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(57) ABSTRACT

A digital control device for tracking a sine wave according
to the present invention has a compensator, a control object
and a feedback gain. An input into the compensator is a
signal obtained by subtracting a control quantity from a
reference value. An input into the control object is a signal
obtained by subtracting an output of the feedback gain from
an output of the compensator. A transfer function of the
compensator is (k,z+k, Y/(z°~2z cos wT+1), where o is an
angular frequency, T is a sampling period, z is a z operator,
and k; and k, are constants. Thus, a second-order compen-
sator can be configured, with which a sinusoidal reference
waveform can be tracked simply and with high accuracy.
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DIGITAL CONTROL DEVICE AND
PROGRAM

TECHNICAL FIELD

The present invention is related to a sine-wave tracking
digital control device for controlling the power factor of a
sine-wave PWM inverter or converter, for example.

BACKGROUND ART

The output voltage waveform of voltage inverters for
vector control of AC electric motors by large power voltage
inverters is not a sine wave but a PWM modulated rectan-
gular wave. Consequently, there is the problem of waveform
distortion due to higher harmonics.

To address this problem, various devices for digitally
controlling sine wave tracking have been proposed. FIG. 5§
is a diagram showing the system configuration of such a
digital control device for sine wave tracking. This digital
control device is configured by a compensator, a control
object, and a feedback gain (h). The compensator is provided
for controlling the tracking of the output y[i] of the control
object to a reference waveform vy,[i].

Ordinarily, an integrator as shown in FIG. 6 is often used
for the compensator in FIG. 5. However, even when per-
forming compensation with this integrator, sine-wave track-
ing control is not possible, and deviations occur. With the
control device in FIG. 6, when determining the gain by
deadbeat control for a second-order control object, and
trying to track a sine wave, a result as shown in FIG. 7 is
obtained. The width between the two curves in FIG. 7 shows
the deviation between the sinusoidal reference waveform
and the control result with the control device in FIG. 6. FIG.
8 shows a graph in which the sample points of the initial
portion 11 in FIG. 7 have been enlarged. As becomes clear
from FIG. 8, a deviation occurs with the control device of
FIG. 6.

On the other hand, there are also configurations provided
with a compensator due to repetitive control as shown in
FIG. 9, based on the internal principle model. However, with
a compensator using this repetitive control, a configuration
becomes necessary whose order corresponds to one cycle.
Therefore, in order to control a 50 Hz sine wave with a
sample time of 100 uS (microseconds), a compensator of the
200" order becomes necessary. It should be noted that the
“200” of the “200? order” is calculated by “(¥50)/0.0001).”
An explanation of repetitive control is given for example in
“KISO DIGITAL SEIGYO (Basic Digital Control),” Corona
Publishing, p. 108.

DISCLOSURE OF THE INVENTION

A digital control device for tracking a sine wave accord-
ing to the present invention has a compensator, a control
object and a feedback gain, wherein an input into the
compensator is a signal obtained by subtracting a control
quantity from a reference value, wherein an input into the
control object is a signal obtained by subtracting an output
of the feedback gain from an output of the compensator, and
a transfer function of the compensator is (k,z+k, )/(z>-2z cos
wT+1), where w is an angular frequency, T is a sampling
period, 7 is a z operator, and k, and k, are constants. Thus,
a second-order compensator can be configured, with which
a sinusoidal reference waveform can be tracked simply and
with high accuracy.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing the configuration of a
control device according to a preferred embodiment.

FIG. 2 is a graph illustrating the tracking of a sine wave
in a preferred embodiment.

FIG. 3 is a block diagram showing the configuration of a
control device according to a preferred embodiment.

FIG. 4 is a block diagram showing the configuration of a
control device according to a preferred embodiment.

FIG. 5 is a block diagram showing the configuration of a
control device according to the prior art.

FIG. 6 is a block diagram showing the configuration of a
control device according to the prior art.

FIG. 7 is a graph illustrating the tracking of a sine wave
according to the prior art.

FIG. 8 is a magnification of the graph illustrating the
tracking of a sine wave according to the prior art.

FIG. 9 is a block diagram showing the configuration of a
control device according to the prior art.

BEST MODE FOR CARRYING OUT THE
INVENTION

The following is an explanation of an embodiment, with
reference to the accompanying drawings. FIG. 1 is a block
diagram showing the configuration of a control device
according to the present invention.

This control device 11 is a sine-wave tracking digital
control device having a compensator 111, a control object
112 and a feedback gain 113.

Let y,[i] be the reference value and y[i] be the output of
this digital control device. In this case, the input into the
compensator 111 is the value obtained by subtracting the
output y[i] from the reference value y,[i]. The input into the
control object 112 is the value obtained by subtracting the
output of the feedback gain 113 from the output of the
compensator 111. The input into the feedback gain 113 is a
state variable x[i] from the control object 112.

The specific configuration of the compensator 111 is as
follows: The compensator 111 has a first delay element 1111,
a second delay element 1112, a first multiplier 1113, a second
multiplier 1114, and a third multiplier 1115.

Here, the first delay element 1111 and the second delay
element 1112 delay an input by one sample period T. The
first multiplier 1113 multiplies an input by 2 cos wT. 2 cos
wT means “2x(cos(wT)).” It should be noted that w is the
angular frequency, and T is the sampling period. The second
multiplier 1114 multiplies an input by k;,. k, is a constant.
The third multiplier 1115 multiplies an input by k,. k, is a
constant.

The input into the first delay element 1111 is the value
obtained by adding the output of the first multiplier 113 to
the value (e[i]) obtained by subtracting the control quantity
(yv[i]) from the reference value (y,[i]) of the control object,
and subtracting therefrom the output of the second delay
element 1112. The input into the second delay element 1112,
the first multiplier 1113 and the third multiplier 1115 is the
output value of the first delay element 1111. The input into
the second multiplier 1114 is the output value of the second
delay element 1112. Moreover, the output of the compen-
sator 111 is a value obtained by adding the output of the
second multiplier 1114 to the output of the third multiplier
1115.

The constants k; and k, are determined based on the
control object. The constants k; and k, can be determined
using deadbeat control or optimal control. Deadbeat control
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and optimal control are well-known techniques, so that their
further explanation has been omitted.

With this control device 11, a control tracking a sine wave
as shown in FIG. 2 becomes possible. That is to say, FIG. 2
is graph corresponding to FIG. 8. According to FIG. 2, the
deviation to the sine wave becomes zero at the fourth sample
point of the initial portion 11.

With the present embodiment as described above, it is
possible to control the tracking of a sinusoidal reference
waveform easily, quickly and accurately with a second-order
compensator.

It should be noted that in the present embodiment, if the
constants (k, and k,) of the compensator in FIG. 1 have a
constant ratio, then the results in the above-noted FIG. 2 can
be attained. Moreover, there is no limitation to the specific
values of the coefficient “2 cos wT” of the first multiplier of
the compensator and the feedback gain “1” (in FIG. 1, the
signal is directly put through), as long as the ratio between
them is “2 cos wT:1.”

The effect of the present embodiment is not necessarily
attained only by the configuration of the compensator in
FIG. 1 as described above. In order to attain the effect of the
present embodiment, the transfer function of the compen-
sator should be as given in the following equation. The effect
of FIG. 2 is attained if the transfer function of the compen-
sator is as given below.

That is to say, when the angular frequency is w, the
sampling period is T, z is the z operator, and k, and k, are
constants, then the above-noted effect can be attained if the
transfer function of the compensator is (k,z+k, )/(z*-27 cos
wT+1). It should be noted that the “2z cos wT” in this
transfer function means “2xzx(cos(wT))”.

Moreover, in the foregoing, applications for the sine-wave
tracking digital control device according to the present
embodiment have not been mentioned, but the sine-wave
tracking digital control device according to the present
embodiment can be utilized for control of the power factor
of a sine-wave PWM inverter or converter, for example.

Consequently, the method of sine-wave tracking digital
control of the present embodiment can be applied to various
kinds of electronic appliances. Here, electronic appliances
refers to air-conditioners, washing machines, refrigerators,
inverter-driven vehicles (such as trains and cars) and the
like. That is to say, the method of sine-wave tracking digital
control of the present embodiment can be utilized widely for
power source control in air-conditioners, washing machines
or refrigerators, or in inverter-driven vehicles (such as trains
and cars) and the like.

Moreover, if control is performed by combining the
method of sine-wave tracking digital control of the present
embodiment, then the control for the tracking of a reference
wave that is a combination of sine waves becomes possible.
That is to say, when the reference wave is realized by a
combination of a plurality of sine waves, then a compensator
as explained in the present embodiment may be configured
for each of those sine waves, and the various compensators
may be connected in parallel. The effects noted above can
also be attained for other circuit configurations with the
same transfer function as in a parallel circuit.

The following is a more specific explanation of an
example of a tracking control device for the case that the
reference waveform is realized by a combination of a
plurality of sine waves. The following describes the case of
a three-phase reference waveform, which is “A sin wt+(A/
6)xsin 3wt”. Here, “A” is a constant, “w” is the angular
frequency, and “t” is the time variable. Moreover, “A sin wt”
means “Ax(sin(wt))”, and “sin 3wt” means “sin(3wt)”.
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The transfer function of the compensator corresponding to
the “A sin wt” in this reference waveform is (k,z+k, )/(z>-2z
cos wT+1), as noted above. The transfer function of the
compensator corresponding to the “(A/6)xsin 3wt” in this
reference waveform is (k,z+k,)/(z*-2z cos wT+1). Here, k,
and k; are constants. Moreover, 7 is the z operator. “2z cos
3wT+1” means “(2z)x(cos(3mwT)+1).”

FIG. 3 is a block diagram showing the configuration of the
control device for this case. As shown in FIG. 3, a compen-
sator having the transfer function “(k,z+k,)/(z>-2z cos
wT+1)” and a compensator having the transfer function
“(k,z+k;)/(z°-2z cos 3wT+1)” are connected in parallel.

The following is a generalization of the foregoing: Con-
sider a digital control device tracking a reference waveform
that is configured by a combination of n sine waves (where
n is an integer of 2 or greater). In this digital control device,
n compensators are connected in parallel, the input into the
n compensators is the signal obtained by subtracting the
control quantity from the reference value, and the input into
the control object is the signal obtained by subtracting the
output of the feedback gain from the sum of the outputs of
the n compensator. When the z operator is z, and k, and k,
are constants, and when a given sine wave constituting the
reference waveform is expressed by “A sin kot (where A
and k are constants,  is the angular frequency and t is the
time variable), then the transfer function of the compensator
corresponding to that sine wave is (k,z+k, )/(z*-2z cos
kwT+1). This is visualized in FIG. 4. Here, the “2z cos
2kwT” of the transfer function means “2xzx(cos(2xkxwx
T)). It should be noted that the digital control devices shown
in FIG. 3 and FIG. 4 can be utilized for controlling the power
factors of sine-wave PWM inverters or converters, for
example. Consequently, also the digital control device
shown in FIG. 3 and FIG. 4 can be applied to various kinds
of electronic appliances. Here, electronic appliances refers
to air-conditioners, washing machines, refrigerators,
inverter-driven vehicles (such as trains and cars) and the
like. That is to say, the digital control device and the digital
control method of FIG. 3 and FIG. 4 can be utilized widely
for power source control in air-conditioners, washing
machines or refrigerators, or in inverter-driven vehicles
(such as trains and cars) and the like.

In the control device in FIG. 4, n compensators are used.
However, one or more compensators are sufficient. That is to
say, it is also possible to freely bundle the n compensators
in FIG. 4 and to replace them by one or more compensators
having an overall equivalent transfer function. In this case,
the control device has the following configuration: A digital
control device tracking a reference waveform that is made
up by combining n sine waves (where n is an integer of 2 or
greater), the digital control device having at least one
compensator, a control object and a feedback gain, wherein
an overall transfer function of the at least one compensator
is equivalent to the overall transfer function of the n com-
pensators in FIG. 4.

Moreover, in this embodiment, a digital control device
was explained that tracks a reference waveform which is a
sine wave or a combination of sine waves. However, the
digital control device or the digital control method explained
in the present embodiment (the digital control devices and
the digital control methods shown in FIG. 1, 3 or 4) can also
be applied for the case that the reference waveform is a
combination of sine waves and other waveforms (that are
not sine waves). That is to say, if the reference waveform is
a combination of sine waves and other waveforms, the
digital control devices and the digital control methods
shown in FIG. 1, 3 or 4 can be used in the tracking control
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of the portion corresponding to the sine waves. Thus, it is
possible to control the tracking of the reference waveform
easily and with high accuracy.

Furthermore, it is also possible to realize the operation of
the digital control device explained in the present embodi-
ment by software. It is further possible to place this software
on a server, for example, and to distribute the software by
software downloads. Furthermore, it is also possible to
record and distribute the software on a recording medium,
such as a CD-ROM. More specifically, such a program may
have the following configuration: A program for realizing a
digital control device having a compensator, a control object
and a feedback gain, which is a program for executing on a
computer a digital control method for tracking a sine wave,
wherein an input into the compensator is a signal obtained
by subtracting a control quantity from a reference value, an
input into the control object is a signal obtained by subtract-
ing an output of the feedback gain from an output of the
compensator, and a transfer function of the compensator is
(k,yz+k,)/(22-2z cos wT+1), where w is an angular fre-
quency, T is a sampling period, z is a z operator, and k, and
k, are constants.

The program may also be configured as follows: A
program for realizing a digital control device having n
compensators, a control object and a feedback gain, which
is a program for executing on a computer a digital control
method for tracking a reference wave that is made up by
combining n sine waves (where n is an integer of 2 or
greater), wherein the n compensators are connected in
parallel, an input into the n compensators is a signal obtained
by subtracting a control quantity from a reference value, an
input into the control object is a signal obtained by subtract-
ing an output of the feedback gain from a sum of the outputs
of the n compensators, and when a given sine wave consti-
tuting the reference waveform is expressed by “A sin kot”
(where A and k are constants, w is the angular frequency and
t is the time variable), then a transfer function of the
compensator corresponding to that sine wave is (k,z+k;)/
(z2-2z cos kwT+1), where 7 is a z operator, and k, and k,, are
constants.

The program may also be configured as follows: A
program for realizing a digital control device having at least
one compensator, a control object and a feedback gain,
which is a program for executing on a computer a digital
control method for tracking a reference wave that is made up
by combining n sine waves (where n is an integer of 2 or
greater), wherein an overall transfer function of the at least
one compensator is equivalent to the overall transfer func-
tion of the n compensators in FIG. 4.

INDUSTRIAL APPLICABILITY

The present invention is related to a sine-wave tracking
digital control device for controlling the power factor of a
sine-wave PWM inverter or converter, for example, and can
control the tracking of a sinusoidal reference wave easily
and with high accuracy, with a second-order compensator.

The invention claimed is:

1. A sinusoidal wave follow-up digital control device for
use with PWM inverters for tracking a sine wave, said
digital control device comprising a compensator, a control
object to be controlled by the sinusoidal wave follow-up
digital control device and a feedback gain control,

wherein the compensator is configured to receive as its

input a signal obtained by subtracting a control quantity
from a reference value;
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6

wherein the control object is configured to receive as its
input a signal obtained by subtracting an output of the
feedback gain control from an output of the compen-
sator; and
wherein a transfer function of the compensator is (k,z+
k,V(z*-2z cos wT+12), where w is an angular fre-
quency, T is a sampling period, z is a z operator, and k,
and k, are constants, thereby configuring a second-
order compensator for providing high accuracy track-
ing of a sinusoidal reference waveform.
2. The sinusoidal wave follow-up digital control device
according to claim 1,
wherein the compensator comprises a first delay element
outputting an input at a delay of one sample period T,
a second delay element outputting an input at a delay of
one sample period T, a first multiplier multiplying an
input by 2z cos w1, a second multiplier multiplying an
input by k;, and a third multiplier multiplying an input
by ks
wherein the first delay element is configured to receive as
its input a signal obtained by adding an output of the
first multiplier to the signal obtained subtracting the
control quantity from a reference value of the control
object, and subtracting from this added signal the
output of the second delay element;
wherein the second delay element, the first multiplier and
the third multiplier are configured to receive as their
inputs an output from the first delay element;

wherein the second multiplier is configured to receive as
its input a signal that is output from the second delay
element; and

wherein the compensator outputs a signal that is obtained

by adding an output of the second multiplier to an
output of the third multiplier.

3. A sinusoidal wave follow-up digital control device for
tracking a reference waveform made up by combining n sine
waves (where n is an integer of 2 or greater), the digital
control device having n compensators, a control object and
a feedback gain control;

wherein the n compensators are connected in parallel;

wherein the n compensators is configured to receive as its

input a signal obtained by subtracting a control quantity
from a reference value;
wherein the control object is configured to receive as its
input a signal obtained by subtracting an output of the
feedback gain control from a sum of the outputs of the
n compensators; and

wherein, when a given sine wave constituting the refer-
ence waveform is expressed by “A sin kwt” (where A
and k are constants, » is an angular frequency and t is
a time variable), then a transfer function of the com-
pensator corresponding to that sine wave is (k,z+k,)/
(z2-2z cos kwT+1), where z is a z operator, and k, and
k, are constants.

4. A sinusoidal wave follow-up digital control device for
tracking a reference waveform made up by combining n sine
waves (where n is an integer of 2 or greater), the digital
control device having at least one compensator, a control
object and a feedback gain control;

wherein an overall transfer function of the at least one

compensator is equivalent to the overall transfer func-
tion of the n compensators of claim 3.

5. An electronic appliance incorporating the sinusoidal
wave follow-up digital control device according to any one
of claims 1 to 4.

6. A program product stored on a computer readable
medium for realizing a sinusoidal wave follow-up digital
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control device having a compensator, a control object and a
feedback gain control, the program executing on a computer
a digital control method for tracking a sine wave;

wherein the compensator is configured to receive as its

input a signal obtained by subtracting a control quantity
from a reference value;

wherein the control object is configured to receive as its

input a signal obtained by subtracting an output of the
feedback gain control from an output of the compen-
sator; and

wherein a transfer function of the compensator is (k,z+

k,)/(z*-2z cos wT+1), where w is an angular frequency,
T is a sampling period, z is a z operator, and k,; and k,
are constants.

7. A program product stored on a computer readable
medium for realizing a sinusoidal wave follow-up digital
control device having n compensators, a control object and
a feedback gain control, the program executing on a com-
puter a digital control method for tracking a reference
waveform made up by combining n sine waves (where n is
an integer of 2 or greater);

wherein the n compensators are connected in parallel;

wherein the n compensators is configured to receive as its

input a signal obtained by subtracting a control quantity
from a reference value;

20
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wherein the control object is configured to receive as its
input a signal obtained by subtracting an output of the
feedback gain control from a sum of the outputs of the
n compensators; and

wherein, when a given sine wave constituting the refer-
ence waveform is expressed by “A sin kwt” (where A
and k are constants, » is an angular frequency and t is
a time variable), then a transfer function of the com-
pensator corresponding to that sine wave is (k,z+k,)/
(z2-27 cos wT+1), where z is a z operator, and k, and
k, are constants.

8. A program product stored on a computer readable
medium for realizing a sinusoidal wave follow-up digital
control device having at least one compensator, a control
object and a feedback gain control, the program executing
on a computer a digital control method for tracking a
reference waveform made up by combining n sine waves
(where n is an integer of 2 or greater);

wherein an overall transfer function of the at least one

compensator is equivalent to the overall transfer func-
tion of the n compensators of claim 7.



