circuit relates to a single-phase alternate current. With this arrangement, the two-phase
conversion unit generates a signal based on a single-phase output from or three-phase input
to the power converter circuit as the first signal, and a signal with a 90-degree phase delay
from the first signal as the second signal.

[0026] According to a preferred embodiment of the present invention, the signal processor is
supplied with deviation signals of the first signal and the second signal from their respective
target values in place of the first signals and the second signal.

[0027] According to a preferred embodiment of the present invention, the above-described
"signal based on..." is provided by a deviation of said output from or said input to the power
converter circuit from their respective target value.

[0028] According to a preferred embodiment of the present invention, the predetermined
angular frequency wq is substituted for an angular frequency nwqg provided by multiplying the

angular frequency wg by a natural number n.

[0029] According to a preferred embodiment of the present invention, the control circuit
further includes a divergence determination unit for determination of a divergent tendency
found in control, based on an output signal from the signal processor; and a stopping unit for
stopping an output of the output signal upon determination of presence of the divergent
tendency by the divergence determination unit.

[0030] According to a preferred embodiment of the present invention, the control circuit
further includes a divergence determination unit for determination of a divergent tendency
found in control, based on an output signal from the signal processor; and a phase change unit
for changing a phase of the output signal upon determination of presence of the divergent
tendency by the divergence determination unit.

[0031] According to a preferred embodiment of the present invention, the divergence
determination unit determines the presence of the divergent tendency in the control by a value
of the output signal surpassing a predetermined threshold value.

[0032] According to a preferred embodiment of the present invention, the predetermined
process is given by a transfer function expressed as F(s)=K/s, where K| represents an integral

gain.

[0033] According to a preferred embodiment of the present invention, the predetermined
process is given by a transfer function expressed as F(s)=Kp+Ky/s, where Kp and K, represent
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a proportional gain and an integral gain respectively.

[0034] According to a preferred embodiment of the present invention, the above-described
"signal based on..." is provided by a signal obtained by detection of an output current or an
input current.

[0035] According to a preferred embodiment of the present invention, the above-described
"signal based on..." is provided by a signal obtained by detection of an output voltage or an
input voltage.

[0036] According to a preferred embodiment of the present invention, a Hoo loop shaping
method is utilized in designing a control system.

[0037] According to a preferred embodiment of the present invention, the power converter
circuit is provided by an inverter circuit which generates AC power to be supplied to an
electrical power system, and the predetermined angular frequency wq is provided by an
angular frequency of a fundamental wave in the electrical power system. A third aspect of the
present invention provides an interconnection inverter system which includes the control circuit
according to said preferred embodiment and an inverter circuit.

[0038] According to a preferred embodiment of the present invention, the power converter
circuit is provided by an inverter circuit for driving a motor, and the predetermined angular
frequency wgq is provided accordingly to a rotating speed of the motor.

[0039] According to a preferred embodiment of the present invention, the power converter
circuit is provided by a converter circuit for conversion of AC power supplied from an electrical
power system into DC power, and the predetermined angular frequency wyg is provided by an
angular frequency of a fundamental wave in the electrical power system. A fourth aspect of the
present invention provides a PWM converter system which includes the control circuit
according to said preferred embodiment and a converter circuit.

[0040] A fifth aspect of the present invention provides a filter, which includes the signal
processor according to the first aspect of the present invention. With this arrangement, the
predetermined process is given by a transfer function expressed as F(s)=1/(T-s+1), where T
represents a time constant.

[0041] An sixth aspect of the present invention provides a filter which includes the signal
processor according to the first aspect of the present invention. With this arrangement, the
predetermined process is given by a transfer function expressed as F(s) =T-s/(T-s+1), where T
represents a time constant.

[0042] A seventh aspect of the present invention provides a phase detector which detects a
phase of a fundamental wave component in an AC signal. The phase detector includes the
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filter according to the fifth aspect or the sixth aspect of the present invention, and the
predetermined angular frequency wgq is provided by an angular frequency of a in a

fundamental wave component the AC signal.

[0043] Other characteristics and advantages of the present invention will become clearer from
the following detailed description to be made with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0044]

Fig. 1 is a block diagram for describing a method of converting a process involving fixed-to-
rotating and rotating-to-fixed coordinate conversions into a linear time-invariant process.

Fig. 2 is a block diagram, presented by way of matrix, for describing a method of converting a
process which involves fixed-to-rotating coordinate conversion and rotating-to-fixed coordinate
conversion into a linear time-invariant process.

Fig. 3 is a block diagram for describing a matrix calculation.

Fig. 4 is a block diagram of a process in which fixed-to-rotating coordinate conversion is
followed by PI control and then by rotating-to-fixed coordinate conversion.

Fig. 5 is a block diagram of a process in which fixed-to-rotating coordinate conversion is
followed by | control and then by rotating-to-fixed coordinate conversion.

Fig. 6 is a block diagram for describing an interconnection inverter system according to a first
embodiment.

Fig. 7 is a Bode diagram for analyzing transfer functions as elements of a matrix G;.

Fig. 8 is a diagram for describing a positive phase sequence component signal and a negative
phase sequence component signal.

Fig. 9 is a block diagram for describing a control circuit according to a second embodiment.

Fig. 10 is a diagram for describing a result of a simulation conducted with the second
embodiment.

Fig. 11 is a block diagram for describing a control circuit according to a third embodiment.
Fig. 12 is a Bode diagram for analyzing transfer functions as elements of a matrix Gp.
Fig. 13 is a block diagram for describing a control circuit according to a fourth embodiment.

Fig. 14 is a block diagram for describing a control circuit according to a fifth embodiment.
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Fig. 15 is a block diagram for describing a three-phase PWM converter system according to a
sixth embodiment.

Fig. 16 is a block diagram for describing an interconnection inverter system according to a
seventh embodiment.

Fig. 17 is a diagram for describing a result of a simulation conducted with an eighth
embodiment.

Fig. 18 is a diagram for describing a result of an experiment conducted with the eighth
embodiment.

Fig. 19 is a table for describing a result of an experiment conducted with the eighth
embodiment.

Fig. 20 is a block diagram for describing a control circuit according to a ninth embodiment.
Fig. 21 is a Bode diagram showing a transfer function before and after interconnection.

Fig. 22 is a diagram for describing a harmonic compensation controller according to a tenth
embodiment.

Fig. 23 is a diagram for describing another example of the harmonic compensation controller
according to the tenth embodiment.

Fig. 24 is a block diagram for describing a motor driving unit according to an eleventh
embodiment.

Fig. 25 is a block diagram for describing a single-phase interconnection inverter system
according to a twelfth embodiment.

Fig. 26 is a block diagram for describing a single-phase interconnection inverter system
according to a thirteenth embodiment.

Fig. 27 is a block diagram for describing a control circuit according to a fourteenth
embodiment.

Fig. 28 is a block diagram of a process in which fixed-to-rotating coordinate conversion is
followed by low-pass filter process and then by rotating-to-fixed coordinate conversion.

Fig. 29 is a Bode diagram for analyzing transfer functions as elements of a matrix G, pr.

Fig. 30 is a diagram showing a block configuration example of a phase detector according to a
fifteenth embodiment.

Fig. 31 is a block diagram of a process in which fixed-to-rotating coordinate conversion is
followed by a high-pass filtering process and then by rotating-to-fixed coordinate conversion.

Fig. 32 is a Bode diagram for analyzing transfer functions as elements of a matrix GypE.
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Fig. 33 is a block diagram for describing an internal configuration of a fundamental wave
extractor according to a sixteenth embodiment.

Fig. 34 is a diagram showing frequency characteristics of the fundamental wave extractor
according to the sixteenth embodiment.

Fig. 35 is a diagram showing a block configuration of a phase detector according to a
seventeenth embodiment.

Fig. 36 is a block diagram for describing a conventional typical interconnection inverter system.

Fig. 37 is a block diagram for describing an internal configuration of a control circuit.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0045] Embodiments of the present invention will be described below with reference to the
drawings.

[0046] First, description will cover a method of converting a process which involves fixed-to-
rotating coordinate conversion and rotating-to-fixed coordinate conversion into a linear time-
invariant process.

[0047] Fig. 1(a) is a diagram for describing a process involving fixed-to-rotating coordinate
conversion and rotating-to-fixed coordinate conversion operations. In this process, first, signals
a and B are converted into signals d and q by fixed-to-rotating coordinate conversion. The
signals d and q undergo respective processes each represented by a predetermined transfer
function F(s), and are outputted as signals d' and q'. Next, the signals d' and q' are converted
into signals a' and B' by rotating-to-fixed coordinate conversion. A nonlinear time-variant
process in Fig. 1(a) is transformed into a linear time-invariant process using a transfer function
matrix G shown in Fig. 1(b).

[0048] The fixed-to-rotating coordinate conversion in Fig. 1(a) is represented by a formula
expressed by Equation (5) shown below whereas the rotating-to-fixed coordinate conversion is
represented by a formula expressed by Equation (6) shown below.

(d] [ cosd sind|a )
q “|=sinf cos@ ¥

' | cosd —sind [ d’ ©)
B | sing@ cosd | ¢

[0049] Therefore, the process in Fig. 1(a) can be expressed by using matrices as shown in
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Fig. 2(a). Calculating the product of the three matrices in Fig. 2(a), and transforming the
obtained matrix into a linear time-invariant matrix provides a matrix G in Fig. 1(b). In this
process, rotating-to-fixed and fixed-to-rotating coordinate conversion matrices are converted
into products of matrices before performing the calculations.

[0050] The fixed-to-rotating coordinate conversion matrix can be converted into a matrix
product shown on the right side of Equation (7) below.

{ cosd sin@} =T{exp(j¢9) 0 }T‘l---ﬂ)

—sinf cosd 0 exp(—j6)
where, j is the imaginary unit, exp( ) is an exponential of the base of natural logarithm, e, and
11 .
T=|2 2| 7" =[1 _]}
J 1 Lj
2 2

where, T represents an inverse matrix of T.
17 0
T exp(jé) -
0] exp(—j@)

1 1]
13 7 [ewey 0 -
oI 0 exp-j@)y|l j
| 2 2
1 1__
12 2 [ewio) —jexp(.m)]
J o _J|exp(-j6) jexp(-j@)
L2 2.
[ exp(jO) +exp(—j6) —exp(j6)+exp(-jb) j
- 2 2
exp(j@) —exp(~jb) i exp(j @) +exp(~j6)
L 2 2

Here, substituting cosB+jsin® for exp(j6) and cosB-jsin6 for exp(-j8) according to Euler's
formula provides confirmation that:
Texp(j(?) 0 - cosf sinf

0 exp(—jo) —sinfd cosé

[0051] Similarly, the rotating-to-fixed coordinate conversion matrix can be converted into a
matrix product shown on the right side of Equation (8) given below. The central matrix in the
matrix product is a linear time-invariant matrix.

cos@ —sinf exp(—j@) 0 .
. =T )
sinfd  cos@ 0 exp(jf)

where, j is the imaginary unit, exp( ) is an exponential of the base of natural logarithm, e, and
1 1

rfp 2] et
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iy

where T is the inverse matrix of T.
— i@ 0

T exp(—jo) -
0 exp(j&)

|
1

1 17
:E 5 ||exp(=j6) 0 1 -j

LI 0 exp(jO) 1

2 2]

11 ]
|2 2 [exe=j®) —jexp(—je)}

4 _J | exp(jo) jexp(jé)

2 2]

[ exp(—j0) +exp(jO) —exp(—j@) +exp(jd) j
_ 2 2

exp(—j8) —exp(jé) i exp(—j0)+exp(jé)

2 2

Here, substituting cosB+jsin® for exp(j8) and cosB-jsin6 for exp(-j8) according to Euler's
formula provides confirmation that:

T exp(—jé) 0 - cosd —sind
0 exp(jo) “|sin®  cos@

[0052] Matrix G can be calculated as described by Equation (9) below, by using Equations (7)
and (8) above and calculating the product of the three matrices shown in Fig. 2(a).

G- cosd -—-smé|| F{s) O cosd  sind
| sin@  cos@ 0  F(s)|—sin@ coséd

_ exp(—j0) 0 T{F(s) O }T[exp(jé?) 0 }TJ
i 0 exp(jé) | 0  F(s) 0 exp(—jo)
~ o . 1 1

7 exp(—j6) 0 1L —j||F(s) O 9 9 exp(jO) 0 o
.0 exp(UO 1 L 0 F&JJ _J| 0  exp(-j6)

2 2

1 1
Jexp=joy 0 L —;]3F® FF® [exp(je) 0 }T_l
0 exp(j@) 1 J lF(s) —lF(s) 0 exp(—jé)
2 2

exp=j8) 0 TF() 0 Texp(je) 0 ] o
0 exp(j@)|| 0  F(s) 0 exp(—Jj&)

[0053] The elements in the first row and the first column of the three central matrices in
Equation (9) above can be described by a block diagram shown in Fig. 3. The input-output
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characteristics of the block diagram shown in Fig. 3 are calculated as follows:

Yy =exp(=jO)|[ £t - Dexp(jOD)u(r)dr
= [ f(t — T)exp(- j(O(1) - O(T))u(r)dT

where F(s) is a single-input single-output transfer function which has an impulse response f(t).

[0054] If O(t) = wgt, B(1)-6(T) = wgt-wgT = we(t-1) = B(t-1). Therefore, the input-output
characteristic of the block diagram shown in Fig. 3 are equivalent to those of a linear time-
invariant system which has impulse response f(t) exp(-jwgt). Laplace transformation of the
impulse response f(t) exp(-jwgt) provides a transfer function of F(s+jwg). Similarly, the input-

output characteristics of the block diagram shown in Fig. 3 with exp(-j8(t)) and exp(j6(t))
exchanged with each other are the input-output characteristics of a transfer function of F(s-

jwo).

[0055] Therefore, proceeding further with Equation (9) gives the following:

Gz{exp(— j6 0 —‘{F(s) 0 }Fxp(ﬂ) 0 WT_I
0 exp(jO)| 0 F(s)| 0 exp(—/6) |

| F(s+ jo,) 0 e
- 0 F(s— jo,)

1

11
|7 7 [Fs+ e 0 }F —J}
J _JL 0 Fls=jm) |1 Jj
L2 2]
11
|7 3 [ Fstjw) - jF(s+ ja)o)}
B l _i _F(S—jmn) jF(S_j(’)o)
2 2
F(s+ jo )+ F(s- ja,) F(s+ ja,)— F(s— jo,)
2 2j <+(10)
_ F(5+jw0)_F(5_ja)o) F(5+jwo)+F(5_jwo)
2 2

[0056] Hence, the process in Fig. 2(a) can be converted into a process shown in Fig. 2(b).
The process shown in Fig. 2(b) is equivalent to carrying out fixed-to-rotating coordinate
conversion, the operation given by a predetermined transfer function F(s), and then rotating-
to-fixed coordinate conversion. In other words, the system of the above-described process is a
linear time-invariant system.

[0057] Transfer function for the Pl (proportional-integral) control controller can be expressed
as F(s) = Kp+Ky/s, where Kp and K| representing proportional and integral gains respectively.
Therefore, the process shown in Fig. 4, specifically, the transfer function matrix Gp; which
represents a process equivalent to carrying out fixed-to-rotating coordinate conversion, PI
control, and then rotating-to-fixed coordinate conversion can be calculated as Equation (11)
below by using Equation (10) above:
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K
. cos® sin@| Krt—" 0 cosd —sinf
(]PI: K
I

§
—sin@ cosé 0 K, +20 sinf  cosé
)
_(KP+ Ki +KP+ Kl L.(KP—F K, —KP_ K’
2 s+ jo, s—Jjo, 2j s+ j@, § = jw,
_L.(KP—F K, _KP_ K’ ) l(KP_i—L{—{—KP—'—L{
2 s+ jo, §— j@, 2 s+ jo, §— jo,
K+ K5+ K0 -K,,
2 Z 2 2
_ s°+ @, 2 s° +w, ean
Ko, K,s"+Ks+K, o,
s*+ @, $* 4w,

[0058] Similarly, transfer function of the | (integral) controller can be expressed as F(s) = K|/s,
where K| is the integral gain. Therefore, the process shown in Fig. 5, i.e., the transfer function
matrix G; which represents a process equivalent to carrying out fixed-to-rotating coordinate

conversion, | control and then rotating-to-fixed coordinate conversion can be calculated as
Equation (12) below, using Equation (10) above.

M

KI
o _[0050 siné’}_, 0 {cos@ —sme}

—sing cos@] o K, |sin@ cosd
S

VKoK L KK
| 2 st jo, s jw, 2j st+jo, s— jo,
L K K L KK

2j stjo, s—jo, 2 s+jo, s—jo,
[ K  -Ko
|5 te] s+ 12)

K @, K.s

St s+

[0059] Hereinafter, description will be made for a case where a signal processor which
performs the process given by the transfer function matrix G| expressed by Equation (12)

above is used as an electric current controller in a control circuit of an interconnection inverter
system, as a first embodiment of the present invention.

[0060] Fig. 6 is a block diagram for describing an interconnection inverter system according to
the first embodiment.

[0061] As shown in the figure, an interconnection inverter system A includes a DC power
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source 1, an inverter circuit 2, a filter circuit 3, a voltage transformer circuit 4, a current sensor
5, a voltage sensor 6, and a control circuit 7.

[0062] The DC power source 1 is connected to the inverter circuit 2. The inverter circuit 2, the
filter circuit 3, and the voltage transformer circuit 4 are connected in series in this order, to
respective output lines of the phase U, phase V and phase W outputs, and then to a three-
phase AC electrical power system B. The current sensor 5 and the voltage sensor 6 are
disposed on the output side of the voltage transformer circuit 4. The control circuit 7 is
connected to the inverter circuit 2. The interconnection inverter system A converts DC power
from the DC power source 1 into AC power, for supply to the electrical power system B. It
should be noted here that the configuration of the interconnection inverter system A is not
limited to the above. For example, the current sensor 5 and the voltage sensor 6 may be
disposed on the input side of the voltage transformer circuit 4, or other sensors may be
included for control of the inverter circuit 2. Also, the voltage transformer circuit 4 may be
disposed on the input side of the filter circuit 3, or there may be a configuration which does not
include the voltage transformer circuit 4, i.e., so called transformerless configuration may be
utilized. Still further, a DC/DC converter circuit may be placed between the DC power source 1
and the inverter circuit 2.

[0063] The DC power source 1, which outputs DC power, includes solar cells for example.
The solar cells convert energy of the sun light into electric energy thereby generating DC
power. The DC power source 1 outputs the generated DC power to the inverter circuit 2. The
DC power source 1 is not limited to those which generate DC power by solar cells. For
example, the DC power source 1 may be provided by fuel cells, batteries, electrical double
layer capacitors, lithium-ion batteries, or an apparatus which outputs DC power by converting
AC power from a diesel engine powered electric generator, a micro gas turbine generator, a
wind driven turbine power generator, etc.

[0064] The inverter circuit 2 converts a DC voltage from the DC power source 1 into an AC
voltage, and outputs the AC voltage to the filter circuit 3. The inverter circuit 2 is a three-phase
inverter provided by a PWM control inverter circuit which includes unillustrated six switching
elements in three sets. The inverter circuit 2 switches ON and OFF each of the switching
elements based on PWM signals from the control circuit 7, thereby converting the DC voltage
from the DC power source 1 into AC voltages. However, the inverter circuit 2 is not limited to
this, and may be provided by a multi-level inverter for example.

[0065] The filter circuit 3 removes high frequency components generated in the process of
switching operation from the AC voltages inputted from the inverter circuit 2. The filter circuit 3
includes a low-pass filter implemented by a reactor and a capacitor. After the high frequency
component removal step in the filter circuit 3, the AC voltages are outputted to the voltage
transformer circuit 4. The configuration of the filter circuit 3 is not limited to the above, and may
be provided by any conventional filter circuit capable of removing high frequency components.
The voltage transformer circuit 4 increases or decreases the AC voltage outputted from the
filter circuit 3 to a voltage which is substantially equal to a system voltage.
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[0066] The current sensor 5 detects an AC current (specifically, an output current from the
interconnection inverter system A) in each phase outputted from the voltage transformer circuit
4. The detected current signals | (lu, lv, Iw) are inputted to the control circuit 7. The voltage
sensor 6 detects a system voltage in each phase of the electrical power system B. The
detected voltage signals V (Vu, Vv, Vw) are inputted to the control circuit 7. It should be noted
here that the output voltage from the interconnection inverter system A is substantially equal to
the system voltage.

[0067] The control circuit 7 controls the inverter circuit 2, and is implemented by a
microcomputer for example. The control circuit 7 generates PWM signals based on the current
signals | from the current sensor 5 and the voltage signals V from the voltage sensor 6, and
outputs the PWM signals to the inverter circuit 2. Based on the detection signals inputted from
each sensor, the control circuit 7 generates command value signals as instruction signals for
the output voltage waveform of the output from the interconnection inverter system A; then
generates pulse signals based on the command value signals; and then outputs the pulse
signals as the PWM signals. Based on the PWM signals inputted, the inverter circuit 2 performs
ON/OFF switching operation to each switching element, thereby outputting AC voltages which
have corresponding waveforms to the command value signals. The control circuit 7 controls
the output current by varying the command value signal waveforms thereby varying the output
voltage waveforms of the interconnection inverter system A. Through this process, the control
circuit 7 performs various kinds of feedback control.

[0068] Fig. 6 only shows a configuration for output current control. The figure does not show
other control configurations. Actually, however, the control circuit 7 also performs DC voltage
control (i.e., a feedback control to ensure that the input DC voltage will have a predetermined
voltage target value), reactive power control (i.e., a feedback control to ensure that output
reactive power will have a predetermined reactive power target value), etc. It should be noted
here that the types of control performed by the control circuit 7 are not limited to the above.
For example, the circuit may also perform output voltage control, active power control, etc.

[0069] The control circuit 7 includes a system matching-fraction generator 72, a three-phase
to two-phase converter 73, a current controller 74, a two-phase to three-phase converter 76,
and a PWM signal generator 77.

[0070] The system matching-fraction generator 72 receives a voltage signal V from the
voltage sensor 6, and generates and outputs system command value signals Ku, Kv, Kw. The
system command value signals Ku, Kv, Kw serve as reference signals for command value
signals used to define the output voltage waveform to be outputted from the interconnection
inverter system A. As will be described later, the system command values Ku, Kv, Kw undergo
a correction process using correction value signals Xu, Xv, Xw, to obtain the command value
signals.

[0071] The three-phase to two-phase converter 73 is identical with the three-phase to two-
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phase converter 73 in Fig. 37, receives the three current signals lu, lv, lw from the current
sensor 5 and converts them into an alpha axis current signal la and a beta axis current signal
IB. The conversion process performed in the three-phase to two-phase converter 73 is
represented by the formula which was shown earlier as Equation (1).

[0072] The current controller 74 receives the alpha axis current signal la and the beta axis
current signal I from the three-phase to two-phase converter 73 and deviations from
respective target values, to generate correction value signals Xa, XB for the current control.
The current controller 74 performs a process represented by the transfer function matrix G, of

Equation (12). In other words, the controller performs a process expressed by Equation (13)
below, where the deviations of the alpha axis current signal la and the beta axis current signal
IB from their respective target values are represented by Ala and AIB. As for the angular
frequency wq, a predetermined value is set as an angular frequency (for example, wg=120T
[rad/sec](60[Hz])) for the system voltage fundamental wave, and the integral gain K| is a pre-

designed value. Also, the current controller 74 performs a stability margin maximization
process, which includes an adjustment to correct phase delay in the control loop. The
deviations Ala, AlB represent the "first input signal" and "the second input signal" according to
the present invention respectively whereas the correction value signals Xa, XB represent "the
first output signal" and "the second output signal" according to the present invention
respectively.

Xo| G AMa
[Xﬁ} ”[AIA

K,s -K,w,

’ s | Al
s+ s+, e(13)
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[0073] In the present embodiment, the alpha axis current target value and the beta axis
current target value are provided by values obtained by rotating-to-fixed coordinate conversion
values of the d axis current target value and the q axis current target value respectively. The d
axis current target value is provided by a correction value for an unillustrated DC voltage
control whereas the q axis current target value is provided by a correction value for an
unillustrated reactive power control. It should be noted here that in cases where three-phase
current target values are given, those target values should be subjected to three-phase/two-
phase conversion to obtain the alpha axis current target value and the beta axis current target
value. Alternatively, deviations of the three current signals Iu, lv, lw from the three-phase
current target values may be calculated first, so that these three deviation signals should be
subjected to three-phase/two-phase conversion for input to the current controller 74. Also, if
the alpha axis current target value and the beta axis current target value are supplied directly,
the supplied target values may be used direcitly.

[0074] Fig. 7 is a Bode diagram for analyzing transfer functions as elements of a matrix G;.
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Fig. 7(a) shows a transfer function of the element in the first row and the first column of the
matrix G (hereinafter will be denoted as "element (1, 1)"; the same applies to the other

elements) and the element (2, 2). Fig. 7(b) shows a transfer function of the element (1, 2) of
the matrix G| whereas Fig. 7(c) shows a transfer function of the element (2, 1) of the matrix G,.
Fig. 7 shows a case where a system voltage fundamental wave frequency (hereinafter will be
called "center frequency"; in addition, an angular frequency which corresponds to the center
frequency will be called "center angular frequency") is 60 Hz (specifically, in a case where the
angular frequency wg=120 1), and integral gain K; is "0.1", "1", "10" and "100".

[0075] All amplitude characteristics in Figs. 7(a), (b) and (c) show a peak at the center
frequency, and the amplitude characteristic increases as the integral gain K| increases. Also,
Fig. 7(a) shows a phase characteristic, which attains 0 degree at the center frequency. In other
words, the transfer functions of the element (1, 1) and the element (2, 2) of the matrix G, allow
signals of the center frequency (center angular frequency) to pass through without changing
their phases. Fig. 7(b) shows a phase characteristic, which attains 90 degrees at the center
frequency. In other words, the transfer function of the element (1, 2) of the matrix G| allows

signals of the center frequency (center angular frequency) to pass through with a 90-degree
phase advance. On the other hand, Fig. 7(c) shows a phase characteristic, which attains -90
degrees at the center frequency. In other words, the transfer function of the element (2, 1) of
the matrix G, allows signals of the center frequency (center angular frequency) to pass through

with a 90-degree phase delay.

[0076] In the present embodiment, the current controller 74 is designed by using a Hoo loop
shaping method, which is a linear control theory, with a frequency weight being provided by the
transfer function matrix G;. The process performed in the current controller 74 is expressed as

a transfer function matrix G;, and therefore is a linear time-invariant process. Hence, it is

possible to perform control system design using a linear control theory.

[0077] The current controller 74 must satisfy design specifications requiring that the output
current follows a sine-wave target value, and that the output is restored to a predetermined
ratio within a predetermined time (quick response) at the time of momentary voltage drop. For
the system output to stay perfectly on a given target value, a closed loop system must have the
same polarity as the target generator, and the closed loop system must be an asymptotic
stabilization system (internal model principle). The pole of the sine-wave target value is jwy,

whereas the pole of the item 1/(32+w02) contained in the transfer function of each element of

the matrix G is also tjwg. Therefore, the closed loop system and the target generator have the

same polarity. Also, it is possible, if a Hoo loop shaping method is used, to design a controller
in which the closed loop system achieves asymptotic stabilization. Therefore, using a Hoo loop
shaping method enables to satisfy the quick response conditions easily and to design the most
stable control system which meets the design specifications.

[0078] It should be noted here that design method to be used in designing the control system
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is not limited to this. In other words, other linear control theories may be employed for the
design. Examples of usable methods include loop shaping method, optimum control, Hoo
control, mixed sensitivity problem, and more.

[0079] Returning to Fig. 6, the two-phase to three-phase converter 76 is identical with the two-
phase to three-phase converter 76 in Fig. 37, and converts the correction value signals Xa, X
from the current controller 74 into three correction value signals Xu, Xv, Xw. The conversion
process performed in the two-phase to three-phase converter 76 is represented by a formula
shown earlier as Equation (4).

[0080] The system command value signals Ku, Kv, Kw from the system matching-fraction
generator 72 and the correction value signals Xu, Xv, Xw from the two-phase to three-phase
converter 76 are added to each other respectively, to obtain command value signals X'u, X'v,
X'w, which are then inputted to the PWM signal generator 77.

[0081] The PWM signal generator 77 generates PWM signals Pu, Pv, Pw by triangle wave
comparison method based on the command value signals X'u, X'v, X'w inputted thereto and a
carrier signal which is generated as a triangle-wave signal at a predetermined frequency (e.g.
4 kHz). In the triangle wave comparison method, each of the command value signals X'u, X'v,
X'w are compared to the carrier signal, to generate a pulse signals. For example, a PWM
signal Pu assumes a high level when the command value signal X'u is greater than the carrier
signal and a low level when it is not, for example. The generated PWM signals Pu, Pv, Pw are
outputted to the inverter circuit 2.

[0082] In the present embodiment, the control circuit 7 performs a control in the fixed
coordinate system without making fixed-to-rotating coordinate conversion nor rotating-to-fixed
coordinate conversion. As has been described earlier, the transfer function matrix G| gives a
process which is equivalent to carrying out fixed-to-rotating coordinate conversion, then |
control and then rotating-to-fixed coordinate conversion. Therefore, the current controller 74
which performs the process represented by the transfer function matrix G, performs an
equivalent process to the process in Fig. 37 performed by the fixed-to-rotating coordinate
converter 78, the rotating-to-fixed coordinate converter 79, and the | control process
(implemented by the PI control process performed by the Pl controller 74b and the PI controller
75b in Fig. 37). Also, as shown in each Bode diagram in Fig. 7, the transfer function of each
element in the matrix G, has an amplitude characteristic which attains a peak at the center

frequency. In other words, in the current controller 74, only the center frequency component is

a high-gain component. Therefore, there is no need for providing the LPF 74a or 75a in Fig.
37.

[0083] Also, since the process performed in the current controller 74 is expressed as the
transfer function matrix Gy, it is a linear time-invariant process. The control circuit 7 does not
include nonlinear time-varying processes, i.e., the circuit does not include fixed-to-rotating
coordinate conversion process or rotating-to-fixed coordinate conversion process. Hence, the
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entire current control system is a linear time-invariant system. Therefore, the arrangement
enables control system design and system analysis using a linear control theory. As described,
use of the transfer function matrix G| expressed by Equation (12) enables to replace the non-
linear process in which fixed-to-rotating coordinate conversion is followed by | control and then
by rotating-to-fixed coordinate conversion with a linear time-invariant multi-input multi-output
system. This makes it easy to perform system analysis and control system design thereby.

[0084] It should be noted here that in the embodiment described above, the current controller
74 performs the process represented by Equation (13). However, each element in the matrix
G| may be given a different value from others for its integral gain K|. Specifically, the integral
gain K| for each element may have a different value from one transfer function to another. For

example, there may be a design to include additional characteristics in the alpha axis
component such as improved response, improved stability, etc. Another example of adding one
more characteristic may be to assign "0" to the integral gain K| of the element (1, 2) and that of
the element (2, 1), to control both of negative-phase sequence components and negative-
phase sequence components. Later, description will be made for cases of controlling both
positive-phase and negative-phase sequence components. It should be noted here that setting
a different integral gain K, for each element does not change the phase characteristic of the
transfer function which represents each element. Therefore, the transfer function of the
element (1, 1) and that of the element (2, 2) allow center frequency signals pass through
without changing their phases whereas the transfer function of the element (1, 2) allows the
center frequency signals to pass through with a 90-degree phase advance, and the transfer
function of the element (2, 1) allows the center frequency signals to pass through with a 90-
degree phase delay.

[0085] In the first embodiment described thus far, description was made for a case where
positive phase sequence component control is performed to the fundamental wave component
of the current signals lu, lv, lw. However, the present invention is not limited to this. In addition
to the positive phase sequence component signals in the fundamental wave components, the
current signals lu, lv, lw are superimposed with negative phase sequence component signals.
There may be an arrangement where control is provided only to these negative phase
sequence component signals.

[0086] Fig. 8 is a drawing for describing positive phase sequence component signals and
negative phase sequence component signals. Fig. 8(a) shows a positive phase sequence
component signal whereas Fig. 8(b) shows a negative phase sequence component signal.

[0087] In Fig. 8(a), arrows in broken lines are vectors u, v, w representing positive phase
sequence components in the fundamental wave component in current signals lu, lv, Iw. The
vectors u, v, w have different directions at a 120-degree interval, and are identified in this order
in the clockwise direction, rotating in the counterclockwise direction at an angular frequency of
wg. When the current signals Iu, lv, Iw undergo three-phase/two-phase conversion, resulting

positive phase sequence components of the fundamental wave component in the alpha axis



DK/EP 2575252 T3

current signal la and the beta axis current signal I are indicated by solid-line arrow vectors q,
B. The vectors g, B have a 90-degree clockwise difference in direction, and are rotating in the
counterclockwise direction at an angular frequency of wyg.

[0088] In other words, the positive phase sequence component in the fundamental wave
component of the alpha axis current signal la outputted from the three-phase to two-phase
converter 73 (see Fig. 6) has a 90-degree phase advance over the positive phase sequence
component in the fundamental wave component of the beta axis current signal IB. Therefore,
the positive phase sequence component in the fundamental wave component of the deviation
Ala from the target value also has a 90-degree phase advance over the positive phase
sequence component in the fundamental wave component of the deviation AlS. Performing the
process represented by the transfer function of the element (1, 1) in the matrix G| to the

deviation Ala does not change the phase of the positive phase sequence component in the
fundamental wave component (see Fig. 7(a)). Also, performing the process represented by the
transfer function of the element (1, 2) in the matrix G, to the deviation Alf advances the phase

of the positive phase sequence component in the fundamental wave component by 90 degrees
(see Fig. 7(b)). Therefore, both phases are now the same as the phase of the positive phase
sequence component in the fundamental wave component of the deviation Ala, which means
adding the two will make enhancement. On the other hand, performing the process
represented by the transfer function of the element (2, 1) in the matrix G, to the deviation Ala

delays the phase of the positive phase sequence component in the fundamental wave
component by 90 degrees (see Fig. 7(c)). Also, performing the process represented by the
transfer function of the element (2, 2) in the matrix G, to the deviation Al does not change the

phase of the positive phase sequence component in the fundamental wave component.
Therefore, both phases are now the same as the phase of the positive phase sequence
component in the fundamental wave component of the deviation Alf, which means adding the
two will make enhancement.

[0089] The negative phase sequence component is a component in which the phase
sequence is reversed from that of the positive phase sequence component. In Fig. 8(b),
arrows in broken lines are vectors u, v, w representing negative phase sequence components
in the fundamental wave components in current signals lu, lv, lw. The vectors u, v, w have
different directions at a 120-degree interval, are identified in this order in the counterclockwise
direction, and are rotating in the counterclockwise direction at an angular frequency of wyg.
When the current signals lu, lv, lw undergo three-phase/two-phase conversion, resulting
negative phase sequence component of the fundamental wave component in the alpha axis
current signal la and the beta axis current signal I are indicated by solid-line arrow vectors q,
B. The vectors a, B have a 90-degree counterclockwise difference in direction, and are rotating
in the counterclockwise direction at an angular frequency of wg.

[0090] In other words, the negative phase sequence component in the fundamental wave
component of the alpha axis current signal la outputted from the three-phase to two-phase
converter 73 has a 90-degree phase delay from the negative phase sequence component in
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the fundamental wave component of the beta axis current signal IB. Performing the process
represented by the transfer function of the element (1, 1) in the matrix G, to the deviation Ala

does not change the phase of the negative phase sequence component in the fundamental
wave component. Also, performing the process represented by the transfer function of the
element (1, 2) in the matrix G, to the deviation Al advances the phase of the negative phase
sequence component in the fundamental wave component by 90 degrees. Therefore, the two
phases become opposite to each other, which means they cancel each other when the two are
added to each other. On the other hand, performing the process represented by the transfer
function of the element (2, 1) in the matrix G, to the deviation Ala delays the phase of the

negative phase sequence component in the fundamental wave component by 90 degrees.
Also, performing the process represented by the transfer function of the element (2, 2) in the
matrix G, to the deviation Al does not change the phase of the negative phase sequence

component in the fundamental wave component. Therefore, the two phases become opposite
to each other, which means they cancel each other when the two are added to each other.
Therefore, the current controller 74 performs positive phase sequence component control of
the fundamental wave component but does not perform negative phase sequence component
control thereof.

[0091] Swapping the element (1, 2) and the element (2, 1) of the transfer function matrix G,
will provide the opposite result of what was described above, i.e., positive phase sequence
components in the fundamental wave component will cancel each other whereas negative
phase sequence component will enhance each other. Therefore, negative phase sequence
component control in the fundamental wave component can be performed in the first
embodiment by using the transfer function matrix G| matrix in which the element (1, 2) and the

element (2, 1) are swapped with each other.

[0092] Next, description will cover a case where both of positive-phase and negative-phase
sequence components in the fundamental wave component are controlled.

[0093] The process represented by the transfer function of the element (1, 1) and the element
(2, 2) in the matrix G, allows the positive-phase and the negative-phase sequence components
in the fundamental wave component to pass through without changing their phases (see Fig.
7(a)). Therefore, it is possible to perform control on both of the positive-phase and the
negative-phase sequence components in the fundamental wave component if the element (1,
2) and the element (2, 1) are "0" in the matrix G, represented by the Equation (12). In this
case, there is no component enhancement unlike in the case where only the positive phase
sequence component is controlled (where the matrix G, represented by Equation (12) is

utilized), so the integral gain K, must be given a larger value accordingly. Hereinafter,

description will be made for a second embodiment, where both of positive-phase and negative
phase sequence components in the fundamental wave component are controlled.

[0094] Fig. 9 is a block diagram for describing a control circuit according to the second
embodiment. In Fig. 9, those elements which are identical or similar to those included in the
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control circuit 7 in Fig. 6 are indicated by the same reference codes.

[0095] Fig. 9 shows a control circuit 7', which differs from the control circuit 7 (see Fig. 6)
according to the first embodiment in that the current controller 74 is replaced by an alpha axis
current controller 74" and a beta axis current controller 75'.

[0096] The alpha axis current controller 74' receives a deviation Ala between the alpha axis
current signal la from the three-phase to two-phase converter 73 and an alpha axis current
signal target value, to generate a correction value signal Xa for the current control. The alpha
axis current controller 74' performs a process represented by K| s/(s2+wg2) which is a transfer
function of the element (1, 1) and the element (2, 2) in the matrix G;. Also, the alpha axis

current controller 74' performs a stability margin maximization process, which includes phase
adjustment to correct a phase delay in the control loop. The deviation Ala represents the "input
signal" according to the present invention whereas the correction value signal Xa represents
the "output signal” according to the present invention.

[0097] The beta axis current controller 75' receives a deviation Al between the beta axis
current signal I from the three-phase to two-phase converter 73 and a beta axis current target
value, to generate a correction value signal XB for the current control. The beta axis current
controller 75' performs a process represented by K| s/(s2+wg?2) which is a transfer function of
the element (1, 1) and the element (2, 2) in the matrix G|. Also, the beta axis current controller

75' performs a stability margin maximization process, which includes phase adjustment to
correct a phase delay in the control loop. The deviation Alf represents the "input signal”
according to the present invention whereas the correction value signal XB represents the
"output signal” according to the present invention.

[0098] In the present embodiment, the alpha axis current controller 74'and the beta axis
current controller 75' are designed by H« loop shaping method, which is based on a linear
control theory, with a frequency weight being provided by the transfer function K| s/(s%+wq?) for
each of the controllers. The processes performed in the alpha axis current controller 74' and
the beta axis current controller 75' are expressed by the transfer function K s/(s%+wg?), and

therefore are linear time-invariant processes. Hence, it is possible to perform control system
design using a linear control theory. It should be noted here that a linear control theory other
than the He loop shaping method may be utilized in the design.

[0099] The present embodiment provides the same advantages as offered by the first
embodiment. The alpha axis current controller 74'and the beta axis current controller 75" may
be given different values from each other for the integral gain K| in their transfer function
K-s/(s?+wq?). Specifically, a specific value may be individually designed and used as the
integral gain K, for each of the alpha axis current controller 74' and the beta axis current

controller 75'. For example, there may be a design to include additional characteristics in the
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alpha axis component such as improved response, improved stability, etc.

[0100] Fig. 10 is a diagram for describing a result of a simulation conducted with the second
embodiment.

[0101] In the simulation, non-balanced distortion was added to the current of each phase in
the interconnection inverter system A (see Fig. 6), with a target current set at 20 [A]. Fig. 10(a)
shows a deviation Ala inputted to the alpha axis current controller 74' (see Fig. 9), and a
deviation AIf inputted to the beta axis current controller 75'. Fig. 10(b) shows current signals
lu, lv, lw detected in an output current of each phase by the current sensor 5. As shown in Fig.
10(a), the deviation Ala and the deviation AIB became gradually smaller and attained "0"
substantially, in 0.14 [s]. Also, as shown in Fig. 10(b), the current signals lu, lv, lw became
gradually larger and achieved 80-percent value, i.e. 16 [A], of the target in 0.05 [s]. Note also,
that each of the current signals lu, lv, lw has a balanced waveform. Since the non-balanced
distortion has been removed and the positive phase sequence component follows the target
value, it is clear that the alpha axis current controller 74' and the beta axis current controller 75’
control positive-phase and negative-phase sequence components appropriately. Also, the
control has sufficiently quick response.

[0102] In the first and the second embodiments, description was made for cases where three
current signals lu, lv, Iw are converted into an alpha axis current signal la and a beta axis
current signal If to provide control. However, the present invention is not limited to this. For
example, control may be provided through direct use of the three current signals Iu, Iv, Iw.
Hereinafter, such a case will be described as a third embodiment.

[0103] Fig. 11 is a block diagram for describing a control circuit according to the third
embodiment. In this figure, elements which are identical with or similar to those in the control
circuit 7 in Fig. 6 are indicated by the same reference codes.

[0104] Fig. 11 shows a control circuit 7", which differs from the control circuit 7 (see Fig. 6)
according to the first embodiment in that it does not have the three-phase to two-phase
converter 73 and the two-phase to three-phase converter 76, and that the current controller
74" provides direct control using the current signals lu, lv, lw.

[0105] Since three-phase to two-phase conversion and two-phase to three-phase conversion
are expressed by Equation (1) and Equation (4), a process in which the three-phase to two-
phase conversion is followed by the process represented by the matrix G of the transfer
function and then followed by two-phase to three-phase conversion is represented by a
transfer function matrix G' shown as Equation (14) below:

1 0
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3 2 g B3 .8
1B > 72
2 2




DK/EP 2575252 T3

Lo O pGrjm)+ Fls— jo,)  Fls+ jw)-Fs— jw)
2 M3 2 2 y
3172 2 | Fu+je)-Fis-jo) Fis+je)+F(s— jo,)

1B 2j 2

L 2 2_

11

2 2
o Y3 A3

2 2

G, (5) G,(s) G,(s)
=G, (5) G,(s) G,(s)|-(14)
G, (3) G,(s) G,(s)
where:
GI] (8)= Gzz (s)= st; (s)
_F+jo)+Fs— jo,)
B 3
G, (8)=G,(8) =G, (s)

_(1=A3)) F(s+ j@) +(-1+3))- F(s - jm,)

6
G,($)=G,(5)=G,(s)

:(_1+,\/§J‘).F(s+j(()o)-i—(—l—‘\/gj)‘F(S_jwo)

6

[0106] Therefore, the transfer function matrix G'| representing the process performed by the

current controller 74" is represented by Equation (15) below:

Gm(s) an(s) Gm(s)
G'I: Gm(s) Glzz(s) Gma(s) (15)
GL(8) Gu(8) Giu(s)
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s+ ja,

K,

+(-1+43))-

1 K, (s+430)
3 s+w)

S—jwo}
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G,n(s):Gm(s):G”z(s)
{( 1+«D> +( 1- «D) }
+j@, qu
__1,K1(s—ﬁwo>

3 S+,

[0107] The current controller 74" receives deviations of the three current signals lu, Iv, lw
outputted by the current sensor 5 from their respective target values, to generate correction
value signals Xu, Xv, Xw for the current control. The current controller 74" performs the
process represented by the transfer function matrix G|' of Equation (15) above. In other words,

the controller performs a process expressed by Equation (16) below, where Alu, Alv, Alw
represent the deviations of the current signals lu, lv, Iw from their respective target values. As
for the angular frequency wg, a predetermined value is set as an angular frequency (for
example, wg=1201r [rad/sec](60[Hz])) for the system voltage fundamental wave, and the
integral gain K| is a pre-designed value. Also, the current controller 74" performs a stability

margin maximization process, which includes phase adjustment to correct a phase delay in the
control loop. The deviations Alu, Alv, Alw represent "the first input signal”, "the second input
signal”, and "the third input signal" respectively according to the present invention whereas the
correction value signals Xu, Xv, Xw represent "the first output signal", "the second output
signal" and "the third output signal” according to the present invention.

Xu Alu
Xv |=G", | Alv |---(16)
Xw Alw

[0108] In the present embodiment, the target values for the current signals Iu, lv, Iw are
provided by values which are obtained by first performing rotating-to-fixed coordinate
conversion to a d axis current target value and a q axis current target value and then
performing two-phase to three-phase conversion to the obtained values. If three-phase current
target values are supplied directly, the supplied target values may be used directly. Also, if the
alpha axis current target value and the beta axis current target value are supplied, then the
supplied values should be subjected to two-phase to three-phase conversion for use.

[0109] In the present embodiment, the current controller 74" is designed by Hoo loop shaping
method, which is based on a linear control theory, with a frequency weight being provided by
the transfer function matrix G|. The process performed in the current controller 74" is

expressed as the transfer function matrix G'|, and therefore is a linear time-invariant process.

Hence, it is possible to perform control system design using a linear control theory. It should be
noted here that a linear control method other than the Hoo loop shaping method may be
utilized in the design.
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[0110] In the present embodiment, the current controller 74" which performs the process
represented by the transfer function matrix G'| performs a process equivalent to the Pl control

in Fig. 37 performed by the three-phase to two-phase converter 73, the two-phase to three-
phase converter 76, the fixed-to-rotating coordinate converter 78, the rotating-to-fixed
coordinate converter 79, and the | control (implemented by the PI control performed by the PI
controller 74b and the PI controller 75b in Fig. 37). Also, the process performed in the current
controller 74" is expressed as the transfer function matrix G'|, and therefore is a linear time-

invariant process. Therefore, the entire current control system is a linear time-invariant system,
and hence, the arrangement enables control system design and system analysis using a linear
control theory.

[0111] If negative phase sequence component control of the fundamental wave component is
to be performed in the third embodiment, it can be achieved by using a transfer function matrix
G'| in which the elements G 1o(s), Gjo3(s), Gi31(s) are swapped with the elements Gji3(s),
Gip1(s) and G3o(s) respectively (in other words, a transposed matrix of the matrix G, should be

used).

[0112] Next, description will cover a case where both of the positive-phase and the negative-
phase sequence components in the fundamental wave component are controlled in the third
embodiment.

[0113] If "0" is given to the element (1, 2) and the element (2, 1) of the matrix G in the
Equation (14) described above, the calculation provides a transfer function matrix G"
represented by Equation (17) shown below.

1 0 |-
F(s+ jo,)+ F(s— jw,)
| B ) 2 X x
3173 2 0 F(s+ jw,)+ F(s— jw,)
LB 2
i 2 2_
Lol
2 2
, B
2 2
. _. 2 -1 -1
:l‘F(S‘l'](l)O)-i—F(S—]CF)G) =1 2 =1 (17)
3 2
-1 -1 2

[0114] Therefore, a transfer function matrix G"| which represents the process performed by

the current controller 74" when controlling both of the positive-phase and the negative phase
sequence components are expressed by Equation (18) shown below:
2 -1 -1l
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[0115] Thus far, in the first through the third embodiments, description was made for cases
where the current controller 74 (the alpha axis current controller 74', the beta axis current
controller 75', the current controller 74") performs a control which replaces the | control.
However, the present invention is not limited by these. For example, an alternative control
which replaces the PI control may be provided. If the current controller 74 in the first
embodiment is to perform a control which replaces the PI control, it can be achieved by using a
transfer function matrix Gp| represented by Equation (11) above.

[0116] Fig. 12 is a Bode diagram for analyzing transfer functions as elements of a matrix Gp,.

Fig. 12(a) shows transfer functions of the element (1, 1) and the element (2, 2) of the matrix
Gp| whereas Fig. 12 (b) shows a transfer function of the element (1, 2) of the matrix Gp|, and

Fig. 12(c) shows a transfer function of the element (2, 1) of the matrix Gp|. Fig. 12 shows a
case where the center frequency is 60Hz, an integral gain K| is fixed to 1 and the proportional
gain Kp is set to "0.1", "1", "10" and "100".

[0117] Fig. 12(a) shows an amplitude characteristic which has a peak at the center frequency.
As the proportional gain Kp increases, the amplitude characteristic increases except at the

center frequency. The phase characteristic comes to zero degree at the center frequency. In
other words, the transfer functions for the element (1, 1) and the element (2, 2) of the matrix G,

allow signals of the center frequency (center angular frequency) to pass through without
changing the phase.

[0118] Amplitude characteristics in Fig. 12(b) and Fig. 12(c) also have their peaks at the
center frequency. The amplitude characteristics and the phase characteristics are constant
regardless of the proportional gain Kp. Also, the phase characteristic in Fig. 12(b) attains 90

degrees at the center frequency. In other words, the transfer function of the element (1, 2) of
the matrix Gp| allows signals of the center frequency (center angular frequency) to pass

through with a 90-degree phase advance. On the other hand, the phase characteristic in Fig.
12(c) attains -90 degrees at the center frequency. In other words, the transfer function of the
element (2, 1) of the matrix G, allows signals of the center frequency (center angular

frequency) to pass through with a 90-degree phase delay.

[0119] If the alpha axis current controller 74'and the beta axis current controller 75" in the
second embodiment are to perform an alternative control which replaces the Pl control, it can
be achieved by using a transfer function (Kp-s2+K;-s+Kp:wo2)/(s?+wg?) which represents the
element (1, 1) and the element (2, 2) in the transfer function matrix Gp| represented by

Equation (11) above.
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[0120] If the current controller 74" in the third embodiment is to perform an alternative control
which replaces the Pl control, it can be achieved by using a transfer function matrix G'p)

represented by Equation (19) shown below:
G, (8) G,L0s8) G,,(8)

G =Gy (8) Gpppn(8) Gpppg(8)|---(19)
G,.(s) G,.(5) G,..(8)

where:
GPIll (S) = GP122 (S) = GP133 (S)

:l(KP+ K, +K,+ K, ]

3 s+ jo, §— jo,
2 K, s"+Ks+K,@
3 s +@)

GPIIZ (S) = GP123 (S) = GPI31 (S)
=1J(.—1—\/§J')'[KP + K{ J+(—1+w/§f)'[1<,a + Kf j}
6 1 s+ jw, s—jw,

1 K8+ K. (s+3w)+K,0
3 5"+,
GP113 (S)ZGPIZI(S) :GP132 (5)
:é{eq+J§n{K;+ £, }+@4—Jﬁy(Kf+ K{:}

s+ jo, 5~ jo,

0

__l, KPS2 + Kz (s —'\/EQ)U)-F K}-'a)oz
3 s+

[0121] Also, if the current controller 74" is to perform an alternative control which replaces the
Pl control in an arrangement where both of the positive-phase and the negative-phase
sequence components are controlled in the third embodiment, it can be achieved by using a
transfer function matrix G"p, represented by Equation (20) shown below:

2 -1 -1
1 2 —1]-(20)
-1 -1 2

_1 Ks +Ks+K, @

G”
"3 s+ o)

[0122] Providing alternative control which replaces the Pl control offers an advantage that a
damping effect can be added at transient time by adjusting the proportional gain Kp. However,
there is also a disadvantage that the system is more sensitive to modeling errors. On the
contrary, providing control which replaces the | control is disadvantageous in that a damping
effect at transient time cannot be added, yet there is an advantage that the system is not very
much sensitive to modeling errors.
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[0123] It should be noted here that there may be an arrangement that the current controller
74 (the alpha axis current controller 74', the beta axis current controller 75', the current
controller 74") provides an alternative control which replaces the above-described alternative
controls to | control or PI control. If the transfer function F(s) in Equation (10) is substituted for
a transfer function of the intended control, the equation provides a transfer function matrix
which represents a process equivalent to carrying out fixed-to-rotating coordinate conversion,
the intended control and then rotating-to-fixed coordinate conversion. Therefore, it is possible
to design a system which provides an alternative control (the transfer function for which is
expressed as F(s)=Kp+K|/s+Kp's, where Kp is proportional gain, K| is integral gain, and Kp is
derivative gain) which replaces the PID control. It is also possible to provide control which can
replace D control (derivative control: the transfer function for which is expressed by F(s)=Kp's,

where Kp is derivative gain); P control (proportional control: the transfer function for which is

expressed by F(s)=Kp, where Kp is proportional gain), PD control, ID control, etc.

[0124] In the first through the third embodiments thus far, description was made for cases
where output current was controlled. However, the present invention is not limited to this. For
example, output voltage may be controlled. Hereinafter, a case of controlling the output voltage
will be described as a fourth embodiment.

[0125] Fig. 13 is a block diagram for describing a control circuit according to the fourth
embodiment. In this figure, elements which are identical with or similar to those in the
interconnection inverter system A in Fig. 6 are indicated by the same reference codes.

[0126] An inverter system A' in Fig. 13 differs from the interconnection inverter system A (see
Fig. 6) according to the first embodiment in that the system supplies power to a load L instead
of the electrical power system B. Since it is necessary to control the voltage which is supplied
to the load L, a control circuit 8 controls the output voltage, instead of the output current. The
control circuit 8 differs from the control circuit 7 (see Fig. 6) according to the first embodiment
in that it generates PWM signals based on voltage signals V from the voltage sensor 6. The
inverter system A’ supplies power to the Load L while controlling the output voltage at a target
value through feedback control.

[0127] A three-phase to two-phase converter 83 receives three voltage signals Vu, Vv, Vw
from the voltage sensor 6 and converts these voltage signals into an alpha axis voltage signal
Va and a beta axis voltage signal VB. The conversion process performed in the three-phase to
two-phase converter 83 is represented by a formula shown below as Equation (21).

Va 2 = == vu
2 2 :
- 1= Vv |see 21
M J; VEE] M
0 7 —7 Vw

The voltage signals Vu, Vv, Vw are phase voltage signals in respective phases. Alternatively
however, line voltage signals may be detected and used. In this case, the line voltage signals
may be converted into phase voltage signals and then the formula represented by Equation
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(21) above is utilized. Another option may be to use a matrix, in place of the one represented
by Equation (21), which converts the line voltage signals into an alpha axis voltage signal Va
and a beta axis voltage signal Vj3.

[0128] A voltage controller 84 receives deviations of the alpha axis voltage signal la and the
beta axis voltage signal If outputted by the three-phase to two-phase converter 83 from their
respective target values, to generate correction value signals Xa, X for the voltage control. A
voltage controller 84 performs a process represented by the transfer function matrix G,
represented by Equation (12). In other words, the controller performs a process given by
Equation (22) below where the deviations of the alpha axis voltage signal la and of the beta
axis voltage signal IB from their respective target values are represented by AVa and AV(. As
for the angular frequency wg, a predetermined value is set as an angular frequency (for
example, we=1201T [rad/sec](60[HZz])) for the system voltage fundamental wave, and the
integral gain K| is a pre-designed value. Also, the voltage controller 84 performs a stability
margin maximization process, which includes phase adjustment to correct phase delay in the
control loop. The deviations AVa, AV represent "the first input signal" and "the second input
signal" respectively according to the present invention whereas the correction value signals Xa,
XB represent "the first output signal" and "the second output signal" respectively according to
the present invention.

X pe AVa
s sws

K,s - K,

2 gt *lAVx
sS+w s+ o, (22)
K, o, K.s AVS

2 2 2 2
s+ §T+o,

[0129] In the present embodiment, the alpha axis voltage target value and the beta axis
voltage target value are provided by values obtained by rotating-to-fixed coordinate conversion
of the d axis voltage target value and the q axis voltage target value respectively. It should be
noted here that in cases where three-phase voltage target values are given, those target
values should be subjected to three-phase to two-phase conversion to obtain the alpha axis
voltage target value and the beta axis voltage target value. Also, if the alpha axis voltage target
value and the beta axis voltage target value are supplied directly, the supplied target values
may be used directly.

[0130] In the present embodiment, the voltage controller 84 is designed by Hoo loop shaping
method, which is based on a linear control theory, with a frequency weight being provided by
the transfer function matrix G,. The process performed in the voltage controller 84 is expressed
by the transfer function matrix G,, and therefore is a linear time-invariant process. Hence, it is
possible to perform control system design using a linear control theory. It should be noted here
that a linear control method other than the Hoo loop shaping method may be utilized in the
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design.

[0131] In the present embodiment, the control circuit 8 performs control in the fixed coordinate
system without making fixed-to-rotating coordinate conversion nor rotating-to-fixed coordinate
conversion. As has been described earlier, the transfer function matrix G, is a transfer function
matrix which represents an equivalent process to carrying out fixed-to-rotating coordinate
conversion, then | control and then rotating-to-fixed coordinate conversion. Therefore, the
voltage controller 84 which performs the process represented by the transfer function matrix G,

performs an equivalent process to the process performed by the fixed-to-rotating coordinate
converter 78, the rotating-to-fixed coordinate converter 79, and | control process in Fig. 37.
Also, as shown in each Bode diagram in Fig. 7, the transfer function for each element in the
matrix G| has an amplitude characteristic which attains its peak at the center frequency. In

other words, in the voltage controller 84, only the center frequency component is a high-gain
component. Therefore, there is no need for providing the LPF 74a or 75a in Fig. 37.

[0132] The process performed in the voltage controller 84 is expressed by the transfer
function matrix G|, and therefore is a linear time-invariant process. Also, the control circuit 8
does not include nonlinear time-varying processes, i.e., the circuit does not include fixed-to-
rotating coordinate conversion process nor rotating-to-fixed coordinate conversion process.
Hence, the entire voltage control system is a linear time-invariant system. Therefore, the
arrangement enables control system design and system analysis using a linear control theory.
As described, use of the transfer function matrix G, represented by Equation (12) enables to
replace the non-linear process in which fixed-to-rotating coordinate conversion is followed by |
control and then by rotating-to-fixed coordinate conversion with a linear time-invariant multi-
input multi-output system. This makes it easy to perform system analysis and control system
design.

[0133] It should be noted here that in the present embodiment, the voltage controller 84
performs the process represented by Equation (22). However, each element in the matrix G,

may be given a different value from others for its integral gain K. Specifically, an integral gain
K; which differ from one transfer function to another may be designed for each element. For

example, there may be a design to include additional characteristics in the alpha axis
component such as improved quick response, improved stability, etc. Another example of
giving an additional characteristic may be to assign "0" to the integral gain K, of the element (1,
2) and that of the element (2, 1), to control both of negative-phase and negative-phase
sequence components. Also, if negative phase sequence component control is to be
performed, it can be accomplished by using the transfer function matrix G, in which the

element (1, 2) and the element (2, 1) are swapped with each other.

[0134] Also, if positive phase sequence component is to be controlled using the three voltage
signals Vu, Vv, Vw, it can be achieved by using the transfer function matrix G'|. If negative

phase sequence components are to be controlled, it can be achieved by using the transfer
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function matrix G'| in which the elements Gj12(s), Gi23(s), Giz1(s) are swapped with Gjq3(s),
Gio1(s), Gizo(s) (i.e., a transposed matrix of the matrix G'| should be used). If both of the

positive-phase and the negative-phase sequence components are to be controlled, it can be
accomplished by using the transfer function matrix G"| represented by Equation (18). Also,

there may be arrangements where the voltage controller 84 does not provide the alternative
control which replaces the | control, but provides a different alternative control (such as PI
control, D control, P control, PD control, ID control, and PID control) which replaces the above-
described alternative controls.

[0135] Next, description will cover a case where switching is made between output voltage
control and output current control, as a fifth embodiment.

[0136] In normal situations, an interconnection inverter system supplies electric power to an
electrical power system while controlling its output in association with the electrical power
system. If there is an accident in the electrical power system, the inverter circuit will disconnect
itself from the electrical power system and then ceases its operation. However, there is an
increasing demand for interconnection inverter systems which operate autonomously during an
accident in the electrical power system for continued supply of power to a load which is
connected to the interconnection inverter system. If an interconnection inverter system is to
perform autonomous operation to supply power to a load, it is necessary to control output
voltage. An interconnection inverter system according to the fifth embodiment is such a system
which is implemented by a combination of the first embodiment and the fourth embodiment
and is capable of switching its operation between output voltage control and output current
control.

[0137] Fig. 14 is a block diagram for describing a control circuit according to the fifth
embodiment. In this figure, elements which are identical with or similar to those in the
interconnection inverter system A in Fig. 6 are indicated by the same reference codes.

[0138] Fig. 14 shows an interconnection inverter system A", which supplies power to a load L
while also supplying power to the electrical power system B if it is interconnected therewith. It
should be noted here that the interconnection inverter system A according to the first
embodiment works in the same manner. However, description for the first embodiment only
covered a situation where the system was interconnected with the electrical power system B,
and therefore no reference or description was made for the load L. The interconnection
inverter system A" performs current control when it is in connection with the electrical power
system B but performs voltage control when it is disconnected from the electrical power system
B.

[0139] Fig. 14 shows a control circuit 8", which differs from the control circuit 7 (see Fig. 6)
according to the first embodiment in that it includes a three-phase to two-phase converter 83, a
voltage controller 84, a two-phase to three-phase converter 76 and a PWM signal generator 77
for voltage control, and a control switcher 85.
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[0140] The three-phase to two-phase converter 83 and the voltage controller 84 are identical
with the three-phase to two-phase converter 83 and the voltage controller 84 (see Fig. 13)
according to the fourth embodiment. In other words, they generate correction value signals Xa
, XB based on three voltage signals Vu, Vv, Vw from the voltage sensor 6. Then, the two-phase
to three-phase converter 76 and the PWM signal generator 77 in the subsequent stages
generate PWM signals for the voltage control. On the other hand, the three-phase to two-
phase converter 73 and the current controller 74 generate correction value signals Xa, XB
based on three current signals lu, lv, Iw from the current sensor 5. Then, the two-phase to
three-phase converter 76, the system matching-fraction generator 72 and the PWM signal
generator 77 in the subsequent stages generate PWM signals for the voltage control. The
control switcher 85 outputs PWM signals for voltage control generated by the voltage controller
84 based on the correction value signals Xa, Xp when not connected with the electrical power
system B, while it outputs the PWM signals for current control generated by the current
controller 74 based on the correction value signals Xa, X when connected with the electrical
power system B.

[0141] In the present embodiment, the interconnection inverter system A" is capable of
performing current control thereby supplying power to the electrical power system B when it is
connected with the electrical power system B whereas it is capable of performing voltage
control thereby supplying power to the load L when not connected with the electrical power
system B. Also, in the present embodiment, the control circuit 8' performs control in the fixed
coordinate system without making fixed-to-rotating coordinate conversion nor rotating-to-fixed
coordinate conversion. Since the processes performed in the current controller 74 and the
voltage controller 84 are processes which are equivalent to a process in which fixed-to-rotating
coordinate conversion is followed by | control and then by rotating-to-fixed coordinate
conversion, and are expressed by a transfer function matrix G, they are linear time-invariant

processes. Therefore, each of the entire current control system and the entire voltage control
system is a linear time-invariant system, and hence, the arrangement enables control system
design and system analysis using a linear control theory.

[0142] In the first through the fifth embodiments, description was made for cases where the
control circuit according to the present invention was applied to an interconnection inverter
system (inverter system). However, the present invention is not limited to this. The present
invention is also applicable to control circuits which control inverter circuits used in unbalance
compensators, static reactive power compensators (SVC, SVG), power active filters,
uninterruptable power supply systems (UPS), and so on. The present invention is also
applicable to control circuits for controlling inverter circuits which control rotation of motors or of
electric power generators Further, the present invention is not limited to controlling those
inverter circuits which convert DC current into three-phase AC current. For example, the
invention is applicable to control circuits for converters which convert three-phase AC current
into DC current and for cyclo-converters which convert three-phase AC frequencies.
Hereinafter, description will cover a case where the present invention is applied to a control
circuit of a converter circuit, as a sixth embodiment.
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[0143] Fig. 15 is a block diagram for describing a three-phase PWM converter system
according to the sixth embodiment. In this figure, elements which are identical with or similar to
those in the interconnection inverter system A in Fig. 6 are indicated by the same reference
codes.

[0144] Fig. 15 shows a three-phase PWM converter system C which converts AC power from
an electrical power system B into DC power and supplies the DC power to a load L'. The load
L' is a DC load. The three-phase PWM converter system C includes a voltage transformer
circuit 4, a filter circuit 3, a current sensor 5, a voltage sensor 6, a converter circuit 2', and a
control circuit 7.

[0145] The voltage transformer circuit 4 increases or decreases the AC voltage from the
electrical power system B to a predetermined level. The filter circuit 3 removes high frequency
components from the AC voltage inputted from the voltage transformer circuit 4, and outputs
the filtered voltage to the converter circuit 2'. The current sensor 5 detects an AC current of
each phase inputted to the converter circuit 2'. The detected current signals | are inputted to
the control circuit 7. The voltage sensor 6 detects an AC voltage of each phase inputted to the
converter circuit 2'. The detected voltage signals V are inputted to the control circuit 7. The
converter circuit 2' converts the inputted AC voltages into a DC voltage and output the DC
voltage to the load L'. The converter circuit 2' is a three-phase PWM converter, i.e., a voltage-
type converter circuit which includes unillustrated six switching elements in three sets. The
converter circuit 2' switches ON and OFF each of the switching elements based on PWM
signals from the control circuit 7, thereby converting the inputted AC voltages to a DC voltage.
The converter circuit 2' is not limited to this, and may be provided by a current-type converter
circuit.

[0146] The control circuit 7 controls the converter circuit 2'. Like the control circuit 7 according
to the first embodiment, the control circuit 7 generates PWM signals and outputs the generated
signals to the converter circuit 2'. Fig. 15 only shows a configuration for input current control.
The figure does not show other control configurations. Though not illustrated, the control circuit
7 also includes a DC voltage controller and a reactive power controller thereby providing
control on output voltage and input reactive power. The type of control performed by the
control circuit 7 is not limited to the above. For example, if the converter circuit 2' is a current-
type converter circuit, output current control is performed instead of the output voltage control.

[0147] The present embodiment provides the same advantages as offered by the first
embodiment. If the three-phase PWM converter system C is to be reduced in its size by
reducing the size of the filter circuit 3, accuracy in current control will have to be decreased,
which leads to increased difficulty in control system design. However, according to the present
embodiment, system design can be easy by using a linear control theory. Therefore, difficulty
in control system design is no longer a hurdle to size reduction of the three-phase PWM
converter system C.

[0148] The configuration of the three-phase PWM converter system C is not limited to the
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above. For example, the control circuit 7 may be replaced by the control circuit 7', 7", 8 or 8.
Also, an inverter circuit may be provided on the output side of the converter circuit 2' for
conversion of the DC power further into AC power for supply to an AC load. In this case the
system provides a cyclo-converter.

[0149] Next, methods of controlling harmonic components will be described.

[0150] The transfer function matrix G represented by Equation (10) is for controlling a
fundamental wave component. The n-th harmonic is an angular frequency component
obtained by multiplying the fundamental wave angular frequency by n. When the n-th-order
harmonic positive phase sequence component is subjected to three-phase to two-phase
conversion, two cases are possible: In one case the alpha axis signal has an advanced phase
over the beta axis signal, and in the other case the phase is delayed. If n=3k+1 (k=1, 2, ...), the
n-th-order harmonic positive phase sequence component signal has a sequence of phases
which is identical with that in the positive phase sequence component signal of the
fundamental wave. Specifically, with the fundamental wave's positive phase sequence
component having U-, V-, and W- phase signals represented by Vu=Vcos8, Vv=Vcos(6-21/3)
and Vw=Vcos(6-411/3) respectively, signals of e.g. the seventh-order harmonic positive phase
sequence component in the U, V and W phases are expressed as Vu7=V7cos70,
Vv7=V7cos(76-1411/3)=V7cos(76-211/3), and Vw7=V7cos(76-2811/3)=V7cos(70-411/3)
respectively. In this case, the phase sequence is identical with that of the positive phase
sequence component in the fundamental wave, and like in Fig. 8(a), the phase of the alpha
axis signal is advanced by 90 degrees over the phase of the beta axis signal. Therefore, the
transfer function matrix to control positive phase sequence component of the n-th-order
harmonic (n=3k+1) is expressed as a transfer function matrix G, represented by Equation (23)
which is Equation (10) with the item wq substituted for n-wg. On the other hand, if n=3k+2 (k=1,

2, ...), the n-th-order harmonic positive phase sequence component signal has a phase
sequence which is identical with that of the negative phase sequence component signal of the
fundamental wave. Specifically, with the fundamental wave's positive phase sequence
component having U-, V-, and W- phase signals Vu, Vv, Vw being represented by the same
equations as the above, signals of e.g. the fifth-order harmonic positive phase sequence
components in the U, V and W phases are expressed as, Vuz=V5c0s50,
Vvg=V5c0s(56-1011/3)=V5cos(56-411/3), and Vws=V5c0s(56-2011/3)=V5c0s(50-211/3)
respectively. In this case, the phase sequence is identical with that of the negative phase
sequence component in the fundamental wave, and like in Fig. 8(b), the phase of the alpha
axis signal is delayed by 90 degrees from the phase of the beta axis signal. Therefore, the
transfer function matrix to control the positive phase sequence component of the n-th-order
harmonic (n=3k+2) is expressed as a transfer function matrix G, represented by Equation (23")

which is Equation (10) in which the item wg is substituted for n-wg and the elements (1, 2) and
the element (2, 1) are swapped with each other.
F(s+ jnw,)+ F(s= jnw,) F(s+ jnow,)=F(s= jnw,)
2 2j
_F(s+ jnw)-F(s— jn@,) F(s+jna)+F(s— jnw,)

Gn = (23)
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F(s+jn@)+Fs—jnw)  F(s+ jnw)-F(s— jna,)
_ 2 2]
| F(s+ jn@) - F(s— jnw) F(s+ jnw)+F(s— jn®,)
27 2

(23"

[0151] Also, the transfer function matrix Gy, to perform | control on the positive phase
sequence component of the n-th-order harmonic (n=3k+1) is calculated as Equation (24) which
is Equation (12) in which the item wgq is substituted for n-wg. On the other hand, the matrix G,
of the transfer function to provided | control on the positive phase sequence component of the
n-th-order harmonic (n=3k+2) is calculated as Equation (24') which is Equation (12) in which
the item wyq is substituted for n-wg and the element (1, 2) and the element (2, 1) are swapped
with each other. The following Equations (24) and (24') can be obtained as F(s)=Ky/s in
Equations (23) and (23').

K.s - K na,
2 o) 2 2 2 2
S+ S +nw
G, = K 0 © o e (24)
N, )

sT+n'e, sT+ne |

K,s K. na,
2 2 2 2 2 2
s*+nf@° sT+n@ ,
G, = -K na)0 K.s L)
I 4] 7

s'+n'w sT+ni@

[0152] Hereinafter, description will be made for a seventh embodiment of the present
invention, which is a case where a harmonic compensation controller which performs the
process given by the transfer function matrix G, in Equations (24) and (24') is applied to an

interconnection inverter system control circuit.

[0153] Fig. 16 is a block diagram for describing the interconnection inverter system according
to the seventh embodiment. In this figure, elements which are identical with or similar to those
in the control circuit 7 in Fig. 6 are indicated by the same reference codes. Fig. 16 shows a
control circuit 7, which is the control circuit 7 (see Fig. 6) according to the first embodiment
further including a harmonic compensation controller 9.

[0154] The harmonic compensation controller 9 works for harmonic component suppression.
It receives an alpha axis current signal la and a beta axis current signal I from the three-
phase to two-phase converter 73, and generates harmonic compensation signals Ya, Y@ for
harmonic suppression control. The harmonic compensation controller 9 includes a fifth-order
harmonic compensator 91 for suppressing positive phase sequence component of the fifth-
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order harmonic; a seventh-order harmonic compensator 92 for suppressing positive phase
sequence component of the seventh-order harmonic; and an eleventh-order harmonic
compensator 93 for suppressing positive phase sequence component of the eleventh-order
harmonic.

[0155] The fifth-order harmonic compensator 91 works for suppressing positive phase
sequence component of the fifth-order harmonic. The fifth-order harmonic compensator 91
performs a process given by a transfer function matrix G5, which is the transfer function matrix

Gin represented by Equation (24') with n=5 for the control of positive phase sequence

component of the fifth-order harmonic. In other words, the fifth-order harmonic compensator
91 performs a process given by the following Equation (25), to output fifth-order harmonic
compensation signals Yas, YBs. As for the angular frequency wg, a predetermined value is set

as an angular frequency (for example, wg=1201r [rad/sec](60[Hz])) for the system voltage
fundamental wave, and the integral gain K5 is a pre-designed value. Also, the fifth-order

harmonic compensator 91 performs a stability margin maximization process, which includes
phase adjustment to correct phase delay in the control loop for reversing the phase. The alpha
axis current signal la and the beta axis current signal I represent "the first input signal” and
"the second input signal" according to the present invention respectively whereas the fifth-
order harmonic compensation signals Yas, YBs5 represent "the first output signal” and "the

second output signal" according to the present invention respectively.

Yo, _G la
=)

KISS SKISQ)D
s°+25m° §°+25m ||la
-5K,0,  K.» Lﬂ]---(%)

s*+25m° 57 +250,

[0156] In the present embodiment, the fifth-order harmonic compensator 91 is designed by
Hoo loop shaping method, which is a method based on a linear control theory, with a frequency
weight being provided by the transfer function matrix G5. The process performed in the fifth-

order harmonic compensator 91 is expressed as the matrix G5 of the transfer function, and

therefore is a linear time-invariant process. Hence, it is possible to perform control system
design using a linear control theory.

[0157] It should be noted here that design method to be used in designing the control system
is not limited to this. In other words, other linear control theories may be employed for the
design. Examples of usable methods include loop shaping method, optimum control, Hoo
control, mixed sensitivity problem, and more. Also, there may be an arrangement that a phase
B5 is calculated and set in advance for adjustment based on the phase delay. For example, if

the target of control has a 90-degree phase delay, a 180-degree phase delay may be designed
by a setting 85=-90 degrees. In this case, a rotation conversion matrix based on the phase 65
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is added to Equation (25).

[0158] The seventh-order harmonic compensator 92 works for suppressing positive phase
sequence component of the seventh-order harmonic. The seventh-order harmonic
compensator 92 performs a process given by a transfer function matrix G;7, which is the

transfer function matrix G|, represented by Equation (24) with n=7 for the control of positive

phase sequence component of the seventh-order harmonics. In other words, the seventh-
order harmonic compensator 92 performs a process given by the following Equation (26), to
output seventh-order harmonic compensation signals Yaz, YB7. As for the angular frequency

wp, a predetermined value is set as an angular frequency for the system voltage fundamental
wave, and the integral gain K7 is a pre-designed value. Also, the seventh-order harmonic

compensator 92 performs a stability margin maximization process, which includes phase
adjustment to correct phase delay in the control loop for reversing the phase. The seventh-
order harmonic compensator 92 is designed by the same method as is the fifth-order harmonic
compensator 91.

Ya, lo
=G
)7

K”S —7K170)0
P +49, 57 +49w, || la ,
=l % o K.s Lﬂ}.(zf))

s*+49w," 57 +49w,

[0159] The eleventh-order harmonic compensator 93 works for suppressing positive phase
sequence component of the eleventh-order harmonics. The eleventh-order harmonic
compensator 93 performs a process given by a transfer function matrix Gjq¢, which is the
transfer function matrix G, represented by Equation (24') with n=11 for the control of positive
phase sequence component of the eleventh-order harmonics. In other words, the eleventh-
order harmonic compensator 93 performs a process given by the following Equation (27), to
output eleventh-order harmonic compensation signals Ya11, YB11. As for the angular
frequency wq, a predetermined value is set as an angular frequency for the system voltage
fundamental wave, and the integral gain Kj{1 is a pre-designed value. Also, the eleventh-order

harmonic compensator 93 performs a stability margin maximization process, which includes
phase adjustment to correct phase delay in the control loop for reversing the phase. The
eleventh-order harmonic compensator 93 is designed by the same method as is the fifth-order
harmonic compensator 91.

Ya, la
=G
e

K, s 11K, @,
s +121w" $*+121w’ |l
= 0 0 (27
—111{”1(()0 KIIIS |:1,8:| )

s+ 121w s +121w”°
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[0160] The fifth-order harmonic compensation signals Yas, YB5 outputted by the fifth-order
harmonic compensator 91, the seventh-order harmonic compensation signals Yaz, Y(7

outputted by the seventh-order harmonic compensator 92, and the eleventh-order harmonic
compensation signals Yaq4, YB11 outputted by the eleventh-order harmonic compensator 93
are added together respectively, and the resulting harmonic compensation signals Ya, YB are
outputted from the harmonic compensation controller 9. It should be noted here that the
present embodiment covers a case where the harmonic compensation controller 9 includes the
fifth-order harmonic compensator 91, the seventh-order harmonic compensator 92, and the
eleventh-order harmonic compensator 93. However, the present invention is not limited to this.
The harmonic compensation controller 9 is designed in accordance with the orders of
harmonics which must be suppressed. For example, if the fifth-order harmonics are the only
target of suppression, then only the fifth-order harmonic compensator 91 may be included.
Likewise, if it is desired to suppress the thirteenth-order harmonic, then a thirteenth-order
harmonic compensator should be added for a process expressed by a matrix G413, which is the

transfer function matrix G|, with n=13 represented by Equation (24).

[0161] The harmonic compensation signals Ya, Y@ outputted from the harmonic
compensation controller 9 are added to the correction value signals Xa, XB outputted from the
current controller 74. The two-phase to three-phase converter 76 is fed with correction value
signals Xa, XB obtained by the addition of the harmonic compensation signals Ya, Y_.

[0162] In the present embodiment, the fifth-order harmonic compensator 91 performs control
in the fixed coordinate system without making fixed-to-rotating coordinate conversion nor
rotating-to-fixed coordinate conversion. The matrix G5 of the transfer function is a transfer
function matrix which shows a process equivalent to carrying out fixed-to-rotating coordinate
conversion, then | control and then rotating-to-fixed coordinate conversion.

[0163] Also, the process performed in the fifth-order harmonic compensator 91 is expressed
as the transfer function matrix G5, and therefore is a linear time-invariant process. The fifth-

order harmonic compensation does not include nonlinear time-varying processes, i.e., the
circuit does not include fixed-to-rotating coordinate conversion process nor rotating-to-fixed
coordinate conversion process. Hence, the entire control loop is a linear time-invariant system.
Therefore, the arrangement enables control system design and system analysis using a linear
control theory. As described, use of the transfer function matrix G5 represented by Equation
(25) enables to replace the non-linear process in which fixed-to-rotating coordinate conversion
is followed by | control and then by rotating-to-fixed coordinate conversion with a linear time-
invariant multi-input multi-output system. This makes it easy to perform system analysis and
control system design.

[0164] The same applies to the seventh-order harmonic compensator 92 and the eleventh-
order harmonic compensator 93. In other words the processes performed in the seventh-order
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harmonic compensator 92 and in the eleventh-order harmonic compensator 93 are also linear
time-invariant processes, and therefore it is possible to design control systems and perform
system analyses using a linear control theory.

[0165] In the present embodiment, description was made for cases where elements in a
transfer function matrix have the same integral gain. However, each element in the matrix may
be given a different value from others for its integral gain. For example, there may be a design
to include additional characteristics in the alpha axis component such as improved quick
responsiveness, improved stability, etc. Another example of adding a characteristic may be to
assign "0" to the integral gain K, of the element (1, 2) and that of the element (2, 1), to control
both of negative-phase and negative-phase sequence components. Later, description will be
made for a case of controlling both positive-phase and negative-phase sequence components.

[0166] In the present embodiment, description was made for a case where the fifth-order
harmonic compensator 91, the seventh-order harmonic compensator 92 and the eleventh-
order harmonic compensator 93 are designed individually from each other. However, the
present invention is not limited to this. The fifth-order harmonic compensator 91, the seventh-
order harmonic compensator 92 and the eleventh-order harmonic compensator 93 may be
designed all in one, with a common integral gain.

[0167] In the seventh embodiment, description was made for cases where control is made to
positive phase sequence components in each harmonic. However, the present invention is not
limited to this. Control may be made to negative phase sequence components in each
harmonic This can be accomplished by using the transfer function matrix Gy, used for
controlling the positive phase sequence components in which the element (1, 2) and the
element (2, 1) are swapped with each other. Also, control may be provided on both of the
positive-phase and negative-phase sequence components. Hereinafter, description will be
made for an eighth embodiment, where both positive-phase and negative-phase sequence
components are controlled.

[0168] As has been described earlier, the process shown in the transfer function of the
element (1, 1) and the element (2, 2) in the matrix G, allows positive-phase and negative-
phase sequence components to pass through without changing their phase (see Fig. 7(a)).
Therefore it is possible to provide control on both of the positive-phase and negative-phase
sequence components if use is made for the matrix G, represented by Equation (12), in which
"0" is assigned to the element (1, 2) and the element (2, 1). The same applies to the matrices
G and G, Therefore, it is possible to perform control on both of the positive phase sequence
component and the negative phase sequence component if the element (1, 2) and the element
(2, 1) are "0" in the matrices represented by Equations (23) and (24).

[0169] The eighth embodiment provides a control circuit, which is the control circuit 7 in Fig.
16 in which "0" is assigned to the element (1, 2) and the element (2, 1) in matrices G5, Gy7,

G4 of the transfer functions used in the fifth-order harmonic compensator 91, the seventh-
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order harmonic compensator 92, and the eleventh-order harmonic compensator 93
respectively. Thus, the eighth embodiment can provide control on both positive-phase and
negative-phase sequence components in harmonics of each order. Also, the eighth
embodiment provides the same advantage as offered by the seventh embodiment, i.e., that
the embodiment enables control system design and system analysis using linear control
theories.

[0170] Fig. 17 is a diagram for describing a result of a simulation conducted with the eighth
embodiment.

[0171] In the simulation, non-balanced distortion and harmonic disturbance in each order
were added to the current in each phase in the interconnection inverter system A (see Fig. 16),
with a target current set at 20 [A]. Fig. 17 shows waveforms of current signals lu, lv, Iw
detected by the current sensor 5 in an output current of each phase. Fig. 17(a) shows
waveforms right after the simulation was started whereas Fig. 17(b) shows waveforms in 50
seconds after the simulation was started. As shown in Fig. 17(b), each of the current signals lu,
lv, lw has a smooth waveform with all harmonic components suppressed well.

[0172] Fig. 18 and Fig. 19 are diagrams for describing a result of an experiment conducted
with the eighth embodiment.

[0173] In this experiment, comparison was made between a case where there was a
harmonic compensation controller 9 (including only a fifth-order harmonic compensator 91 and
a seventh-order harmonic compensator 92) was provided and a case the same was not
provided in an interconnection inverter system A (see Fig. 16) which was connected with an
electrical power system B contaminated with non-balanced distortion and harmonic
disturbance at each order of harmonics. Fig. 18 shows waveforms of a phase U current signal
lu after a steady state was achieved. Fig. 18(a) shows a case where the harmonic
compensation controller 9 was not provided whereas Fig. 18(b) shows a case where the
harmonic compensation controller 9 was provided. As compared to Fig. 18(a), the waveform in
Fig. 18(b) is smoother as a result of suppression on the fifth-order and the seventh-order
harmonic components. Fig. 19 is a chart which shows ratios of harmonic components
contained in the current signals lu, lv, lw in the steady state. The table shows percentage
values of each harmonic component, with the fundamental wave component being 100%. Fig.
18(a) shows a case where the harmonic compensation controller 9 was not provided whereas
Fig. 18(b) shows a case where the harmonic compensation controller 9 was provided. As
compared to the table in Fig. 19(a), the table in Fig. 19(b) shows better suppression on the
fifth-order and the seventh-order harmonic components.

[0174] In the seventh and the eighth embodiments, description was made for cases where
three current signals lu, lv, lw are converted into an alpha axis current signal la and a beta axis
current signal IB, to provide control. However, the present invention is not limited to this. For
example, control may be provided through direct use of the three current signals Iu, Iv, Iw.
Hereinafter, such a case will be described as a ninth embodiment.
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[0175] Fig. 20 is a block diagram for describing a control circuit according to the ninth
embodiment. In this figure, elements which are identical with or similar to those in the control
circuit 7" in Fig. 11 are indicated by the same reference codes.

[0176] Fig. 20 shows a control circuit 7", which is the control circuit 7" (see Fig. 11) according
to the third embodiment further including a harmonic compensation controller 9'. The harmonic
compensation controller 9' differs from the harmonic compensation controller 9 (see Fig. 16)
according to the seventh embodiment in that its fifth-order harmonic compensator 91,
seventh-order harmonic compensator 92' and eleventh-order harmonic compensator 93’
provide direct control using three current signals lu, Iv, lw.

[0177] Since three-phase to two-phase conversion and two-phase to three-phase conversion
are expressed by Equation (1) and Equation (4), a process in which the three-phase to two-
phase conversion is followed by the process represented by the transfer function matrix G,
and then followed by two-phase to three-phase conversion is expressed by a transfer function
matrix G', represented by Equation (28) given below:

1 0
¢ b1
szz_l ﬁG 2 2
S el o Y S
13 > 2
2 2

G,,05) G050 G05)
=G, (5) G,(s) G (5)|(28)
G, (5) G,,s5) G ()
where when n=3k+1 (k=1, 2, ...),
G, ()=G,,(5) =G (s)
_F(s+ jnw)+ F(s— jnw,)
- 3
G ,()=6G_.(5)=G ,(s)

C(—1=+3))- F(s+ jn@) + (<1 +~3))- F(s — jnw,)
- 6

Gn13 (S) = GnZI(S) = GnSZ(s)

_ LB Fs+ jno) + ((1-V3))- F(s — jn,)
when n=3k+2 (k=0, 1, 2, ...) °

Gnll (S) = anz (5) = Gn33(s)

_F(s+ jnw)+ F(s— jna@,)

B 3

G,()=G.(5)=G,,(s)

_ (13 Fs + jnw) + (=1 =3))- F(s = jne,)
6
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Gn13 (S) = anl (S) = GnSZ(s)

_(C1=3))- Fs+ jn@y) + (14 +3))- F(s - jna,)
6

[0178] Therefore, the process in which three-phase to two-phase conversion is followed by a
process represented by the transfer function matrix G, and then followed by two-phase to

three-phase conversion is given by the matrix G'|,, of the transfer function represented by

Equation (29) given below:
G,.(s) G,,(5) G,.(s)

G =G (5) G (5) G ()| (29)
Gru(s) Gru(s) Gu(s)

where when n=3k+1 (k=1, 2, ...),

G (8) =G, () =G, (s)

2Ky

3 S tnw,

G,.(5)=G, . (5)=G, ., (5)

_ 1 K (s++3na)

R nw,

G, (8)=G,,(8)=G,,(s)

1 K,(s—~/3nw,)

3 s ine]

when n=3k+2 (k=0, 1, 2, ...)

G,($)=G,_.(8)=G,.(8)

2 Ks

3 s +n'w’
G,.(9)=G,,,(5)=G,,,(s)
1 K (s—3nw)
T3 gy nw,’
G,.5)=G,,,(5)=G, ., (5)

1 K,(s+ \/§n,a)0)
T3 4 o’

[0179] The fifth-order harmonic compensator 91' receives three current signals lu, lv, lw from
the current sensor 5 for generation of fifth-order harmonic compensation signals Yus, Yvs, Ywsg
to be used in suppressing positive phase sequence component of the fifth-order harmonic. The
compensator performs a process represented by Equation (30) shown below. It should be
noted here that the transfer function matrix G'j5 is the transfer function matrix G'|, represented

by Equation (29) with n=5. Also, the fifth-order harmonic compensator 91' performs a stability
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margin maximization process, which includes phase adjustment to correct phase delay in the
control loop for reversing the phase. The current signals Iu, lv, Iw represent "the first input
signal”, "the second input signal”, and "the third input signal” according to the present invention
respectively whereas the fifth-order harmonic compensation signals Yus, Yvs, Yws represent
"the first output signal”, "the second output signal" and "the third output signal" according to the
present invention respectively.

Yu, lu
Yv, |=G' | v |---(30)
Yw, Iw

[0180] In the present embodiment, the fifth-order harmonic compensator 91' is designed by
Hoo loop shaping method, which is a method based on a linear control theory, with a frequency
weight being provided by the transfer function matrix G'|s. The process performed in the fifth-
order harmonic compensator 91' is expressed by the transfer function matrix G'5, and
therefore is a linear time-invariant process. Hence, it is possible to perform control system
design using a linear control theory. The fifth-order harmonic compensator 91' is designed in
the same manner as is the fifth-order harmonic compensator 91 according to the seventh
embodiment. However, a linear control theory other than the Hoo loop shaping method may be
utilized in the design.

[0181] The seventh-order harmonic compensator 92' receives three current signals lu, lv, lw
from the current sensor 5 for generation of seventh-order harmonic compensation signals Yuz,
Yv7, Yw7 to be used in suppressing positive phase sequence component in the seventh-order
harmonic. The compensator performs a process represented by the Equation (31) shown
below. It should be noted here that the matrix G'7 of the transfer function is the transfer
function matrix G'|, represented by Equation (29) with n=7. Also, the seventh-order harmonic
compensator 92' performs a stability margin maximization process, which includes phase
adjustment to correct phase delay in the control loop for reversing the phase. The seventh-
order harmonic compensator 92' is also designed by the same method as is the fifth-order
harmonic compensator 91'.

Yu, Tu
Yvv, |=G',|Iv |31
Yw, Iw

[0182] The eleventh-order harmonic compensator 93' receives three current signals lu, lv, lw
from the current sensor 5 for generation of eleventh-order harmonic compensation signals
Yuq1, Yvq1, Ywqq to be used in suppressing positive phase sequence components in the
eleventh-order harmonics. The compensator performs a process represented by the following
Equation (32). It should be noted here that the transfer function matrix G'|1¢ is the transfer

function matrix G'y, represented by Equation (29) with n=11. Also, the eleventh-order harmonic
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compensator 93' performs a stability margin maximization process, which includes phase
adjustment to correct phase delay in the control loop for reversing the phase. The eleventh-
order harmonic compensator 93' is also designed by the same method as is the fifth-order
harmonic compensator 91'.

Yu, lu
YW, =G, | v |-+(32)
Yw, Iw

[0183] The fifth-order harmonic compensation signals Yas, YB5 outputted from the fifth-order

harmonic compensator 91', the seventh-order harmonic compensation signals Ya7, Y[B7
outputted from the seventh-order harmonic compensator 92', and the eleventh-order harmonic
compensation signals Ya11, YB11 outputted from the eleventh-order harmonic compensator
93' are added together respectively, and the resulting harmonic compensation signals Yu, Yv,
Yw are outputted from the harmonic compensation controller 9. The harmonic compensation
controller 9' is designed in accordance with the orders of harmonics which must be
suppressed. For example, if it is desired to suppress only the fifth-order harmonics, then the
controller may only include the fifth-order harmonic compensator 91'. If it is desired to further
suppress the thirteenth-order harmonic, then the controller should further include a thirteenth-
order harmonic compensator for a process expressed by a transfer function matrix G'j13, which

is the transfer function matrix Gy, of the transfer function represented by Equation (25) with
n=13.

[0184] The harmonic compensation signals Yu, Yv, Yw outputted from the harmonic
compensation controller 9' are added to the correction value signals Xu, Xv, Xw from the
current controller 74". After the addition of the compensation signals Yu, Yv, Yw, system
command values Ku, Kv, Kw from the system matching-fraction generator 72 are added to the
correction value signals Xu, Xv, Xw, to obtain command value signals X'u, X'v, X'w, which are
then inputted to the PWM signal generator 77.

[0185] In the present embodiment, the process performed in the fifth-order harmonic
compensator 91' is expressed by the transfer function matrix G'i5, and therefore is a linear

time-invariant process. Also, the fifth-order harmonic compensation does not include nonlinear
time-varying processes, i.e., the circuit does not include fixed-to-rotating coordinate conversion
process nor rotating-to-fixed coordinate conversion process. Hence, the entire control loop is a
linear time-invariant system. Therefore, the arrangement enables control system design and
system analysis using a linear control theory. The same applies to the seventh-order harmonic
compensator 92'and the eleventh-order harmonic compensator 93'.

[0186] If negative phase sequence component control is to be performed in the ninth
embodiment, it can be achieved by using the transfer function matrix G'|, used for controlling

the positive phase sequence components in which the elements Gip12(8), Gin23(s), and Ginz1(s)

are swapped with G|y13(s), Gin21(s) and Giya2(s) respectively (specifically, a transposed matrix
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of the matrix G'|y should be used). Also, control may be provided on both positive-phase and

negative-phase sequence components. Hereinafter, description will cover such a case as a
ninth embodiment, where the fifth-order harmonic compensator 91', the seventh-order
harmonic compensator 92', and the eleventh-order harmonic compensator 93' control both
positive-phase and negative-phase sequence components.

[0187] If "0" is given to the element (1, 2) and the element (2, 1) of the matrix G, in Equation
(28) described above, the calculation provides a transfer function matrix G",, represented by
Equation (33) shown below:

F(s+ jnw)+ F(s— jnw,) 0

0
G|7 _z ﬁ 2 X
"3 2 0 F(s+ jn@,)+ F(s — jn@,)
B3 2
L 2_
1 _1
2 2
o V3B
2 2
. o 2 -1 -1
_1 FGs+ jn@) + F(s - jnw,) 12 133
3 2
-1 -1 2

[0188] Therefore, if the fifth-order harmonic compensator 91' is to control both positive-phase
and negative-phase sequence components, it can be accomplished by using a transfer
function matrix G"|5 which is the transfer function matrix G" |y represented by Equation (34) with
n=5 shown below. Likewise, if the seventh-order harmonic compensator 92' is to control both
positive-phase and negative-phase sequence components, it can be accomplished by using a
transfer function matrix G"|7 which is the transfer function matrix G"|y represented by Equation
(34) with n=7 shown below. Further, if the eleventh-order harmonic compensator 93' is to
control both positive-phase and negative-phase sequence components, it can be
accomplished by using a transfer function matrix G"|11 which is the transfer function matrix
G"|N represented by Equation (34) with n=11 shown below:
2 -1 -1
G, =——"——|-1 2 -1}-(34)

-1 -2

[0189] In the seventh through the ninth embodiments, description was made for cases where
the fifth-order harmonic compensator 91 (91'), the seventh-order harmonic compensator 92
(92") and the eleventh-order harmonic compensator 93 (93') perform a control which replaces |
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control. However, the present invention is not limited by these. For example, an alternative
control which replaces PI control may be provided. If the fifth-order harmonic compensator 91,
the seventh-order harmonic compensator 92 and the eleventh-order harmonic compensator
93 in the seventh embodiment are to provide an alternative control which replaces Pl control,
with n=3k+1(k=1, 2, ...), it can be accomplished by substituting wq for n-wgq in the Equation (11)
above, which will provide a transfer function matrix Gp|, represented by Equation (35) shown
below. In a case where n=3k+2(k=0, 1, 2, ...), then substitute the item wq for n-wg in Equation
(11), swap the element (1, 2) with the element (2, 2) and use a transfer function matrix Gp,

represented by Equation (35") shown below. The following Equations (35) and (35') can be
obtained by substituting F(s) for Kp+K)/s in Equations (23) and (23').

K,s*+Ks+Kn'e -K,nm,
2 2 2 2 2 2
$”+nrn @ S +na
GPI/: = ’ 2 O» 2 2 (35)
K.na, K,s"+K,s+K.,n"o,
i s v S +nw |
K,s"+Ks+Kn'w K no,
2 2 2 ) 2
s+’ s +ntm
GPIn = ’ 2 ’ 2 2 '..(35')
=K,nw, K. s"+K, s+ K.n@,
i s+ nga)oz s+ nla)o2 |

[0190] If the fifth-order harmonic compensator 91 is to provide control which replaces PI
control, it can be accomplished by using a matrix Gp|5 represented by Equation (35') with n=5.
If the seventh-order harmonic compensator 92 is to provide control which replaces PI control, it
can be accomplished by using a matrix Gpj7 given by Equation (35') with n=7. If the eleventh-
order harmonic compensator 93 is to provide control which replaces PI control, it can be
accomplished by using a matrix Gpj4¢ given by Equation (35') with n=11.

[0191] If the fifth-order harmonic compensator 91, the seventh-order harmonic compensator
92 and the eleventh-order harmonic compensator 93 in the eighth embodiment are to provide
control which replaces PI control, it can be accomplished by using the transfer function matrix
Gpin represented by Equations (35) and (35') in which "0" is given to the element (1, 2) and the

element (2, 1).

[0192] If the fifth-order harmonic compensator 91', the seventh-order harmonic compensator
92' and the eleventh-order harmonic compensator 93' in the ninth embodiment are to provide
control which replaces Pl control, it can be accomplished by using a transfer function matrix
G'p|y represented by Equation (36) shown below:

Gmnn(s) Gmnm(s) Gmnm(s)
G'Pln: GPInZl(S) szz(s) GP[nZ?;(S) (36)
GPM 31 (S) GP]r; 32 (S) GPIVL33 (S)
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where when n=3k+1 (k=1, 2, ...),
G, .($)=G,, . (8)=G,,..(5)
2 K +Ks+K ')
3 s
Gz (8) = G0y (8) = Gy (8)
1 K+ K (s+ro) K0,
R s'+nt@,
Gn(8)=G,, . (5)=G,,..(5)
1 K,s°+K,(s—3nw)+K,n’®
when n=3k+2 (k=0, 1, 2, ...)
G (8)=6G,,..(8)=G,,.,(s)
2 K" +Ks+K ']
) '+t
G, .8)=G, .s)=G, . ()
1 K,s*+K,(s—3nw)+ K, 0w’
3 s’ ',
Grn(5) =G, (8) =G, (8)
1 K5 +K,(s+ o)+ K.’

3 s’ +nw,

[0193] If the fifth-order harmonic compensator 91', the seventh-order harmonic compensator
92', and the eleventh-order harmonic compensator 93' are to provide control which replaces PI
control, in the configuration that negative phase sequence component control is performed for
each harmonic in the ninth embodiment, it can be achieved by using a matrix provided by the
transfer function matrix G'p, represented by Equation (36) above in which the elements

Gpint2(s), Gpinza(s) and Gpinzi(s) are swapped with Gpnqs(s), Gpin21(s) and Gpinz2(s)
respectively (specifically, a transposed matrix of the matrix G'p|, should be used). Also, if the
fifth-order harmonic compensator 91', the seventh-order harmonic compensator 92' and the
eleventh-order harmonic compensator 93' are to provide alternative control which replaces Pl
control, in the configuration that both positive-phase and negative-phase sequence
components are controlled in the ninth embodiment, it can be accomplished by using a transfer
function matrix G"p|, represented by Equation (37) shown below:

2 -1 -1

-1 2 =137

-1 -1 2

% 2 2
:i‘KPS +K, s+ K,nw,
Pin 2 2
"3 "+l

Gll

[0194] Providing alternative control which replaces Pl control provides an advantage that a
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damping effect can be added at transient time by adjusting the proportional gain Kp. However,

there is also a disadvantage that the system is more sensitive to modeling errors. On the
contrary, providing control which replaces | control is disadvantageous in that a damping effect
at transient time cannot be added, yet there is an advantage that the system is not very much
sensitive to modeling errors.

[0195] Still another alternative may be that the fifth-order harmonic compensator 91 (91'), the
seventh-order harmonic compensator 92 (92') and the eleventh-order harmonic compensator
93 (93") perform alternative control which replaces the above-described other alternative
controls equivalent to | control or to the PI control. If transfer functions F(s) in Equations (23)
and (23') are substituted for a transfer functions of the above-mentioned alternative control, it
becomes possible to calculate a transfer function matrix which represents a process equivalent
to carrying out fixed-to-rotating coordinate conversion, then the above-described alternative
control and then rotating-to-fixed coordinate conversion. Therefore, it is possible to design a
system which provides an alternative control to PID control (the transfer function for which is
expressed as F(s)=Kp+K/s+Kp's, where proportional gain is represented by Kp, integral gain is
represented by K, and derivative gain is represented by Kp). It is also possible to provide

controls which can substitute D control (derivative control; the transfer function for which is
expressed as F(s) =Kp's, where derivative gain is represented by Kp); P control (proportional

control; the transfer function for which is expressed as F(s)=Kp, where proportional gain is

represented by Kp); PD control; ID control; etc.

[0196] In the seventh through the ninth embodiments thus far, description was made for
cases where output current is controlled. However, the present invention is not limited to this.
For example, output voltage may be controlled. In this case, the control circuit 8 (see Fig. 13)
according to the fourth embodiment further includes the harmonic compensation controller 9.
Again, the arrangement provides the same advantages as offered by the seventh embodiment.
Also, any of the control methods described thus far for the seventh through the ninth
embodiments is applicable to the case where output voltage is controlled. For example, both of
positive-phase and negative-phase sequence components may be controlled; three voltage
signals Vu, Vv, Vw may be used for control; or alternative control replacing PI control may be
provided. Also, there may be a configuration where the control circuit 8' (see Fig. 14) according
to the fifth embodiment further includes the harmonic compensation controller 9.

[0197] Next, description will cover methods for preventing harmonic suppression control from
becoming divergent.

[0198] In the seventh embodiment (see Fig. 16), the fifth-order harmonic compensator 91
performs phase adjustment to correct phase delay in the control loop for reversing the phase.
Setting for the phase adjustment is based on the impedance of the interconnection inverter
system A (mainly from a reactor inductance and capacitor capacitance of the filter circuit 3)
before the system is interconnected with the electrical power system B. Once the
interconnection inverter system A is connected with the electrical power system B and if the
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electrical power system B has load conditions which are different from the assumption, there
can be a problem such as a shift or an increase in resonance points of the filter circuit 3. If this
happens, phase correction is no longer appropriate, and the control can be divergent.

[0199] Fig. 21 is a Bode diagram of a transfer function from an output voltage of the inverter
circuit 2 to an output current of the interconnection inverter system A, showing an example of
the transfer function before and after the interconnection inverter system A is connected with
the electrical power system B.

[0200] With the system voltage fundamental wave angular frequency wq being 1201 [rad/sec]

(60[Hz]), angular frequency of the fifth-order harmonic is 6001 (=1885) [rad/sec](300[Hz]).
According to Fig 21, the phase of the fifth-order harmonic is delayed by about 90 degrees
before the connection, but delayed by about 270 degrees after the connection. In other words,
even if the phase adjustment for negative feedback control is made before the connection, the
control will become positive feedback control after the connection and therefore the control will
become divergent. Hereinafter, a tenth embodiment will cover an arrangement including a
configuration for preventing such a control divergence.

[0201] Fig. 22 is a drawing for describing a harmonic compensation controller according to the
tenth embodiment. The figure shows a fifth-order harmonic compensator 91 and a divergence
preventer disposed on the subsequent stage.

[0202] The divergence preventer 94 works for preventing the fifth-order harmonic suppression
control from becoming divergent. If the divergence preventer 94 determines that the control
tends to be divergent, then the divergence preventer 94 changes the phase of the fifth-order
harmonic compensation signals Yas, YB5 inputted from the fifth-order harmonic compensator
91, and outputs the changed signals. The divergence preventer 94 includes a divergence
determiner 941 and a phase changer 942.

[0203] The divergence determiner 941 determines whether or not the control has a divergent
tendency. The divergence determiner 941 compares the fifth-order harmonic compensation
signal Yas (or the fifth-order harmonic compensation signal YBs) from the fifth-order harmonic
compensator 91 with a predetermined threshold value, and if the fifth-order harmonic
compensation signal Yas is greater than the predetermined threshold value, it determines that

the control has a divergent tendency. Upon determination that the control has a divergent
tendency, the divergence determiner 941 outputs a judge signal to the phase changer 942. It
should be noted here that the divergence determiner 941 may determine the divergent
tendency by a different method. For example, the determiner may determine that the control
has a divergent tendency if the fifth-order harmonic compensation signals Yas remains greater
than a predetermined threshold value for a predetermined amount of time. Another method
may be that a maximum value of the fifth-order harmonic compensation signal Yas is always
stored and a gradient of the maximum value is utilized as a base of determining if the control
has a divergent tendency.
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[0204] The phase changer 942 changes the phase of the fifth-order harmonic compensation
signals Yas, YBs inputted from the fifth-order harmonic compensator 91, and outputs the

changed signals. The phase changer 942 performs a process represented by Equation (38)
shown below, to output fifth-order harmonic compensation signals Y'as, Y's:

Y'a, | |cosAf, —sinAf, | Ya, (38)
Y'B.| |sinAd, cosAf. | YB.

[0205] The item AB5 has an initial value of "0", so the fifth-order harmonic compensation
signals Yas, YB5 are outputted without any phase change until there is an input of the judge

signal from the divergence determiner 941. When there is an input of the judge signal from the
divergence determiner 941, the phase changer 942 varies AB5, thereby changing the phase

and then outputs the changed fifth-order harmonic compensation signals Y'as, Y'Bs. When the

input of the judge signal from the divergence determiner 941 ceases, the phase changer 942
fixes the value of ABs. Thus, the phase changer 942 changes the phase and output the

changed fifth-order harmonic compensation signals Y'as, Y'Bs. If varying the AB5 (e.g.,

increasing the value thereof) gives a greater value to the fifth-order harmonic compensation
signals Yas, then the phase changer 942 varies the AB5 in reverse direction (e.g., decreasing

the value thereof), to search for a value for ABgto converge the control.

[0206] If the control has a divergent tendency, ABs5 is varied in search for an appropriate ABg
while if the control does not have a divergent tendency AB5 is fixed to output the fifth-order
harmonic compensation signals Y'as, Y'Bs in which appropriate adjustment has been made to

the phase. Thus, the arrangement prevents the control from becoming divergent.

[0207] However, the configuration for control divergence prevention is not limited to the
above. Divergence in control may be prevented by other methods.

[0208] Fig. 23 is a drawing for describing a harmonic compensation controller according to
another example of the tenth embodiment. The figure shows a fifth-order harmonic
compensator 91 and a divergence preventer disposed on the subsequent stage.

[0209] A divergence preventer 94' works for preventing the fifth-order harmonic suppression
control from becoming divergent. If the divergence preventer 94' determines that the control
tends to be divergent, then the divergence preventer 94' stops outputting the fifth-order
harmonic compensation signals Yas, YB5 received from the fifth-order harmonic compensator
91. The divergence preventer 94' differs from the divergence preventer 94 in Fig. 22 in that it
includes an output stopper 943 in place of the phase changer 942.

[0210] The output stopper 943 outputs the fifth-order harmonic compensation signals Yas,

YBs as it receives as long as there is no input of the judge signal from the divergence
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determiner 941. If there is an input of the judge signal from the divergence determiner 941, the
output stopper 943 stops outputting the fifth-order harmonic compensation signals Yas, Yf3s.

[0211] If the control does not have a divergent tendency, the fifth-order harmonic
compensation signals Yas, YBs inputted from the fifth-order harmonic compensator 91 are

outputted as are, whereas if the control has a divergent tendency, the output of the fifth-order
harmonic compensation signals Yas, YBs is stopped. Without the output of the fifth-order

harmonic compensation signals Yas, YBs, the fifth-order harmonic suppression control ceases

and therefore the arrangement prevents the control from becoming divergence. The lack of the
fifth-order harmonic suppression control does not affect the other controls.

[0212] It should be noted here that the phase changer 942 shown in Fig. 22 may be provided
before the output stopper 943, so that search for a AB5 may be performed while the fifth-order

harmonic suppression control is ceased and the output stopper 943 is resumed once the AB5 is

determined.

[0213] The seventh-order harmonic compensator 92 and the eleventh-order harmonic
compensator 93 may include the same arrangement to prevent divergence in each harmonic
suppression control. Also, the eighth and the ninth embodiments may have the same
arrangement to prevent harmonic suppression control from becoming divergent at each
harmonic level.

[0214] In the seventh through the tenth embodiment thus far, description was made for cases
where the harmonic compensation controller 9 is added to the control circuit of the
interconnection inverter system (inverter system). However, the present invention is not limited
to these. For example, the harmonic compensation controller 9 (9') may be added to control
circuits for harmonic compensation devices, power active filters, unbalanced compensators,
static var compensators (SVC, SVG) and uninterruptable power supply systems (UPS). Also,
the control circuit may provide harmonic compensation only without controlling the fundamental
waves (i.e., the circuit may not include the current controller). For example, the harmonic
compensator is implemented by whichever of the arrangements shown in Fig. 16 and Fig. 20,
if the arrangement does not include the current controller 74 (74"). The circuit will then be
dedicated to harmonic suppression by the harmonic compensation controller 9 (9'). Further,
the idea of adding the harmonic compensation controller 9 (9') is not limited to those control
circuits for controlling inverter circuits which convert DC current into three-phase AC current.
For example, the harmonic compensation controller 9 (9') may be added to control circuits for
converter circuits (see the sixth embodiment in Fig. 15) which convert three-phase AC current
into DC current, for cyclo-converters which convert three-phase AC frequencies, etc.

[0215] Next, description will cover a case where the control circuit according to the present
invention is applied to a control circuit of a motor driving inverter circuit. Motor driving inverter
circuits are an inverter circuit for driving AC motors (e.g., induction motors and synchronous
motors), i.e., electric motors which are driven by AC power.
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[0216] A typical control circuit in a conventional motor-drive inverter circuit receives current
signals | detected by a current sensor, an angular frequency wg and a phase 6 calculated by a
rotation-speed/position detection circuit as inputs, generates PWM signals based on these, and
outputs the PWM signals to the inverter circuit. The rotation-speed/position detection circuit
detects rotation speed and rotation position of the motor's rotor, and uses this information to
calculate the angular frequency wq and the phase 6 for use in the control provided by the

control circuit.

[0217] AC motors are used in a variety of fields and there is an increasing demand for high-
speed rotation in recent years for purposes of higher output, wider operation speed range, etc.
For AC motors to be able to achieve high-speed rotation, stable current control is essential.
Conventionally, control circuits for motor driving inverter circuits provide a control which is
based on rotating coordinate system, and this poses a technical problem of interference
between the d axis control system and the q axis control system. The interference between the
d axis control system and the q axis control system caused by the motor's inductance
destabilizes the current control, and in order to suppress the interference, adjustment is
performed by calculating an amount of interference by using a non-interference portion.

[0218] However, it is difficult to accurately identify the motor inductance. Consequently, as the
angular frequency wq increases with increase in the motor speed, the amount of interference
which is calculated by using the non-interference portion has an increased error. This leads to
unstable non-interference process, which then leads to unstable control by the control circuit.
Another problem is that it is not possible to design the control system by a linear control theory
since the conventional control is based on a nonlinear time-varying process. For these
reasons, it has been difficult to design a control system which provides both of rapid response
and stability.

[0219] Hereinafter, a motor driving unit will be described as an eleventh embodiment in which
a current controller which provides a process expressed by the transfer function matrix G,

represented by Equation (12) is applied to a control circuit of a motor driving inverter circuit for
providing control based on a fixed coordinate system.

[0220] Fig. 24 is a block diagram for describing a motor driving unit according to the eleventh
embodiment. In this figure, elements which are identical with or similar to those in the
interconnection inverter system A in Fig. 1 are indicated by the same reference codes.

[0221] As shown in the figure, a motor driving unit D includes an inverter circuit 2 and a
control circuit 10, converts DC power from a DC power source 1 into AC power, and supplies
the AC power to a motor M. The inverter circuit 2 has a current sensor 5 in its output line. The
current sensor 5 detects a current which is flowing in a motor winding wire of each phase in the
motor M. The control circuit 10 provides control so that the current signals detected by the
current sensor 5 will be equal to target values. The motor M is provided with a rotating speed
detection circuit 11, which detects a rotating speed of the rotor of the motor M and calculates
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the angular frequency wg.

[0222] The DC power source 1 outputs DC power by, e.g., converting AC power from the
electrical power system into DC power using a converter, a rectifier, etc. It may include
batteries, fuel cells, electric double layer capacitor, lithium-ion batteries or solar cells.

[0223] The inverter circuit 2 converts a DC voltage from the DC power source 1 into an AC
voltage, and outputs the AC voltage. The inverter circuit 2, which includes an unillustrated
PWM-control three-phase inverter having six switching elements in three sets, switches ON
and OFF each of the switching elements based on PWM signals from the control circuit 10,
thereby converting the DC voltage from the DC power source 1 into AC voltages.

[0224] The motor M is an electric motor which utilizes three-phase AC power and is provided
by, e.g., a three-phase induction motor or a three-phase synchronous motor. The current
sensor 5 detects an AC current of each phase outputted from the inverter circuit 2 (Specifically,
it detects a current which flows into the winding wire of each phase in the motor M). The
detected current signals | (lu, lv, lw) are inputted to the control circuit 10. The rotating speed
detection circuit 11 detects the rotor's rotating speed in the motor M by means of encoder for
example, adds a slip angular velocity to the detected rotating speed, thereby calculating the
angular frequency wg. The detected angular frequency wg is inputted to the control circuit 10.
Alternatively, however, the rotating speed detection circuit 11 may detect and output a rotor
rotating speed of the motor M to the control circuit 10 so that the angular frequency wq is

calculated by the control circuit 10.

[0225] The control circuit 10 controls the inverter circuit 2, and is implemented by a
microcomputer for example. The control circuit 10 differs from the control circuit 7 (see Fig. 6)
according to the first embodiment, in that the angular frequency wy is inputted from the rotating

speed detection circuit 11 and that it does not have the system matching-fraction generator 72.

[0226] In the present embodiment, the control circuit 10 performs control in the fixed
coordinate system without making fixed-to-rotating coordinate conversion nor rotating-to-fixed
coordinate conversion. Therefore, no interference is caused to the control due to the
inductance. Hence, it is possible to provide stable control even when the motor M is rotating at
a high speed. Also, since the inductance causes no interference with the control, there is no
need to provide a non-interference portion. Also, as has been described earlier, the transfer
function matrix G, is a transfer function matrix which shows a process equivalent to carrying out
fixed-to-rotating coordinate conversion, | control and then rotating-to-fixed coordinate
conversion.

[0227] Since the process performed in the current controller 74 is expressed as a transfer
function matrix G), it is a linear time-invariant process. Also, the control circuit 10 does not
include nonlinear time-varying processes, i.e., the circuit does not include fixed-to-rotating
coordinate conversion process nor rotating-to-fixed coordinate conversion process. Hence, the
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entire current control system is a linear time-invariant system. Therefore, the arrangement
enables control system design and system analysis using a linear control theory. Since it is now
possible to design control systems which provides both rapid response and stability, it is now
possible to provide stable control with rapid response. As described, use of the transfer
function matrix G| represented by Equation (12) enables to replace the non-linear process in

which fixed-to-rotating coordinate conversion is followed by | control and then by rotating-to-
fixed coordinate conversion with a linear time-invariant multi-input multi-output system. This
makes it easy to perform system analysis and control system design.

[0228] It should be noted here that variations described for the first through the third
embodiments are also applicable to the present embodiment. Namely, control may be made to
negative phase sequence component of the fundamental wave component in the current
signals | (lu, Iv, lw); control may be made to both positive-phase and negative-phase sequence
components; or control may be made directly by using three current signals lu, Iv, Iw. Also, the
current controller 74 may provide alternative control which replaces Pl control or other controls.

[0229] When a motor is driven by an inverter, harmonic components are sometimes contained
in electric currents which flow through the motor. Causes of the harmonic components include
dead time which is added during PWM signal generation, imbalance or offset in the current
sensor, voltage swing in the DC voltage which is outputted from the DC power source,
structure of the motor, etc. Harmonic component inclusion in motor driving can cause over
current, operating noise, reduced performance in control, etc. Therefore, it is necessary to
suppress harmonic components. Hence, as has been described for the seventh through the
tenth embodiments, the control circuit 10 may include the harmonic compensation controller 9
(9" to suppress harmonic components. In this case, the rotating speed detection circuit 11 also
supplies the angular frequency wq for use by the harmonic compensation controller 9 (9').

[0230] Next, methods for compensating for torque ripples will be described.

[0231] In motor torque control, quality of torque generated is an important factor. Like
harmonics, torque ripples are caused by dead time which is added during PWM signal
generation, imbalance or offset in the current sensor, voltage swing in the DC voltage which is
outputted from the DC power source, structure of the motor, etc. As a method for removing this
periodic ripples in the torque, an appropriate compensation signal (hereinafter will be called
"torque ripple compensation signal") may be superimposed on an electric-current target value
of each torque command for compensation for torque ripples. Generally, the torque ripple
compensation signals are harmonic components of the fifth-, seventh-, eleventh-, and other
orders. Therefore, harmonic compensation by the harmonic compensation controller 9 (see
Fig. 16) may be replaced by control which follows the torque ripple compensation signal.
Specifically, instead of inputting the alpha axis current signal la and the beta axis current signal
IB to the harmonic compensation controller 9, deviations of the alpha axis current signal la and
the beta axis current signal I from their respective target values are inputted.

[0232] The fifth-order harmonic compensator 91, the seventh-order harmonic compensator
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92 and the eleventh-order harmonic compensator 93 are all supplied with deviations Ala, Al
of the alpha axis current signal la and the beta axis current signal If from the alpha axis
current target value and the beta axis current target value respectively, but each of the
harmonic compensators 91, 92, 93 controls harmonic component corresponding only to their
amplitude characteristic (see Fig. 7). Therefore, in the fifth-order harmonic compensator 91 for
example, the fifth-order harmonic component contained in the alpha axis current signal la and
in the beta axis current signal I are controlled to follow the fifth-order harmonic component of
the torque ripple compensation signal superimposed on the alpha axis current target value and
beta axis current target value. Thus, the current which flows from the inverter circuit 2 to the
motor M follows the current target value which is superimposed with the torque ripple
compensation signal, whereby periodic ripples in the torque are removed. The same applies to
cases where direct control is performed by using three current signals Iu, lv, lw. Namely,
deviations of the current signals lu, lv, lw from their respective target values are inputted to the
harmonic compensation controller 9' (see Fig. 20) instead of inputting the current signals Iu, lv,
Iw.

[0233] In the first through the eleventh embodiments, description was made for cases where
the inverter circuit 2 is provided by a three-phase inverter circuit and power is supplied to a
three-phase electrical power system B or a three-phase AC motor. However, the present
invention is not limited to these. The control circuit according to the present invention is also
applicable to cases where a single-phase inverter circuit supplies power to a single-phase
electrical power system or a single-phase AC motor. Hereinafter, description will cover a twelfth
embodiment where the present invention is applied to a control circuit of a single-phase
inverter circuit in a single-phase interconnection inverter system.

[0234] Fig. 25 is a block diagram for describing a single-phase interconnection inverter
system according to the twelfth embodiment. In this figure, elements which are identical with or
similar to those in the interconnection inverter system A (see Fig. 6) according to the first
embodiment are indicated by the same reference codes.

[0235] As shown in the figure, an interconnection inverter system E includes a DC power
source 1, an inverter circuit 2", a filter circuit 3, a voltage transformer circuit 4, a current sensor
5, a voltage sensor 6, and a control circuit 12. The inverter circuit 2" is a single-phase inverter
provided by a PWM control inverter circuit which includes unillustrated four switching elements
in two sets. The interconnection inverter system E converts DC power from the DC power
source 1 into AC power, for supply to a single-phase AC electrical power system B'.

[0236] The control circuit 12 differs from the control circuit 7 (see Fig. 6) according to the first
embodiment in that it does not include the three-phase to two-phase converter 73 and the two-
phase to three-phase converter 76, and that it includes the alpha axis current controller 74'
(see Fig. 9) according to the second embodiment in place of the current controller 74.

[0237] The alpha axis current controller 74' receives a deviation between a single-phase
current signal (alpha axis current signal) detected by the single-phase current sensor 5 and its



DK/EP 2575252 T3

target value, i.e., an alpha axis current target value. The alpha axis current controller 74’
performs a process given by a transfer function Gi(s) represented by the following Equation

(39), which expresses the element (1, 1) and the element (2, 2) in the matrix G; and outputs a

compensation value signal X. In a single-phase system, the process needs to be performed
only to the alpha axis current signal, so it is not necessary to generate a signal which has a 90-
degree phase delay.

Gl(‘g):%m@g)
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[0238] As has been described earlier, the alpha axis current controller 74' is designed by Hoo
loop shaping method, which is a method based on linear control theory, with a frequency
weight being provided by the transfer function G(s). Since the process performed in the alpha

axis current controller 74' is expressed as a transfer function G((s), it is a linear time-invariant

process. Hence, it is possible to perform control system design using a linear control theory. It
should be noted here that a linear control theory other than the Hoo loop shaping method may
be utilized in the design.

[0239] The system command value K from the system matching-fraction generator 72 and the
correction value signal X from the alpha axis current controller 74' are added to each other, to
obtain a command value signals X', which is then inputted to the PWM signal generator 77'.

[0240] The PWM signal generator 77' generates PWM signals Pp, Pn by triangle wave
comparison method based on the command value signal X' inputted, a signal provided by
inverting the command value signal X' and a carrier signal which is generated as a triangle-
wave signal at a predetermined frequency (e.g. 4 kHz). The generated PWM signals Pp, Pn
are outputted to the inverter circuit 2". The PWM signal generator 77' also outputs signals
which are provided by inverting the PWM signal Pp, Pn, to the inverter circuit 2".

[0241] The present embodiment provides the same advantages as offered by the first
embodiment. Also, since the control circuit 12 does not need the signal which has a 90-degree
phase delay from the alpha axis current signal, there is no need for an arrangement to
generate a signal which has a 90-degree phase delay. Further, since the process is performed
only to the alpha axis current signal (since there is no need for processing the signal with a 90-
degree phase delay), the embodiment provides a simple configuration.

[0242] Like the fourth and the fifth embodiment, the twelfth embodiment may use an
arrangement to control output voltage. Also, like in the sixth embodiment, the control circuit 12
may be used for a control circuit of a converter circuit which converts a single-phase AC into
DC. Also, the alpha axis current controller 74' may provide alternative control which replaces Pl
control or other controls. Further, the present embodiment may be applied to the eleventh
embodiment, i.e. driving of AC motors for driving single-phase AC motors.
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[0243] Still further, like the seventh through the tenth embodiments, the control circuit 12 may
include a harmonic compensation controller for suppression of harmonic components.
Hereinafter, a thirteenth embodiment will cover such a case where a harmonic compensation
controller is included in the control circuit 12 of the single-phase inverter circuit 2".

[0244] The transfer function G|(s) represented by Equation (39) above is for control of

fundamental wave components. The n-th harmonic is an angular frequency component
obtained by multiplying the fundamental wave angular frequency by n. Therefore, a transfer
function for controlling the n-th-order harmonic is given as a transfer function Gj,(s)

represented by Equation (40) shown below, which is Equation (39) with the item wq substituted
for n-wgq. Equation (40) expresses the element (1, 1) and the element (2, 2) in the matrix G,

represented by Equations (24), (24").

Gln(:s):#...@ﬂ))
s"+(n-@)"

[0245] Fig. 26 is a block diagram for describing an interconnection inverter system according
to a thirteenth embodiment. In this figure, elements which are identical with or similar to those
in the control circuit 12 in Fig. 25 are indicated by the same reference codes. Fig. 26 shows a
control circuit 12, which is the control circuit 12 (see Fig. 25) according to the twelfth
embodiment further including a harmonic compensation controller 9".

[0246] The harmonic compensation controller 9" receives a current signal | detected by the
current sensor 5, and generates a harmonic compensation signal Y for the harmonic
suppression control. The harmonic compensation controller 9" includes a fifth-order harmonic
compensator 91" for suppressing the fifth-order harmonic, a seventh-order harmonic
compensator 92" for suppressing the seventh-order harmonic and an eleventh-order harmonic
compensator 93" for suppressing the eleventh-order harmonic.

[0247] The fifth-order harmonic compensator 91" works for suppressing the fifth-order
harmonic. The fifth-order harmonic compensator 91" performs a process given by a transfer
function Gs(s), which is the transfer function G(s) expressed by Equation (40) with n=5 for
the control of the fifth-order harmonic. In other words, the fifth-order harmonic compensator
91" performs a process represented by the following Equation (41), to output fifth-order
harmonic compensation signal Ys. As for the angular frequency wg, a predetermined value is
set as an angular frequency (for example, wg=120T1 [rad/sec](60[Hz])) for the system voltage
fundamental wave, and the integral gain K5 is a pre-designed value. Also, the fifth-order

harmonic compensator 91" performs a stability margin maximization process, which includes
phase adjustment to correct a phase delay in the control loop for reversing the phase. The
current signal | represents the "input signal" according to the present invention whereas the
fifth-order harmonic compensation signal Y5 represents the "output signal" according to the

present invention.

Y. =G, ()] =15 1.4
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[0248] In the present embodiment, the fifth-order harmonic compensator 91" is designed by
Hoo loop shaping method, which is a method based on a linear control theory, with a frequency
weight being provided by the matrix G5(s) of the transfer function. The process performed in

the fifth-order harmonic compensator 91" is expressed as the matrix Gis(s) of the transfer

function, and therefore is a linear time-invariant process. Hence, it is possible to perform
control system design using a linear control theory.

[0249] It should be noted here that design method to be used in designing the control system
is not limited to this. In other words, other linear control theories may be employed for the
design. Examples of usable methods include loop shaping method, optimum control, Hoo
control, mixed sensitivity problem, and more. Also, there may be an arrangement that a phase
B5 is calculated and set in advance for adjustment based on the phase delay. For example, if
the target of control has a 90-degree phase delay, a 180-degree phase delay may be designed
by a setting of 65=-90 degrees.

[0250] The seventh-order harmonic compensator 92" works for suppressing the seventh-
order harmonic. The seventh-order harmonic compensator 92" performs a process expressed
by a transfer function G7(s), which is the transfer function G|4(s) represented by Equation (40)

with n=7 for the control of the seventh-order harmonic. In other words, the seventh-order
harmonic compensator 92" performs a process represented by Equation (42) shown below, to
output seventh-order harmonic compensation signal Y7. As for the angular frequency wg, a
predetermined value is set as an angular frequency for the system voltage fundamental wave,
and the integral gain K;7 is a pre-designed value. Also, the seventh-order harmonic
compensator 92" performs a stability margin maximization process, which includes phase
adjustment to correct a phase delay in the control loop for reversing the phase. The seventh-
order harmonic compensator 92" is also designed by the same method as is the fifth-order

harmonic compensator 91".

Y. =G, (HI :%[...(42)

s+ 3

[0251] The eleventh-order harmonic compensator 93" works for suppressing the eleventh-
order harmonic. The eleventh-order harmonic compensator 93" performs a process expressed
by a transfer function Gj11(s), which is the transfer function G,(s) represented by Equation (40)

with n=11 for the control of the eleventh-order harmonic. In other words, the eleventh-order
harmonic compensator 93" performs a process represented by Equation (43) shown below, to
output eleventh-order harmonic compensation signal Y¢4. As for the angular frequency wq, a
predetermined value is set as an angular frequency for the system voltage fundamental wave,
and the integral gain Kj4q is a pre-designed value. Also, the eleventh-order harmonic

compensator 93" performs a stability margin maximization process, which includes phase
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adjustment to correct a phase delay in the control loop for reversing the phase. The eleventh-
order harmonic compensator 93" is designed by the same method as is the fifth-order

harmonic compensator 91".

K. s
Lo s* +121w,

0

[0252] The fifth-order harmonic compensation signal Y5 outputted by the fifth-order harmonic
compensator 91", the seventh-order harmonic compensation signal Y7 outputted by the

seventh-order harmonic compensator 92" and the eleventh-order harmonic compensation
signal Y44 outputted by the eleventh-order harmonic compensator 93" are added together, and

a resulting harmonic compensation signal Y is outputted from the harmonic compensation
controller 9". It should be noted here that in the present embodiment, description was made for
a case where the harmonic compensation controller 9" includes the fifth-order harmonic
compensator 91", the seventh-order harmonic compensator 92" and the eleventh-order
harmonic compensator 93". However, the present invention is not limited to this. The harmonic
compensation controller 9" is designed in accordance with the orders of harmonics which must
be suppressed. For example, if the fifth-order harmonic is the only target of suppression, then
only the fifth-order harmonic compensator 91" may be included. Likewise, if it is desired to
suppress the thirteenth-order harmonic, then a thirteenth-order harmonic compensator should
be added for a process expressed in a matrix Gj13, which is the transfer function matrix G|4(s)

represented by Equation (16), with n=13.

[0253] The harmonic compensation signal Y outputted from the harmonic compensation
controller 9" is added to a correction value signal X outputted from the current controller 74'.
After the addition of the compensation signal Y, a system command value K from the system
matching-fraction generator 72 is added to the correction value signal X, to obtain a command
value signal X', which is then inputted to the PWM signal generator 77'.

[0254] The present embodiment provides the same advantages as offered by the twelfth
embodiment. Also, as has been described earlier, the transfer function G5(s) is a transfer
function which shows a process equivalent to carrying out fixed-to-rotating coordinate
conversion, | control and then rotating-to-fixed coordinate conversion. The process performed
in the fifth-order harmonic compensator 91" is expressed as the transfer function matrix Gis(s),

and therefore is a linear time-invariant process. Also, the fifth-order harmonic compensation
does not include nonlinear time-varying processes, i.e., the circuit does not include fixed-to-
rotating coordinate conversion process nor rotating-to-fixed coordinate conversion process.
Hence, the entire control loop is a linear time-invariant system. Therefore, the arrangement
enables control system design and system analysis using a linear control theory. As described,
use of the transfer function Gi5(s) enables to replace the non-linear process in which fixed-to-

rotating coordinate conversion is followed by | control and then by rotating-to-fixed coordinate
conversion with a linear time-invariant multi-input multi-output system. This makes it easy to
perform system analysis and control system design.
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[0255] The same applies to the seventh-order harmonic compensator 92" and the eleventh-
order harmonic compensator 93". In other words, the processes performed in the seventh-
order harmonic compensator 92" and in the eleventh-order harmonic compensator 93" are
also linear time-invariant processes, and therefore it is possible to design control systems and
perform system analyses using linear control theories.

[0256] In the present embodiment, description was made for a case where the fifth-order
harmonic compensator 91", the seventh-order harmonic compensator 92" and the eleventh-
order harmonic compensator 93" are designed individually from each other. However, the
present invention is not limited to this. The fifth-order harmonic compensator 91", the seventh-
order harmonic compensator 92" and the eleventh-order harmonic compensator 93" may be
designed all in one, with a common integral gain.

[0257] In the present embodiment, description was made for cases where the fifth-order
harmonic compensator 91", the seventh-order harmonic compensator 92" and the eleventh-
order harmonic compensator 93" perform a control which replaces | control. However, the
present invention is not limited by this. For example, alternative control which replaces PI
control may be provided. If the fifth-order harmonic compensator 91", the seventh-order
harmonic compensator 92" and the eleventh-order harmonic compensator 93" in the present
embodiment are to provide an alternative control which replaces PI control, it can be
accomplished by using a transfer function Gpin(s) represented by Equation (44) shown below

which is the transfer function Gpi(s) of the element (1, 1) of the transfer function matrix Gp,

expressed by the Equation (11), with wg substituted for n-wg. Equation (44) provides the

element (1, 1) and the element (2, 2) of the matrix Gp|, represented by Equations (35), (35').

K, +Ks+Kn'w'
s’ +n'w,

GPIn (5) = . (44)

[0258] If the fifth-order harmonic compensator 91" is to provide alternative control which
replaces Pl control, it can be accomplished by using a transfer function Gp|s(s) expressed by

Equation (44) with n=5. If the seventh-order harmonic compensator 92" is to provide
alternative control which replaces PI control, it can be accomplished by using a transfer
function Gpj7(s) expressed by Equation (44) with n=7. If the eleventh-order harmonic
compensator 93" is to provide alternative control which replaces Pl control, it can be
accomplished by using a transfer function Gp|11(s) expressed by Equation (44) with n=11.

[0259] Alternatively, the fifth-order harmonic compensator 91", the seventh-order harmonic
compensator 92" and the eleventh-order harmonic compensator 93" may perform an
alternative control which replaces the above-described alternative controls to the | or PI
control. By substituting the transfer function F(s) in the transfer function Gy(s) expressed as
Equation (45) shown below (which is the transfer function of the element (1, 1) and the
element (2, 2) in the matrix G, represented by the Equations (23), (23')) for the transfer
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function which gives the alternative control, it becomes possible to calculate a transfer function
which represents a process equivalent to carrying out fixed-to-rotating coordinate conversion,
then the alternative control and then rotating-to-fixed coordinate conversion.

F(s+ jow )+ F(s— jnw
GH(S): ( J 0)2 ( J 0) “(45)

[0260] Like the tenth embodiment, the present embodiment may include a divergence
preventer. Also, like the fourth and the fifth embodiments, the output voltage may be
controlled. Also, like in the sixth embodiment, the control circuit 12 may be used for a control
circuit of a converter circuit which converts a single-phase AC into DC. Further, the present
embodiment may be applied to driving of AC motors as in the eleventh embodiment, for driving
single-phase AC motors.

[0261] Further, the arrangements in the first, the second, the fourth through the eighth, and
the eleventh embodiment can also be used to handle single-phase applications if their
respective control circuits 7 (7', 8, 8', 10) have their three-phase to two-phase converter 61
replaced with an arrangement for delaying the phase. Hereinafter, a fourteenth embodiment
will cover such a case where a single-phase inverter circuit is controlled with the use of a signal
which is generated from a current signal from the current sensor by delaying the phase by /2
(90 degrees).

[0262] Fig. 27 is a block diagram for describing a control circuit according to the fourteenth
embodiment. In this figure, elements which are identical with or similar to those in the control
circuit 7 (see Fig. 6) according to the first embodiment are indicated by the same reference
codes.

[0263] Fig. 27 shows a control circuit 13 which controls a single-phase inverter circuit 2" (see
Fig. 25). The control circuit 13 receives a single-phase current signal detected by the current
sensor 5, generates a PWM signal, and output the PWM signal to the inverter circuit 2". The
control circuit 13 differs from the control circuit 7 (see Fig. 6) according to the first embodiment
in that it does not include the three-phase to two-phase converter 73 and the two-phase to
three-phase converter 76, but includes a phase delayer 131.

[0264] The phase delayer 131 receives a single-phase current signal detected by the current
sensor 5, and outputs this current signal (alpha axis current signal la) and a beta axis current
signal If which is made by delaying the phase of the alpha axis current signal la by /2. The
phase delayer 131 performs a Hilbert transformation in which the phase of the inputted signal
is delayed by 1/2. The ideal Hilbert transformation is given by a transfer function H{w)
represented by Equation (46) shown below. In this Equation, wg is the angular frequency
whereas j is the imaginary unit. In other words, the Hilbert transformation is a filtering process
in which the amplitude characteristic is kept constant regardless of the frequency, and the
phase characteristic is delayed by 1/2 in the positive and the negative frequency regions.
Since it is impossible to implement the ideal Hilbert transformation, it is approximately
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implemented as an FIR (Finite impulse response) filter for example.
-j, O<w<w,/2

H(w) ={ - (46)

+j, —@/2<w<0

[0265] The phase delayer 131 is not limited to the above, and may be implemented by any
other arrangement as long as the arrangement is capable of generating a signal with a /2
phase delay. This can be implemented, for example, by a complex coefficient filter. Another
alternative is to use a fundamental wave positive phase sequence component extractor F12
which is related to a seventeenth embodiment to be described later.

[0266] The current controller 74 receives deviations Ala, Al of the alpha axis current signal la
(single-phase current signal detected by the current sensor 5) and the beta axis current signal
IB (the signal made by delaying the phase of the alpha axis current signal la by 1/2) outputted
by the phase delayer 131 from their respective target values, and performs a process
represented by Equation (13), to generate correction value signals Xa, XB for current control.
The system command value K from the system matching-fraction generator 72 and the
correction value signal Xa (or the correction value signal Xp) from the current controller 74 are
added together, to obtain a command value signals X', which is then inputted to the PWM
signal generator 77'. An alternative procedure may be that a deviation Ala of the alpha axis
current signal la from the alpha axis current target value is calculated first, and this deviation
signal is inputted to the phase delayer 131 to generate a signal which has a /2 phase delay,
and these are inputted to the current controller 74.

[0267] In the present embodiment, the phase of a single-phase current signal (alpha axis
current signal la) is delayed by 1/2 whereby a beta axis current signal I8 is generated instead
of performing three-phase two-phase conversion to a three-phase current signal in order to
generate the alpha axis current signal la and the beta axis current signal IB. In this way, it is
possible to apply the three-phase current control process according to the first embodiment.
The present embodiment provides the same advantages as offered by the first embodiment.

[0268] It should be noted here that both positive-phase and negative-phase sequence
components may be controlled also in the fourteenth embodiment like in the second
embodiment. Further, like in the fourth and the fifth embodiments, output voltage may be
controlled. Also, like in the sixth embodiment, the control circuit 13 may be used for a control
circuit of a converter circuit which converts single-phase AC into DC. Still further, the current
controller 74 may provide alternative control which replaces Pl control or other controls.
Further, the present embodiment may be applied to driving of AC motors as in the eleventh
embodiment for driving single-phase AC motors. Still further, like in the seventh through the
tenth embodiments, the control circuit 12 may include a harmonic compensation controller for
suppression of harmonic components.

[0269] In the first through the thirteenth embodiments, description was made for cases where
the signal processor according to the present invention is used as a controller of a control
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circuit. However, the present invention is not limited to this. For example, the signal processor
according to the present invention may also be used as a filter.

[0270] A transfer function of a low-pass filter can be expressed as F(s)=1/(Ts+1), where T
represents time constant. Therefore, a transfer function matrix G| pg which gives a process
equivalent to a process in Fig. 28, i.e., the process in which fixed-to-rotating coordinate

conversion is followed by low-pass filtering process, and then by rotating-to-fixed coordinate
conversion, will be calculated as Equation (47) shown below, by using Equation (10):

1
G = cosd  siné | o g 0 Fcose —sing
" |—-sing cos8] 1 |lsin@ cos@

Ts+1

1 1 1 1 1 1
— _.|_ S —
2[T(s+j(00)+1 T(s—ja)o)+lj 2]'[T(s+ja)0)+l T(s—ja)o)-i-lJ

1 1 1 1{ 1 1
e = = +
2,;‘[T(s+ja)o)+1 T(s—ja)o)ﬂj 2[T(s+ja)o)+1 T(s—jcoo)+1)
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[0271] Fig. 29 is a Bode diagram for analyzing transfer functions as elements of the matrix
G_pr- Fig. 29(a) shows transfer functions of the element (1, 1) and the element (2, 2) of the

matrix Gp| F whereas Fig. 29(b) shows a transfer function of the element (1, 2) of the matrix
GpLF, and Fig. 29(c) shows a transfer function of the element (2, 1) of the matrix Gp|f. Fig. 29

shows a case where the center frequency is 60Hz, and the time constant T is set to "0.1", "1",
"10" and "100".

[0272] Al amplitude characteristics in Figs. 29 (a), (b) and (c) show a peak at the center
frequency, and a pass band which decreases as the time constant T increases. The amplitude
characteristic has a peak at -6dB (=1/2). Fig. 29(b) shows a phase characteristic, which attains
0 degrees at the center frequency. In other words, the transfer functions of the element (1, 1)
and the element (2, 2) of the matrix G_pF allow signals of the center frequency to pass through
without changing the phase. Fig. 29(b) shows a phase characteristic, which attains 90 degrees
at the center frequency. In other words, the transfer function of the element (1, 2) of the matrix
G| pr allows signals of the center frequency to pass through with a 90-degree phase advance.
On the other hand, Fig. 29(c) shows a phase characteristic, which attains -90 degrees at the
center frequency. In other words, the transfer functions for the element (2, 1) of the matrix
G_pr allows signals of the center frequency to pass through with a 90-degree phase delay.

Hereinafter, discussion will be made for a process shown in the transfer function matrix G| pf

performed to the alpha axis current signal la and the beta axis current signal I (see the vector
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a and the vector B in Fig. 8) after the three-phase to two-phase conversion.

[0273] Fig. 8(a) shows a positive phase sequence component signal of a fundamental wave
component. The positive phase sequence component in the fundamental wave component of
the alpha axis current signal la has a 90-degree phase advance over the positive phase
sequence component in the fundamental wave component of the beta axis current signal If.
Performing the process represented by the transfer function of the element (1, 1) of the matrix
G| pr to the alpha axis current signal la halves the amplitude of the positive phase sequence

component in the fundamental wave component and does not change the phase (see Fig.
29(a)). Performing the process represented by the transfer function of the element (1, 2) in the
matrix G pr to the beta axis current signal If halves the amplitude of the positive phase

sequence component in the fundamental wave component and advances the phase by 90
degrees (see Fig. 29(b)). Therefore, adding the two will extract the positive phase sequence
component of the fundamental wave component in the alpha axis current signal la. On the
other hand, performing the process represented by the transfer function of the element (2, 1)
in the matrix G pf to the alpha axis current signal la halves the amplitude of the positive phase

sequence component in the fundamental wave component and delays the phase by 90
degrees (see Fig. 29(c)). Performing the process represented by the transfer function of the
element (2, 2) in the matrix G_pg to the beta axis current signal I halves the amplitude of the

positive phase sequence component in the fundamental wave component and does not
change the phase. Therefore, adding the two will extract the positive phase sequence
component of the fundamental wave component in the beta axis current signal IB. In other
words, the process shown in the transfer function matrix G pg is a process to extract the

positive phase sequence component of the fundamental wave component from the alpha axis
current signal la and the beta axis current signal I3.

[0274] Fig. 8(b) shows a negative phase sequence component signal of a fundamental wave
component. The negative phase sequence component in the fundamental wave component of
the alpha axis current signal la has a 90-degree phase delay from the negative phase
sequence component in the fundamental wave component of the beta axis current signal If.
Performing the process represented by the transfer function of the element (1, 2) of the matrix
G| pr to the beta axis current signal I advances the phase of the negative phase sequence

component in the fundamental wave component. The advanced phase is now opposite to the
phase of the negative phase component in the fundamental wave component of the alpha axis
current signal la, so they cancel each other. Performing the process represented by the
transfer function of the element (1, 2) of the matrix G pg to the alpha axis current signal la

delays the phase of the negative-phase sequence component in the fundamental wave
component. The delayed phase is now opposite to the phase of the negative phase
component in the fundamental wave component of the alpha axis current signal la, so they
cancel each other. Therefore, the process shown in the transfer function matrix G pr is a

process to suppress the negative phase sequence component in the fundamental wave
component. Also, components other than the fundamental wave components are attenuated
from the level of the fundamental wave component. Therefore, it is clear that the process
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shown in the transfer function matrix G| pr is a band-pass filtering process which extracts only

positive phase sequence component in the fundamental wave component. In other words, the
matrix transfer function G pg can be used as a band-pass filter for extracting only positive

phase sequence component in the fundamental wave component.

[0275] If the negative phase sequence component in the fundamental wave component is to
be extracted rather than the positive phase sequence component, it can be achieved by using
the transfer function matrix G pg in which the element (1, 2) and the element (2, 1) are

swapped each other. If both of the positive-phase and the negative-phase sequence
components in the fundamental wave component are to be extracted, it can be achieved by
using a matrix in which "0" is given to the element (1, 2) and the element (2, 1) in the transfer
function matrix G| pg.

[0276] Hereinafter, description will cover a fifteenth embodiment of the present invention, as a
case where a signal processor which performs the process given by the transfer function
matrix G| pr expressed by Equation (47) is used as a band-pass filter in a phase detector.

[0277] Fig. 30 shows a block configuration of the phase detector according to the fifteenth
embodiment.

[0278] The phase detector F in Fig. 30 detects a phase of a system voltage in an electrical
power system for example, and includes a fundamental wave orthogonal component calculator
F1 and a phase calculator F2. The fundamental wave orthogonal component calculator F1
removes unbalanced components (negative phase sequence component in the fundamental
wave component) and harmonic components from detected three-phase voltage signals Vu,
Vv, Vw of an electrical power system, and calculates a fundamental wave component (sine
wave signal) of the normalized voltage signal, and a signal (cosine wave signal) perpendicular
to the fundamental wave component. The phase calculator F2 receives the sine wave signal
(momentary value) and the cosine wave signal (momentary value) from the fundamental wave
orthogonal component calculator F1 as well as a phase which is outputted from the phase
detector F, to perform a PLL operation to output a phase (8) of the voltage signal in the
electrical power system.

[0279] The fundamental wave orthogonal component calculator F1 includes: a three-phase to
two-phase converter F11 which converts three-phase voltage signals Vu, Vv, Vw (momentary
values inputted at a predetermined sampling interval) from an unillustrated voltage sensor into
mutually perpendicular two-phase (a phase and B phase) alpha axis voltage signal Va and
beta axis voltage signal VB; a fundamental-wave positive phase sequence component
extractor F12 which removes unbalanced components and harmonic components contained in
the alpha axis voltage signal Va and the beta axis voltage signal V8 outputted from the three-
phase to two-phase converter F11 thereby extracting the fundamental wave component; and a
normalizer F13 which normalizes voltage signals Vr, Vj outputted from the fundamental wave
positive phase sequence component extractor F12. It should be noted here that the normalizer
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F13 can be eliminated if appropriate gain adjustment is made to the fundamental wave positive
phase sequence component extractor F12.

[0280] The three-phase to two-phase converter F11 is identical with the three-phase to two-
phase converter 83 (see Fig. 13). Generally, the three-phase voltage signals Vu, Vv, Vw are
unbalanced three-phase signals which contain unbalanced components and odd-order
harmonic components such as fifth-order, seventh-order and eleventh-order harmonics c, in
addition to the positive phase sequence component of the fundamental wave component.
Therefore, the alpha axis voltage signal Va and the beta axis voltage signal V8 outputted from
the three-phase to two-phase converter F11 also contain these components.

[0281] The fundamental-wave positive phase sequence component extractor F12 extracts
voltage signals Vr, Vj which are the positive phase sequence components of the fundamental
wave component, from the alpha axis voltage signal Va and the beta axis voltage signal V[
inputted from the three-phase to two-phase converter F11, by performing a process given by
the transfer function matrix G| pg represented by Equation (47). By processing the alpha axis
voltage signal Va and the beta axis voltage signal V3 by fixed-to-rotating coordinate conversion
based on the phase 6 of the system voltage fundamental wave, the positive phase sequence
component in the fundamental wave component is converted into a DC component. The
signals after the fixed-to-rotating coordinate conversion are then processed with a low-pass
filter which allows only the DC component to pass through while blocking AC components. As a
result, only the positive phase sequence component in the fundamental wave component
which was converted into DC is extracted. The extracted DC component is subjected to
rotating-to-fixed coordinate conversion, whereby the DC component is brought back to the
positive phase sequence component of the fundamental wave component. In this way, the
positive phase sequence component of the fundamental wave component, i.e., the voltage
signals Vr, Vj are extracted. The fundamental-wave positive phase sequence component
extractor F12 performs a process which is equivalent to the above-described processes, as a
linear time-invariant process.

[0282] The fundamental-wave positive phase sequence component extractor F12 performs a
process represented by Equation (48) shown below. As for the angular frequency wg, a
predetermined value is set as an angular frequency ws=1201 [rad/sec] correspondingly to the
system frequency fs=60Hz, and the time constant T is a pre-designed value.

Vr Vo
=G,,.
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[0283] It should be noted here that the angular frequency wg used in the fundamental-wave
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positive phase sequence component extractor F12 need not necessarily be pre-designed. If
the signal process makes signal sampling at a fixed interval, then a system frequency fs may
be detected by, e.g., a frequency detector so that the angular frequency wy is calculated from

the detected frequency.

[0284] The normalizer F13 performs an arithmetic process of normalizing the level of voltage
signals Vr, Vj which are outputted from the fundamental-wave positive phase sequence
component extractor F12 to "1". Since the voltage signals Vr, Vj outputted from the
fundamental-wave positive phase sequence component extractor F12 are a sine wave signal
and a cosine wave signal having the same amplitude, the amplitude is obtained by calculating

V(Vr2+Vj2). Therefore, the normalizer F13 performs processes VI/N(Vr2+Vj2) and Vj/N(Vr2+Vj2)
to the voltage signals Vr, Vj respectively, thereby normalizing the signals, and then outputs
normalized signals represented by a voltage signal Vr'=cos(8)(6=w-t) and a voltage signal
Vj'=sin(0).

[0285] The phase calculator F2 receives the normalized voltage signals Vr', Vj' from the
fundamental wave the orthogonal component calculator F1 and a phase 0'(hereinafter will be
called "output phase 6"') from the phase calculator F2, calculates a phase difference AB(=6-0")
between the phase 0 (hereinafter will be called "input phase 8") of the voltage signals Vr', Vj'
and the output phase 0', updates the output phase 8' based on the phase difference A8, and
thereby converges the output phase 6' on the input phase 6. However, the configuration of the
phase calculator F2 is not limited to the one described above. For example, the phase
difference may be calculated by a different method.

[0286] As understood from the above, according to the phase detector F in the present
embodiment, the fundamental-wave positive phase sequence component extractor F12
extracts the positive phase sequence component of the fundamental wave component,
removes the other components (unbalanced component and harmonic components of the
predetermined order(s)) and thereafter calculates the phase difference AB. Therefore, the
phase detector F can detect the phase quickly and accurately while reducing influence of
unbalanced components and harmonic components. Also, the phase detector F provides
another advantage that there is no phase difference between the input to and the output from
the fundamental-wave positive phase sequence component extractor F12. Further, since the
phase detector also reduces noise frequency components added through the voltage sensor
for example, there is no need for providing a filter.

[0287] As has been described earlier, the transfer function matrix G pf is a transfer function
matrix which represents a process equivalent to carrying out fixed-to-rotating coordinate
conversion, low-pass filter process and then rotating-to-fixed coordinate conversion. The
process performed in the fundamental-wave positive phase sequence component extractor
F12 is expressed as the matrix G| pg of the transfer function, and therefore is a linear time-

invariant process. Therefore, the arrangement enables control system design and system
analysis using a linear control theory.
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[0288] In the fifteenth embodiment, description was made for a case where a signal processor
according to the present invention is used as a band-pass filter incorporated in a phase
detector. However the present invention is not limited to this. The signal processor according to
the present invention can also be used as a band-pass filter which exclusively extract positive
phase sequence component or negative phase sequence component from a signal of a
specific frequency. Also, the signal processor according to the present invention can be used
as a band-pass filter which extracts both positive-phase and negative-phase sequence
components from a signal of a specific frequency.

[0289] In the fifteenth embodiment, description was made for a case where the fundamental-
wave positive phase sequence component extractor F12 performs alternative process which
replaces a low-pass filter, thereby extracting positive phase sequence component of the
fundamental wave component. However, the present invention is not limited to this. If
unbalanced components or harmonic components as targets of suppression are known, those
components may be suppressed so as to extract the positive phase sequence component of
the fundamental wave component. In this case, the signal processor may be designed to
provide a process which replaces a high-pass filter, so that the signal processor can be used
as a notch filter. Hereinafter, description will cover a sixteenth embodiment, where the
fundamental-wave positive phase sequence component extractor F12 performs a process
which replaces a high-pass filter, to extract a fundamental wave component.

[0290] A transfer function of a high-pass filter can be expressed as F(s)=Ts/(Ts+1), where T
represents time constant. Therefore, a transfer function matrix Gypg which represents a
process equivalent to the process in Fig. 31, in which fixed-to-rotating coordinate conversion is
followed by a high-pass filter process, and then followed by a rotating-to-fixed coordinate
conversion, will be calculated as Equation (49) shown below by using Equation (10).

1s 0
3 cosf  siné Ts + 1 cosfd —siné
T _gin@  cos6 0 Ts | sin@ cos@
Is+1

1( I(s+j®) , T(s—jo,) ) L[ I(s+jw)  T(s-jm) ]

2\Ts+jo)+1 Ts—-jo,)+1 2j\T(s+jw)+1 T(s-jo,)+1
1 Tes+joy  Te-jo) 1 T+ jw) N T'(s—jw,)
2I\T(s+ jo)+1 T(s—jw)+1 2T(s+ jo)+1 T(s=jw,)+1
T°s* +Ts +T @, Tw,
_ Ts+D) +Tw,) Ts+1) +(Ta)0)ﬁ 1 (49)

Tw, T°s" +Ts+T o,

CTs+)’ +(Tw@) (Ts+1)°+(Tw,)

[0291] Fig. 32 is a Bode diagram for analyzing transfer functions as elements of a matrix
GnHpr- Fig. 32(a) shows transfer functions of the element (1, 1) and the element (2, 2) of the
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matrix Gypr whereas Fig. 32(b) shows a transfer function of the element (1, 2) of the matrix
GHpr, and Fig. 32(c) shows a transfer function of the element (2, 1) of the matrix Gpf. Fig. 32

shows a case where the center frequency is 60Hz, and the time constant T is set to "0.1", "1",
"10" and "100".

[0292] Fig. 32(a) shows an amplitude characteristic, with an attenuation near the center
frequency. The amplitude characteristic at the center frequency is -6dB(=1/2). The figure also
shows a narrowing cut-off band as the time constant T increases. Figs. 32 (b) and (c) both
show an amplitude characteristic which has a peak at the center frequency, at -6dB(=1/2). The
figure also shows a narrowing pass band as the time constant T increases. Also, Fig. 32(a)
shows a phase characteristic, which attains zero degree at the center frequency. In other
words, the transfer functions of the element (1, 1) and the element (2, 2) of the matrix Gypfr

allow signals of the center frequency to pass through without changing the phase. Fig. 32(b)
shows a phase characteristic, which attains -90 degrees at the center frequency. In other
words, the transfer functions for the element (1, 2) of the matrix Gpfr allows signals of the

center frequency to pass through with a 90-degree phase delay. On the other hand, Fig. 32(c)
shows a phase characteristic, which attains 90 degrees at the center frequency. In other
words, the transfer functions for the element (2, 1) of the matrix Gpfr allows signals of the

center frequency to pass through with a 90-degree phase advance. Hereinafter, discussion will
be made for a process expressed by the transfer function matrix Gypg to be performed to the

alpha axis voltage signal Va and the beta axis voltage signal VB (see the vector a and the
vector B in Fig. 8) which are outputted from the three-phase to two-phase converter F11.

[0293] The positive phase sequence component in the fundamental wave component of the
alpha axis voltage signal Va has a 90-degree phase advance over the positive phase
sequence component in the fundamental wave component of the beta axis voltage signal V3.
Performing the process represented by the transfer function of the element (1, 1) of the matrix
Gnpr to the alpha axis voltage signal Va halves the amplitude of the positive phase sequence

component in the fundamental wave component and does not change the phase (see Fig.
32(a)). Performing the process represented by the transfer function of the element (1, 2) of the
matrix Gypr to the beta axis voltage signal VB halves the amplitude of the positive phase

sequence component in the fundamental wave component and delays the phase by 90
degrees (see Fig. 32(b)). Therefore, the two phases becomes opposite to each other, which
means they cancel each other when the two are added to each other. On the other hand,
performing the process represented by the transfer function of the element (2, 1) in the matrix
Gnpr to the alpha axis voltage signal Va halves the amplitude of the positive phase sequence

component in the fundamental wave component and advances the phase by 90 degrees (see
Fig. 32(c)). Performing the process represented by the transfer function of the element (2, 2) in
the matrix Gpf to the beta axis voltage signal VB halves the amplitude of the positive phase
sequence component in the fundamental wave component and does not change the phase.
Therefore, the two phases becomes opposite to each other, which means they cancel each
other when the two are added to each other.
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[0294] The negative phase sequence component in the fundamental wave component of the
alpha axis voltage signal Va has a 90-degree phase delay from the negative phase sequence
component in the fundamental wave component of the beta axis voltage signal VB. Performing
the process represented by the transfer function of the element (1, 1) of the matrix Gpfr to the

alpha axis voltage signal Va halves the amplitude of the negative-phase sequence component
in the fundamental wave component and does not change the phase. Performing the process
represented by the transfer function of the element (1, 2) of the matrix Gypr to the beta axis

voltage signal VB halves the amplitude of the negative-phase sequence component in the
fundamental wave component and delays the phase by 90 degrees. Therefore, both phases
are now the same as the phase of the negative phase sequence component in the
fundamental wave component of the alpha axis voltage signal Va, which means adding the two
will reproduce the negative phase sequence component in the fundamental wave component
of the alpha axis voltage signal Va. On the other hand, performing the process represented by
the transfer function of the element (2, 1) in the matrix Gypg to the alpha axis voltage signal Va
halves the amplitude of the negative-phase sequence component in the fundamental wave
component and advances the phase by 90 degrees (see Fig. 18(c)). Performing the process
represented by the transfer function of the element (2, 2) in the matrix Gypfr to the beta axis

voltage signal VB halves the amplitude of the negative phase sequence component in the
fundamental wave component and does not change the phase. Therefore, both phases are
now the same as the phase of the beta axis voltage signal V3, which means adding the two will
reproduce the negative phase sequence component in the fundamental wave component of
the beta axis voltage signal V3.

[0295] In other words, the transfer function matrix Gypp allows the negative phase sequence

component of the fundamental wave component to pass through while suppressing the
positive phase sequence component of the fundamental wave component. For signals other
than the positive phase sequence component and the negative phase sequence component of
the fundamental wave component (e.g., harmonic component signals), the process
represented by the transfer function of the element (1, 1) and the element (2, 2) of the matrix
GHpF allows these signals to pass through (see Fig. 32(a)) as they are whereas the process

represented by the transfer function of the element (1, 2) and the element (2, 1) allows these
signals to pass through with some attenuation but substantially as they are (see Figs. 32(b),
(c)). Therefore, the process shown in the transfer function matrix Gypg is a notch filtering

process which suppresses only the positive phase sequence component in the fundamental
wave component.

[0296] Swapping the element (1, 2) and the element (2, 1) in the transfer function matrix Gypg
will result in the opposite of what was described above, i.e., negative phase sequence
components in the fundamental wave component will be suppressed while positive phase
sequence component, harmonic components, etc. in the fundamental wave component will be
allowed to pass through. In other words, if the element (1, 2) and the element (2, 1) in the
matrix Gypr of the transfer function is swapped with each other, the resulting process is a

notch filtering process which suppresses only the negative phase sequence component in the
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fundamental wave component. The matrix may also be considered as the transfer function
matrix Gypg in which the angular frequency wq is substituted for "-wg". In other words, the

process shown in the transfer function matrix Gypg is a notch filtering process which

suppresses only a designated frequency component specified as having an angular frequency
Wo.

[0297] For example, if it is desired to suppress the negative phase component (-fs), the fifth-,
the seventh- and the eleventh-order harmonic components (-5fs, +7fs, -11fs) in the
fundamental wave component, the notch filtering process may be performed to each of these
frequency components in order to extract only the positive phase sequence component of the
fundamental wave component.

[0298] The phase detector according to the sixteenth embodiment can be represented by the
block diagram of the phase detector F according to the fifteenth embodiment shown in Fig. 30,
differing, however, in that the fundamental-wave positive phase sequence component extractor
F12 is replaced by a fundamental-wave positive phase sequence component extractor F12'
(see Fig. 33 to be described later) (The figure only shows the fundamental-wave positive
phase sequence component extractor F12' and none other). For an identification purpose from
the phase detector F according to the fifteenth embodiment, the phase detector according to
the sixteenth embodiment will be denoted as a phase detector F'.

[0299] Fig. 33 is a block diagram for describing an internal configuration of a fundamental-
wave positive phase sequence component extractor F12' according to the sixteenth
embodiment.

[0300] The fundamental-wave positive phase sequence component extractor F12'includes a
negative phase sequence component remover F121, a fifth-order harmonic remover F122, a
seventh-order harmonic remover F123, and an eleventh-order harmonic remover F124. The
negative phase sequence component remover F121 suppresses negative phase sequence
component signals by removing a negative phase sequence component from an alpha axis
voltage signal Va and a beta axis voltage signal V3 inputted from the three-phase to two-phase
converter F11 (see Fig. 30). The negative phase sequence component remover F121
performs a process in which the angular frequency wg is substituted for "-wg" in the transfer

function matrix Gypg represented by Equation (48) described above; namely it performs a
process expressed by Equation (50) shown below, where Va', VB' are signals outputted from
the negative phase sequence component remover F121. As for the angular frequency wg, a
predetermined value is set as an angular frequency ws=1201 [rad/sec] correspondingly to the
system frequency fs=60Hz, and the time constant T is a pre-designed value.

T°s*+Ts+T°(—w,)’ T(-w,)
Va'| | (Is+1) +(-Tw,)”  (Is+1)' +(-Ta)" | V&
VA ~T(-w,) T°s" +Ts+T'(~w,)" | VB

(ITs+1) +(-Tw,) (Ts+1) +(-Tw,)
(125 +Ts + T ~Ta, |
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[§;

Ts+1)' +Tw)” Ts+1)+Tw,)

}...(50)

[0301] The fifth-order harmonic remover F122, the seventh-order harmonic remover F123
and the eleventh-order harmonic remover F124 suppress the fifth-order harmonic, the
seventh-order harmonic and the eleventh-order harmonic respectively by performing
processes where the angular frequency wg is substituted for "-5wq", "7wg" and "-11wg"

respectively in the transfer function matrix Gupg represented by Equation (49). As for the
angular frequency wg, a predetermined value is set as an angular frequency ws=120Tm

[rad/sec] correspondingly to the system frequency fs=60Hz.

[0302] It should be noted here that the angular frequency wg used in the fundamental-wave

positive phase sequence component extractor F12' need not necessarily be pre-designed. If
the signal process makes signal sampling at a fixed interval, then a system frequency fs may
be detected by, e.g., a frequency detector so that the angular frequency wq is calculated from

the detected frequency.

[0303] Fig. 34 shows a frequency characteristic of the fundamental-wave positive phase
sequence component extractor F12'. The negative phase sequence component remover
F121, the fifth-order harmonic remover F122, the seventh-order harmonic remover F123 and
the eleventh-order harmonic remover F124 have frequency characteristics to suppress the
negative phase sequence component (-fs), the fifth-order harmonic component (-5fs), the
seventh-order harmonic component (7fs) and the eleventh-order harmonic component (-11fs)
respectively. Therefore, a frequency characteristic of the fundamental-wave positive phase
sequence component extractor F12' as a whole is as shown in Fig. 34. According to the figure,
the negative phase sequence component (-fs), the fifth-order harmonic component (-5fs), the
seventh-order harmonic component (7fs) and the eleventh-order harmonic component (-11fs)
are suppressed while the other component, i.e., the fundamental wave component (fs) is
allowed to pass. Therefore, the fundamental-wave positive phase sequence component
extractor F12' allows the positive phase sequence component of the fundamental wave
component to desirably pass through, and thereby extracts the positive phase sequence
component voltage signals Vr, Vj of the fundamental wave component from the alpha axis
voltage signal Va and beta axis voltage signal V3.

[0304] Generally, harmonics which are found in an electrical power system are the fifth-order,
the seventh-order and the eleventh-order harmonics. Thus, the present embodiment is
designed to suppress these and the negative phase sequence components in the fundamental
wave component. The fundamental-wave positive phase sequence component extractor F12'
is designed in accordance with the orders of harmonics which must be suppressed. For
example, if the fifth-order harmonic is the only harmonic to be suppressed, there is no need to
include the seventh-order harmonic remover F123 or the eleventh-order harmonic remover
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F124. If it is desired to further suppress the thirteenth-order harmonic, a thirteenth-order
harmonic remover should simply be added with the angular frequency wgq substituted for

"13wyq" in the transfer function matrix Gypg of the transfer function represented by Equation

(49). Also, if harmonic components in the electrical power system are negligibly small, the
remover may only include the negative phase sequence component remover F121. Further, if
there is a noise added by the voltage sensor for example, the fundamental-wave positive
phase sequence component extractor F12' may also include a noise remover for removing the
noise component of that specific frequency.

[0305] Again in the sixteenth embodiment, it is possible to extract the positive phase
sequence component of the fundamental wave component by removing negative phase
sequence component and harmonic components of the predetermined orders in the
fundamental wave component by using the fundamental-wave positive phase sequence
component extractor F12'. Therefore, the embodiment provides the same advantages as does
the fifteenth embodiment.

[0306] As already known publicly, multi-stage configuration of notch filters and band-pass
filters will provide sharp filtering characteristics while it is easy to adjust removal characteristics
of the negative phase sequence component and harmonic components as well as to adjust
responsiveness. In practical application therefore, it is recommendable to make use of multi-
stage configuration of an appropriate number of stages. For example, the phase detector F
(see Fig. 30) according to the fifteenth embodiment may further include another fundamental-
wave positive phase sequence component extractor F12 after the fundamental-wave positive
phase sequence component extractor F12. Also, a combination of notch filters and band-pass
filters will provide an advantage of combined characteristics of the two types, providing an
option when faster and more accurate phase detection are required. Therefore, for example,
the phase detector F (see Fig. 30) according to the fifteenth embodiment may further include a
fundamental-wave positive phase sequence component extractor F12' after the fundamental-
wave positive phase sequence component extractor F12.

[0307] In the sixteenth embodiment, description was made for a case where a signal
processor according to the present invention is used as a notch filter incorporated in a phase
detector. However the present invention is not limited to this. The signal processor according to
the present invention can also be used as a notch filter which exclusively suppresses positive
phase sequence components or negative phase sequence components from a signal of a
specific frequency.

[0308] In the fifteenth and the sixteenth embodiment, description was made for cases where
the phase detector F (F') detects phases of a system voltage in a three-phase electrical power
system. However, the present invention is also applicable to cases where a phase of a system
voltage in a single-phase electrical power system is detected. Hereinafter, a seventeenth
embodiment will provide a phase detector which detects a system voltage in a single-phase
electrical power system.
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[0309] Fig. 35 is a block diagram of a phase detector F" according to the seventeenth
embodiment. The phase detector F" differs from the phase detector F in Fig. 30 only in that it
does not include the three-phase to two-phase converter F11. Since single-phase power has
only one voltage signal V, a sampling data of this voltage signal V and "0" are inputted to the
fundamental-wave positive phase sequence component extractor F12. With Va=V and V(=0,
Equation (48) shown above will be expressed as Equation (51) below:

v]oes]

Ts +1 ~-Tw,
T+ +(Tw,)” Ts+D)’+Tw,) |V
B Tw, Ts+1 0

| (Ts + ' +Tw) Ts+1)'+Tw)
i Ts+1
Ts+1) +(Tw,)’
_ ( ) +(Tw,) - (51)
Tw,
 Ts+1)’ +(Tw,)’

[0310] Performing a process represented by the transfer function of the element (1, 1) of the
matrix G pg to the voltage signal V halves the amplitude of the fundamental wave component

and does not change the phase (see Fig. 29(a)). In other words, the voltage signal Vr is the
voltage signal V having its amplitude halved. Performing the process represented by the
transfer function of the element (2, 1) of the matrix G_pg to the voltage signal V halves the

amplitude of the fundamental wave component and delays the phase by 90 degrees (see Fig.
29(c)). In other words, the voltage signal Vj is the voltage signal V having its amplitude halved
and its phase delayed by 90 degrees. Therefore, with the input of the voltage signal V and "0",
the fundamental-wave positive phase sequence component extractor F12 outputs orthogonal
voltage signals Vr, Vj. It should be noted here that although the amplitude of the voltage signals
Vr, Vj is a half of the amplitude of the fundamental wave component in the voltage signal V, it is
normalized by the normalizer F13. The phase detector F in Fig. 30 may not have the three-
phase to two-phase converter F11, but have an arrangement that a sampling data of one of
the phases U, V, W in the voltage signal V is inputted.

[0311] In the fundamental-wave positive phase sequence component extractor F12, an input
of a single-phase voltage signal results in an output of mutually perpendicular voltage signals
Vr, Vj (sine wave signal and cosine wave signal) like in a three-phase configuration. Therefore,
the fundamental-wave positive phase sequence component extractor F12, the normalizer F13
and the phase calculator F2 can be implemented in the same way as is the three-phase phase
detector F in Fig. 30. The seventeenth embodiment provides the same advantages as offered
by the fifteenth embodiment.

[0312] In the seventeenth embodiment, description was made for a case where a signal
processor according to the present invention is used as a filter incorporated in a phase
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detector. However the present invention is not limited to this. The signal processor according to
the present invention can also be used as a filter which exclusively extracts signals of a specific
frequency from an input signal, and outputs mutually perpendicular two signals. This, for
example, may be used in a control circuit of a single-phase inverter circuit, or may used in the
phase delayer 131 according to the fourteenth embodiment. It should be noted here that as
has been described earlier, performing the process given by the matrix G_pg to a single-phase
signal will halve the amplitude of the original signal's fundamental wave component in the
outputted signal, and therefore it is necessary to provide an arrangement to double the
amplitude of the outputted signal.

[0313] The signal processors, filters, control circuits, according to the present invention and
interconnection inverter systems and PWM converter systems using these control circuits are
not limited to those already covered by the embodiments. Specific arrangements in the signal
processors, filters, control circuits, and interconnection inverter systems and PWM converter
systems using these control circuits according to the present invention may be varied in many
ways.
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PATENTKRAYV

1. Signalprocessor (74, 84) indrettet til at udfgre signalbehandling pa et
indgangssignal med en forste overfaringsfunktion for at frembringe et udgangs-

signal, hvor den farste overfaringsfunktion udtrykkes med:

F(s+ jw,) + F(s— jw,)

G(s)= 5

hvor F(s) repreesenterer en overfaringsfunktion, der udtrykker en forudbestemt
proces, wo repraesenterer en forudbestemt vinkelfrekvens, og j repreesenterer en

imaginger enhed.

2. Styrekredslgb (7, 8) til at styre en flerhed af skifteenheder inde i et
stremomformerkredslgb med et PWM-signal, omfattende:

en signalprocessor ifalge krav 1; og

en PWM-signalgenerator (77) til at frembringe et PWM-signal baseret pa et
udgangssignal fra signalprocessoren (74, 84), der er opnaet fra en ind-
leesning deri af et signal baseret pa en udlaesning fra eller en indlaesning i

stramomformerkredslgbet.

3.  Styrekredslgb (7) ifelge krav 2, der endvidere omfatter en tofaset omformer-
enhed (73, 83) til at omforme et signal baseret pa en udleesning fra eller en
indlaesning i stremomformerkredslobet i et farste signal og et andet signal, hvor

PMW-signalgeneratoren (77) frembringer et PWM-signal baseret pad bade et
udgangssignal opnéet fra en indlaesning af det fgrste signal i signalprocessoren
(74, 84) og et udgangssignal opnaet fra en indlaesning af det andet signal i

signalprocessoren (74, 84).
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4. Styrekredslgb (7, 8) ifelge krav 3, hvor stramomformerkredslgbet vedrgrer
en trefaset vekselstram, og den tofasede omformerenhed (73, 83) omformer et
signal baseret pa en trefaset udlaesning fra eller trefaset indlaesning i strom-
omformerenheden i det forste signal og det andet signal.

5.  Styrekredslgb (7, 8) ifalge krav 3, hvor

stromomformerkredslgbet vedrgrer en enkeltfaset vekselstrgm, og

den tofasede omformerenhed (73, 83) frembringer et signal baseret pa en
enkeltfaset udlaesning fra eller en enkeltfaset indlaesning i stramomformer-
kredslobet som det forste signal og ogsa frembringer et signal med en 90
graders fasforsinkelse fra det forste signal som det andet signal.

6. Styrekredsleb (7, 8) ifolge et hvilket som helst af kravene 3-5, hvor signal-
processoren (74, 84) forsynes med afvigelsessignaler, der repraesenterer afvigel-
ser i det farste signal og det andet signal fra deres respektive malveerdier i stedet
for det forste signal og det andet signal.

7.  Styrekredslgb (7, 8) ifalge et hvilket som helst af kravene 2-5, hvor signalet
baseret pa en udlaesning fra eller en indleesning i stremomformerkredslgbet er et
afvigelsessignal tilvejebragt af en afvigelse af udlaesningen fra eller indleesningen

i stramomformerkredslgbet fra deres respektive malveerdi.
8.  Styrekredslgb (7) ifglge et hvilket som helst af kravene 2-7, hvor den
forudbestemte vinkelfrekvens wo erstattes med en vinkelfrekvens nwo tilvejebragt

ved at gange vinkelfrekvensen wo med et naturligt tal n.

9. Styrekredslgb (7) ifelge krav 8, der endvidere omfatter:
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en divergensbestemmelsesenhed (941) til at bestemme en divergerende
tendens fundet i styringen baseret pa et udgangssignal fra signal-
processoren; 0g

en stopenhed (943) til at stoppe en udleesning af udgangssignalet ved
bestemmelse af tilstedeveaerelsen af den divergerende tendens med

divergensbestemmelsesenheden (941).

10. Styrekredslgb (7) ifalge krav 8, der endvidere omfatter:

en divergensbestemmelsesenhed (941) til at bestemme en divergerende
tendens fundeti styringen baseret pa et udgangssignal fra signalprocessoren
(74); 09

en faseskifteenhed (942) til at skifte en fase af udgangssignalet ved
bestemmelse af tilstedeveerelsen af den divergerende tendens med

divergensbestemmelsesenheden (941).

11. Styrekredslgb (7) ifglge krav 9 eller 10, hvor divergensbestemmelses-
enheden (941) bestemmer tilstedeveerelsen af den divergerende tendens i
styringen med en veerdi af udgangssignalet, der overstiger en forudbestemt
teerskelveerdi.

12. Styrekredslob (7) ifglge et hvilket som helst af kravene 2-11, hvor den
forudbestemte proces er givet af en overfaringsfunktion udtrykt som F(s)=Ki/s,
hvor K, repraesenterer en integral forstaerkning.

13. Styrekredslgb (7) ifalge et hvilket som helst af kravene 2-11, hvor den
forudbestemte proces er givet af en overfaringsfunktion udtrykt som F(s)=Kp+K//s,
hvor Kp 0g K repraesenterer henholdsvis en proportionel forsteerkning og en

integral forstaerkning.
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14. Styrekredslob (7) ifolge et hvilket som helst af kravene 2-13, hvor signalet
baseret pa en udlaesning fra eller en indlaesning i stremomformerkredslgbet
tilvejebringes af et signal opnéet ved detektering af en udgangsstrom eller en

indgangsstrgm.

15. Styrekredslgb (7) ifelge et hvilket som helst af kravene 2-13, hvor signalet
baseret pa en udlaesning fra eller en indlaesning i stremomformerkredslgbet
tilvejebringes af et signal opnaet ved detektering af en udgangsspaending eller en
indgangsspasnding.

16. Styrekredslgb (7) ifolge et hvilket som helst af kravene 2-15, hvor der
anvendes en H«-slgjfedannelsesfremgangsmade til at designe et styresystem.

17. Styrekredslgb (7) ifelge et hvilket som helst af kravene 2-16, hvor
streamomformerkredslobet tilvejebringes af et vekselretterkredslgb (2) til at
frembringe en vekselstrom, der skal leveres til et elektrisk stromsystem,

den forudbestemte vinkelfrekvens wo tilvejebringes af en vinkelfrekvens af en

grundbglge i det elektriske stramsystem.

18. Styrekredslgb (7) ifglge et hvilket som helst af kravene 2-17, hvor
stramomformerkredslgbet omfatter et vekselretterkredslgb (2) til at drive en motor
(M),
den forudbestemte vinkelfrekvens wo svarer til en rotationshastighed for motoren
(M).

19. Styrekredslgb (7) ifelge et hvilket som helst af kravene 2-4, hvor
stromomformerkredslobet omfatter et omformerkredslob til at omforme
vekselstrom leveret fra et elektrisk stramsystem til jaevnstrom,

den forudbestemte vinkelfrekvens wo svarer til en vinkelfrekvens af en grundbglge

i det elektriske strgmsystem.
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20. Forbindelsesvekselrettersystem, omfattende et vekselretterkredslab (2) og
et styrekredslob (7) ifolge krav 17.

21. PWM-omformersystem, omfattende et omformerkredslgb og et
styrekredslgb (7) ifglge krav 19.

22. Filter, omfattende en signalprocessor (74) ifglge krav 1,
hvor den forudbestemte proces er givet af en overfaringsfunktion udtrykt som
F(s)=1/(T-s+1), hvor T repraesenterer en tidskonstant.

23. Filter, omfattende signalprocessoren (74) ifolge krav 1,
hvor den forudbestemte proces er givet af en overfaringsfunktion udtrykt som F(s)
=T-s/(T-s+1), hvor T repraesenterer en tidskonstant.

24. Fasedetektor (F) til at detektere en fase af en grundbglgekomponent i et
vekselstromssignal, omfattende et filter ifalge krav 22 eller 23,
hvor den forudbestemte vinkelfrekvens wo svarer til en vinkelfrekvens af en

grundbglgekomponent i vekselstromssignalet.
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