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(57) Abréegée/Abstract:
An AC motor vector control apparatus includes a damping control part that provides an automatic calculation of optimum damping

manipulation amount to eliminate the necessity of a gain setting itself, thereby simplifying the adjustment operation of the control
system. There are included a vector control part (30) that performs a vector control of an AC motor (6) In accordance with a current
command or a torque command; and a damping control part (40) that calculates a damping manipulation amount to be used for
suppressing the variation of a capacitor voltage (Efc). The damping control part (40) calculates a variation rate of the capacitor
voltage (Efc) and uses a damping manipulation amount in accordance with the variation rate to manipulate the current command
or torgue command of the vector control part (30), thereby controlling an inverter (4) such that the current flowing through the
iInverter (4) Is changed to a direction that suppresses the variation of the capacitor voltage (Efc).
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ABSTRACT
There 1is provided a vector control device for an
alter‘nating—-current electric motor having a damping
controller which automatically calculates an optimum damping

g
—

operation amount and does not require any gain setting 1tself,

whereby an adjustment work of a control systemcan be simplified.
The vector control device is equipped with a vector controller
30 for executing vector control on the altérnating—current
electric motor 6 1in accordance with a current command or a

torque command, and a damping controller 40 for calculating

a damplng operation amount for suppressing variation of a

capacitor voltage Efc. The damping controller 40 calculates

a varliation rate of the capacitor voltage Efc, operates the

current command or torgue command of the vector controller 30
on the basis of the damping operation amount corresponding to

the variation rate and controls the 1nverter 4 so that current

flowing in the inverter varies so as to suppress the variation

thereof with respect to the variation of the capacitor voltage

Efc.
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DESCRIPTION

VECTOR CONTROL DEVICE FOR ALTERNATING-CURRENT ELECTRIC MOTOR

Technical Field

[0001]

The present invention relates to a vector control device
for an alternating-current electric motor 1in which the
alternating-current electric motor is subjected to vector

control.

Background Art

[0002]

—

A technique o0of executing vector control on an

alternating-current electric motor by using an inverter has
been broadly used in an industrial field. This has been also

broadly used for electric railroads. It has been known that

when the above system i1s applied to a direct~-current feeding
railroad, electric oscillation occurs in an LC filter circuit
comprising a reactor and a capacitor for absorbing higher
harmonic waves which are disposed at the direct current side

of an i1nverter, the voltage between both the terminals of the

g

capacilitor (capacitor voltage) 1s vibrated, and the control of

the electric motor 1s destabilized. A damping control method

to suppress this 1s disclosed 1n Non-patent document 1 and

Non-patent document 2.
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[10003]

Non-patent document 1: Akira Kimura, et al., " Study

on the Stabilization of Control System for Induction Motor

Driving Rolling Stock ", Magazine D of articles of Institute

of Electrical Engineers, Volume 110, No. 3, pp291-300 in 1990
Non-patent document 2: keilichiro Kondo, et al., " Study
on the Rotor Flux in Induction Motor in speed Sensorless Control

for Railway Vehicle Traction ", Materials of Society for

Semiconductor Power Conversion, SPC03-100, pp69-74 in 2003.
[0004]
According to both the Non-patent documents 1 and 2, the

electric oscillation of the LC filter circuit i1s suppressed

by adding a damping controller for detecting the voltage of

a capacitor, extracting an oscillation component by a band pass

filter (hereinafter referred to as BPF) to adjust the phase,

multiplying the adjusted phase by a gain to obtain a damping
operation amount, adding the damping operation amount toa slip
frequency command (non-patent document 1) or a torgue command
(non-patent document 2).

The non-patent document 1 relates to an application to

an electric motor control system to which slip frequency

control 1s applied, and the Non-patent document 2 relates to

an application to an electric motor control system to which

vector control 1s applied.
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Disclosure of the Invention

Problem to be Solved by the Invention

[0005]

The conventional damping controller 1s constructed by

a control system comprising BPF and a gain. With respect to
the setting of BPF, the constant thereof may be set so that
the resonance frequency component of the reactor and the
capaclitor can be detected without phase delay. However, with
respect to the setting of the gain, 1f the gain 1s excessively

lower than the optimum value, the effect of suppressing the

clectric oscillation would be insufficient. If the gain is

excessively higher, electric oscillation having a higher

frequency than the resonance frequency would continually occur.
Therefore, the gain must be set to the optimum intermediate
value therebetween.

However, as disclosed in the non-patent document 1, the
optimum gain range which can effectively suppress the electric
oscillationof the LC filter circuit to implement stabilization
1s extremely narrow, and it is not easily adjusted. In the
non-patent document 1, 1t i1s attempted that the control system
1s analyzed in a frequency area to calculate the optimum gain
setting. However, the calculation process is not simple, and

pl—

a work of setting the calculated gain to the control system

1s still required. Furthermore, as disclosed 1in the

el

non-patent document 1, the constant of the electric motor 1s
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¢ 11

used 1n the equation of the calculation process, and thus 1i:
the type of the electric motor to be connected to the inverter
1s changed, the corresponding galn must be calculated and set
again. As described above, the conventional gain setting of
the damping controller has been a troublesome work.

[0006]

The present invention has been implemented to solve the
foregoing problem, and has an object to provide a vector control
device for an alternating~current electric motor that can
simplify a control system adjusting work for suppressing

P

electric oscillation of an ILC filter circuit.

Means of Solving the Problem

{0007]

According to the present 1nvention, a vector control

device for an alternating-current electric motor which has an
LC filter circuit comprising a reactor and a capacitor at a
direct-current power supply side and an inverter converting
a voltage across the capacitor (capacitor voltage) to an AC
voltage having any frequency, comprises a vector controller
for executing vector control on the alternating-current

electric motor in accordance with a current command or a torque

command, and a damping controller for calculating a damping

ocperation amount for suppressing variation of the capacitor

voltage, wherein the damping controller calculates a variation
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rate of the capacitor voltage, operates the current command

P

or the torque command of the vector controller on the basis

of the damping operation amount corresponding to the variation

rate and controls the inverter so that current flowing in the

inverter varies so as to suppress thevariation of the capacitor

voltage.

Effect of the Invention

10008]

According to the vector control device for the
alternating-current electric motor of the present invention,
the adjustment work of the control system for suppressing the
electric oscillation of the LC filter circuit can be

simplified.

Brief Description of the Drawings

[0009]

[Fig. 1) Fig. 1 is a block diagram showing the construction
of a vector control device for an alternating-current electric
motor according to a first embodiment of the present invention.

[Fig. 2] Fig. 2 is a diagram showing a circuit in which a

constant-power controlled inverter is connected toan L.C filter

connected to a DC power source.

[F1g. 3] Fig. 3 is a block diagram showing a transfer function

—

of the system of Fig. 2.
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[Fig. 4] Fig. 4 is a diagram showing a circuit in which a load

constructed by a resistor 1s connected to the LC filter
connected to the DC power source.
[Fig. 5] Fig. 5 1s a diagram showing a transfer function block

of the system of Fig. 4.

[F1g. 6] Fig. 6 1s a diagram showling the relationship of the
signals of respective parts of a damping controller according
to the fifst embodiment of the present i1nvention.

(F1g. 7ﬂ Fig. 7 1is a diagram showing an operation simulation
result of the vector control device for the alternating-current
electric motor 1in the first embodiment of the present

invention.

Description of Reference Numerals

[0010]

1: DC power source

2: reactor

3: capacitor

4: 1nverter

oa to 5c: current detector

6: alternating-current electric motor
1: speed detector

d: g-axls current command generator
9: d-axis current command generator

10, 11: subtracter
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g-axis current controller

d-axis current controller

voltage non-interference calculator

18: adder

slip frequency command generator

integrator
integrator
dg-axis - thfee~phase coordinate transforming unit
three-phase - dg-axis coordinate transforming unit
multiplier

vector controller
damping controller
high pass filter

low pass filter

low pass filter

adder

divider

subtracter

switch

sgquare calculator
limiter

vector control device

resistor

Best Mode for Carrying out

the

Invention
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(0011]

First Embodiment
Fig. 1 is a block diagram showing the construction of
a vector control device for an alternating-current electric
motor according to a first embodiment of the present i1nvention.
As shown in Fig. 1, a main circuit has a DC power source
1, an ILC filter circuit comprising a reactor 2 and a capacitor

3 for suppressing flow-out of higher harmonic current to the

power supply side, and an inverter 4 for converting the voltage
FEfc across the capacitor 3 (capacitor voltage) to an AC voltage
having any frequency by an inverter 4, and has a vector control
device 50 for executing vector control on an
alternating-current electric motor 6.

The vector control device 50 1s constructed by a vector

controller 30 and a damping controller 40, and a signal or from

a speed detector 7 for detecting the rotational speed of the
alternating-current electric motor 6, signals Iu, Iv, Iw from
current detectors 5a to 5¢ for detecting the current of the
electric motor and a voltage Efc of the capacitor 3 are 1input
to the vector control device 50.

If the current detectors of at least two phases are

provided, the remaining phase can be calculated, and thus this
construction may be adopted.
Furthermore, a speed sensorless vector control system

in which the rotational speed of the alternating-current
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electric motor 6 1s calculated without providing any current
detector has been practically used, and in this case the speed
detector 7 1s unnecessary.

Furthermore, an example of the construction in which an
induction motor is used as the alternating-current electric
motor © will be described below. However, the damping
controller 40 disclosed in this invention is also useful when

a synchronous electricmotor 1s used as the alternating—~current

electric motor o.

[0012]

Next, the construction of the vector controller 30 will
be described.

The vector controller 30 performs so-called vector
control of controlling the alternating-current electric motor

on a dg—-axls rotational coordinate system in which the axis

coincident with a secondary magnetic flux axis of the
alternating-~current electric motor 6 is defined as d-axis and

the axis orthogonal to the d-axis is defined as g-axis.

A torque basic command TmO* and a secondary magnetic flux

command ®2* generated by a superordinate controller (not

shown) and U-phase current Iu, V-phase current Iv and W-phase

current Iw detected by the current detectors 5a to 5¢c are input

to the vector controller 30, and the vector controller 30
controls the alternating-current electric motor 6 so that

torque Tm generated by the alternating-current electric motor
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6 is coincident with a torgque command Tm* generated from the
torque basic command TmO* (a generating method will be
described hereunder).
[0013]

Next, the construction of each function block in the
vector controller 30 will be described.

In a g~axis current command generator 8 and a d-axis
current command generator 9, a d-axls (exclting component)

current command id* and a g-axis (torque component) current

command Ig* are calculated from the following equations (1)
and (2) on the basis of the torgue command Tm* obtained by
multiplying the torgque basic command TmO* input from an
external controller (not shown) by a damping operation amount

DAMPCN (described later), the secondary magnetic flux command

P

O2* and the circuit constant of the alternating-current

electric motor 6.
Here, 1in the equations (1) and (2), LZ represents a
secondary self-inductance and it is represented by L2 = M +

12. M represents a mutual inductance, 12 represents a secondary

leakage, s represents a differential operator, PP represents
the number of paired poles and R2Z represents secondary

resistance of the alternating-current electric motor 6.

Iq* = (Tm*/ (®2*-PP))-(L2/M) o (1)

Td*

P2* /M+L2/ (M-R2) -s®2* oo (2)

10014]

10
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In a slip angular frequency command generator 19, a slip

angular frequency command ®s* to be given to the

alternating-current electric motor 6 1is calculated from the

d-axis current command Id*, the g—-axis current command Ig* and

the circuit constant of the alternating—-current electric motor

6 according to the following equation (6).

ws* = (Ig*/Id*)-(R2/L2) . (3)

[0015]

The slip angular frequency command ws* calculated from

the equation (3) and the rotational angular fregquency or as

the output of the speed detector 7 secured to the end of the

shaft of the alternating-current electric motor 6 are added

1n the adder 20 and set as an inverter angular freguency ® to

be output from the 1inverter 4. The inverter angular frequency

® 1s 1ntegrated in the integrator 21 and the integration result

g

1s input as a phase angle 0 of the coordinate transformation

to the dg~axis - three-phase coordinate transforming unit 22
and a three~-phase - dg-axis coordinate transforming unit 23.
[0016]

In the three-phase - dg—-axis coordinate transforming

unit 23, the U-phase current Iu, the V-phase current Iv and

the W-phase current Iw detected by the current detectors 5a
to 5c are converted to the d-axis current Id and the g-axis

current Igq on the dg coordinate which are calculated by the

following equation (4).

11
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(Equation 1}

I 5 cos 8 cos (9-——2-71:) COS (6+gn) lu
Rl P 3 3 1 Iv
d) V3. o . 2 2
sinff sin (6—==n) sin (8 +=n)| | [w
3 L (4)
[0017]

The subtracter 10 calculates the difference between the
g-axils current command Ig* and the g-axis current Iq, _an’d inputs
the result to a g—axis current controller 12 at the éubsequent
stage. The g-axis current controller 12 subjects the input
value to proportional-plus-integral control, and outputs a
g-axls voltage compensation value ge.

The subtracter 11 calculates the difference between the

d-axlis current command Id* and the d-axis current Id, and inputs
the result to a d—-axis current controller 13 at the subsequent
stage. The d-axis current controller 13 subjects the input
value to proportional-plus—integral amplification and outputs
a d-axls compensation value de.

A g-axils current error ge and a d-axis current error de
are represented by the following equations (5) and (6). In the
following equations, s represents a differential operator, Kl
represents a proportional gain, and KZ represents an

integration gain.

ge = (K1 + K2/s)-(Ig* - Iq) ... (5)

de= (K1 + K2/s)-(Id* ~ Id) ... (6)

12
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(0018}

In a voltage non-interference calculator 14, a d-axis

%

tfeed forward voltage Ed* and a g-axis feed forward voltage Eg*

are calculated from the following equations (7) and (8) on the
basis of the d-axi1is current command Id*, the g-axis current
command Ig* and the circult constant of the alternating-current
electric motor 6.

Here, 1n the equation (7) and the equation (8), and o©

represents a leakage coefficient defined by 6 =1 - M*/ (L1-L2).

L1 represents a primary self-inductance of the electric motor,

and it 1s calculated fromLl =M+ 11. L2 represents a secondary
self-inductance, and it 1s calculated by ILLZ = M + 12. (11
represents a primary leakage inductance, and 12 represents a
secondary leakage inductance).

Ed* = - ow-Ll1.:c-Ig* + (M/L2)-s®P2* oo (7)

~ o-Ll-c-Id* + (o-M-®2*) /L2 .. (8)

]

Eg*
{0019]

In adders 17 and 18, the g-axis voltage compensation
value ge and the g-axis feed forward voltage Eg* are added and
set as a g-axis voltage command Vg*, the d-axis voltage
compensation value de and the d-axis feed forward voltage Ed*
are added and set as a d-axis voltage command Vd*, and they
are input to the dg-axis ~ three-phase coordinate transforming

unit 22.

The g-axis voltage command Vg* and the d-axis voltage

13
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command Vd* are represented by the following equations (9) and
(10) .

vVg*

Eg* + ge e (9)

va*

i

Ed* + de ... {(10)
[0020]

Finally, three-phase voltage commands Vu*, Vv* and Vw¥
are generated from the g—axis voltage command Vg* and the d—-axis
voltage cémmand Vd* by the dg-axis - three-phase coordinate
transforming unit 22 to control the inverter 2.

[0021]
As described above, the vector controller 6 performs the

vector control which is added with the current feed back control

so that the g-axis current Ig and the d-axis current Id
corresponding to the current of the actual alternating-current
electric motor 6 are coincident with the g-axis current command
Ig*¥ and the d-axis current command Id* calculated from the
torque command Tm* and the secondary magnetic flux command ©2¥*,
and the alternating-current electricmotor 6 outputs the torque
Tm coincident with the torque command Tm* and rotates.

This control operation 1is Dbasically similar to a
well-known vector control and thus the detailed description

F

of the operation 1s omitted.

10022]

Next, the construction of the damping controller 40 as

a main part of the present invention will be described.

14
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Before the damping controller 40 shown in Fig. 1 is
specifically described, a cause of 1nducing electric

oscillation in the LC filter circuit and the principle of

suppressing the electrical oscillationof the L.C filter circuit
on which the construction of the damping controller according
to the first embodiment of the present invention is based will
be briefly described.

Fig. 2 1s 'a diagram showing a circult 1in which the
constant-power controlled 1nverter 4 1s connected to the LC

filter connected to the DC power source 1. Fig. 2 1s a diagram

represented by simplifying the system of Fig. 1.

As shown in Fig. 2, the LC filter circult comprising the

reactor 2 and the capacitor 3 i1s connected to the DC power source

1, and also the inverter 4 for controlling the driving of the
alternating-current electric motor 6 1s connected to the
capacitor 3. The reactor 2 comprises an inductance component
L and a resistance component R. The electrostatic capacitance

F

of the capacitor 3 1s represented by C.

The i1nverter 4 1s controlled so that the output of the
alternating—-current electricmotor 6 1is kept constant even when
the capacitor voltage Efc varies, that is, a constant power
characteristic 1s obtained with respect to the variation of
the capacitor voltage Efc. That 1s, the i1inverter 4 1is

controlled so that the input power Pinv of the inverter 4 does

not vary even when Efc varies.

15
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[0023]

In the thus-constructed system of Fi1g. Z, the inverter

4 viewed from the DC power source 1 side has a negative

resistance characteristic.

The negative resistance characteristic 1s such a

characteristic that when the capacitor voltage Efc rises, the
inverter input current Idc decreases, and when the capacitor
voltage Efc increases, the inverter input current Idc decreases,
and 1t 1s known as a common sense that the normal resistance

(positive resistance)means that current increases when the

voltage i1increases and the current decreases when the voltage

decreases.

As described above, the DC portion of the system shown

1n Fi1g. 2 has the negative resistance characteristic, and the

1inverter input current Idc decreases as the capacitor voltage

Efc increases. Therefore, 1t operates to assist the increase

of the capacitor voltage Efc. Conversely, the inverter input
current Idc increases as the capacitor voltage Efc decreases,
and thus 1t operates to assist the decrease of the capacitor

voltage Efc. Therefore, braking does not act on the variation

of the capacitor voltage Efc, the electric oscillation of the
LC filter circuit is enlarged, and the capacitor voltage Efc
continuously oscillates in the neighborhood of the resonance

frequency of the LC filter. The foregoing description is a

qualitative description.

16
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Next, the phenomenon described above will Dbe

quantitatively described by determining and estimating a

transfer function of the system of Fig. 2.
First, from the system of Fig. 2, the transfer function
from the DC voltage Es to the capacitor voltage Efc 1is

determined.

As described above, the inverter 4 is controlled so that

the output thereof is fixed. 1In this case, the relational

expression of the input power Pinv of the inverter, the

capacitor voltage Efc and the inverter input current Idc 18

represented by the following equation (11).

[Equation 2]

Efc-Idc = Pinv(=constant) .. (11)

The above relation 1is non-linear, and thus 1t 1s

linearized. In this case, when the operation poilnts are
represented by Efc0 and IdcO, the following equation (12) 1s

satisfied in the neighborhood of these operation points.

[Equation 3]

Pinv * (Efc - Efc0)

> + IdcO
Efc0

Idc =

(10025

From Fig. 2 and the equation (12), the transfer function

block diagram of the system shown in Fig. 2 1s changed to that

17
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of Fig. 3.

From the transfer function block diagram shown 1n Fig.

3, a closed loop transfer function G(s) from the DC voltage

Es to the capacitor voltage Efc 1s represented by the following

equation (13).

[Equation 4]

1

— C-L , R
G(s) = , R Pinv | R * Pinv
S+ ( 2}8—- ( — —
L. C - EfcO C-L EfcO

-

)

In order to make this transfer function G(s) stable, it 1is
necessary that all the poles of G(s) are negative. That 1s,

1t 1s necessary that all the solutions of the characteristic

equation shown in the following equation (14) which 1i1s the

denominator of G(s) are negative.

3

Kquation 5]

| —

Sz+(§__ Pinv )es—- 1 (R . PI?Y——-I):O
L C- EfcO C-L EtcO

If the solutions of the above equation are assumed to

be ¢ and B, it is necessary that both the values are negative.

Accordingly, the following eguations (15) and (16) can be
derived as a condition which makes G(s) stable. From the
relationship between the solutions and the coefficients, the

following eguations (15) and (16) are determined.

18
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[Equation 6]

P (i C Pl‘;}ozko

© (15)
@-p= c1 L(Rlz.fp(;“;lv >0

© (16)

The egquation (16) does not contain any useful information, and
thus 1t 1s neglected here. The equation (15) is rewritten 1nto

the following equation (17).

[Equation 7]

L. Pinv
> -

R - >
C Efc0

(17)

From the equation (17), as L 1is smaller, C 1s larger,

(73

Pinv i1is smaller and Efc0 1s larger, R required to stabilize
the system may be smaller.

For example, by substituting the condition of general

numerical values in an inverter system for driving an electric

vehicle, that is, L=12mH, C=6600puF, Pinv=1000KW and Efc0=1500V

into the equation (17), the value of R which can stabilize the
system satisfies R>0.8(Q).

However, the resistance component existing at the DC side

is equal to about several tens m{2 which is a minute value, and

it 1s difficult for the resistance component concerned to

satisfy the equation (17), so that the system i1s unstable and

19
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oscillation occurs in the IL.C filter circuit.

That is, it is understood that the capacitor voltage Efc

oscillates and diverges unless a resistor satisfying the

equation (17) is added or stabilization is forcedly performed.

Actually, addition of a resistor induces a large design

of the apparatus and also increase of loss. Therefore, amethod
of forcedly performing stabilization is required, and specific
examples are shown 1n the non-patent document 1 and the

non—-patent document 2.

[0020]

A case where the load is a resistance (normally, positive

resistance) load will be qualitatively described as 1n the case

of the foregoing description.

Fig. 4 1s a diagram showing a circuit in which a load
constructed by a resistor 60 1is connected to the LC filter
connected to the DC power supply 1. As compared with the
circuit shown 1in Fig. 2, the inverter 4 and the
alternating-current electric motor 6 are replaced by the
resistor ©0. The resistance value of the resistor 60 1is
represented by RO.

The transfer function block diagram of the system shown
in Fig. 4 is shown 1n Fig. 5.

From Fig. 5, a closed loop transfer function Gp(s) from

the voltage Es of the DC power 1 till the capacitor voltage

Efc 1s represented by the followling eguation (18).

20
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[Equation 8]

The characteristic equation of the closed loop transfer
function Gp(s) shown in the equation (18) 1is represented by

the following equation (19).

[Equation 9]

Since R>0, the condition that all the solutions of the
characteristic equation shown in the equation (19) are negative

are satisfied at all times. Accordingly, it i1s found that the

system is stable at all times when the load is constructed by

the resistor 60.
[0027]
As described above, it is found that the circuit in which

the resistor 60 is connected to the LC filter connected to the

p—1

DC power source 1 is stable at all times. The present invention

pays attention to this principle, and 1s characterized in that

the inverter 4 is controlled so that the oscillation component

p— P

of the capacitor voltage Efc 1s equlvalent to the

characteristic obtained when the resistor 60 1s connected.

21
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[0028 ]

The characteristic of the circuit i1n which the resistor
60 is connected to the ocutput of the LC filter as shown 1n Fig.

4 will be described below.

In the circuit of Fig. 4, assuming that current Idc flows

]

fc, the power

in the resistor 60 under the capacitor voltage
PR at the resistor 60 is represented by the following equation

(20) .

PR = Efc-Idc ... (20)

When the capacitor voltage Efc varies and it 1s n times

P

as large as the initial value thereof, the current Idc flowing

in the resistor 60 1s likewilise 1ncreased ton times. The power

PRn at the resistor 60 at this time 1s represented by the

following equation (21).

PRn = n-Efc-n-Idc = n“Efc:Idc = n“PR ... (21)
That is, the power PRn at the resistor 60 1s proportional to
the square of the variation rate off the capacitor voltage Efc.
Accordingly, by controlling the inverter 4 so as to satisty
the equation (21), the inverter 4 can be operated so as to have
the positive resistance characteristic with respect to the
variation of the capacitor voltage Efc.
[0029]

The output of the alternating-current electric motor ©

1s represented by the rotational frequency FM of the

alternating-current electric motor 6 X the output torgque Tm,
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and this i1is equal to the input power Pinv of the inverter 4
1f the loss is neglected. Therefore, the following equation
(22) 1s satisfied.

Pinv = FM:Tm .. (22)

In order to make the inverter 4 operate so as to have
the positive resistance characteristic with respect to the
variation of the capacitor voltage Efc, it is required that
the power Pinvn when the capacitor voltage Efc increases to
n times satisfy the relationship of the following equation (23)

as in the case of the equation (21).

Pinvn = n%Pinv = n%FM-Tm .. (23)

F
p—

Here, the  rotational frequency F'M of the

alternating-current electric motor 6 is a value varying in
accordance with the speed of theelectric vehicle. On the other
hand, the resonance frequency of the I.C filter circuit handled
by the damping controller 40 is equal to 10Hz to 20Hz, and if
1t 1s converted to the period, it corresponds to the time of

O0ms to 100ms. Accordingly, the oscillation period of the LC

filter circuit is regarded as being sufficiently short with
respect to the speed variation of the electric vehicle.

Therefore, when the construction of the damping controller 40
1s considered, there would be no problem evenif the rotational
frequency FM of the alternating-current electric motor 6 1is
fixed.

Accordingly, if the control is applied so that the torque
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Tm of the alternating-current electric motor 6 1s 1ncreased

2

by n°® times when the capacitor voltage Efc 1s increased by n
times, the inverter input power Pinv can be varied in proportion
to the square of the variation rate of the capacitor voltage
Efc.

That 1s, the torgque command Tm* may be multiplied by the
square value of the variation rate of the capacitor voltage
E'fc'. ~According to the above operation, the inverter 4 has the
positive resistance characteristic with respect to the

F

variation component of the capacitor voltage Efc¢, and the

electricoscillation of the LC filter circuit can be suppressed,

so that the system can be stabilized.
[0030]

Next, a specific construction of the method described
above will be described with reference to Figs. 1 and 6.

*

Fig. 6 1s a diagram showing the relationship of signals

in the damping controller 40 according to the first embodiment.

The voltage Efc of the capacitor 3 is input to the damping
controller 40, and branched to two systems. With respect to

one system, unnecessary high frequency components and

unnecessary low frequency components are cut by a high pass
filter (hereinafter referred to as HPF) 41 and a low pass filter
(hereinafter referred to as LPF) 43, and an oscillation

component Efca 1n which only the area around the resonance

‘requency of the LC filter circuit 1s extracted i1is calculated.

| -
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For example, as shown in Fig. 6(a), when the capacitor voltage

Ffc oscillates between 1650V and 1350V around 1500V, Efca

becomes a signal which varies with the same phase as the

oscillation component of the capacitor voltage Efc in the range
from +150V to -150V. With respect to the other system, only
the DC component is extractedby LPF 42, and set as a DC component

Efcd.

HPF 41, LPF 42 and LPF 43 are primary filters each of
which is constructed by a primary delay element, and the

construction thereof is well known and thus omitted from the

description. Of course, they may be secondary or higher filters,

however, the construction of the filter is complicated.

[0031]

Here, the action of HPF 41, LPF 43 will be described.

The reason why LPF 43 is required is to remove high
frequency components which are contained in the capacitor
voltage Efc and serves as disturbance to the control system.
However, the lower 1limit of the high frequency components which

are required to be removed is equal to several hundreds Hz,

and it is proximate to the resonance frequency band of the LC

filter (normally, about 10 to 20Hz) which is a damping control

e

target. Therefore, 1if the high frequency components are

removed by usingonly LPF 43, it affects the resonance frequency

component of the LC filter which is contained in the oscillation

component Efca, and causes phase delay. Therefore, this 1is

29



CA 02660601 2009-02-11

not preferable.

Therefore, HPF 41 is added in series and combined with

LPF 43 to construct a filter, whereby the phase delay of the

resonance frequency component of the LC filter contained 1n

the oscillation component Efca can be improved while securing
the same high frequency component removing characteristic as
when LPF 43 is solelyused. With respect tothe characteristics
of HPF 41 and LPF 43,. it is desired that the frequency at which

the gain is equal to 1 is matched with the oscillation frequency

of the LC filter (10Hz to Z20Hz).
[0032]
The oscillation component Efca calculated as described

above is added with the DC component Efcd in the adder 44. The

addition result 1s filtered and then set as the capacitor

voltage Efcad (Fig. ©6(c)).

Furthermore, after the filtering, the capacitor voltage

Efcad is divided by the DC component Efcd in a divider 45 to

calculate the variation rate Efcfp of the capacitor voltage

Efc. Efcfp is directly input to a square calculator 48 when
the alternating-current electricmotor 6 is under power running
operation.

When the alternating-current electric motor 6 1s under

regenerative operation, an regenerative operation 1inverted

L4

signal Efcfn obtained by subtracting the variation rate Efcfp

P

of the capacitor voltage

P
-

fc from 2 in the subtracter 46 1s

£
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selected by a switch 47, and input to the sguare calculator
48. This is because the direction of the power when the
alternating-current electric motor 6 is under regenerative
operation is opposite to that when the alternating-current
electric motor 6'is under power running operation, and thus

an operation of reducing the regenerative electric power when

the capacitor voltage Efc increases and 1increasing the
regenerative electric pdwer when the capacitor voltage Efc

decreases is required. The regenerative operation inverted

signal Efcfn is a signal which is obtained by inverting the

P

‘cfp of the capacitor voltage EIC

Ld

phase of the variation rate E

(Fig. 6(d)).

L*J

The square calculator 48 squares the variation rate Efctp

of the capacitor voltage Efc or the regenerative operation

inverted signal Efcfn, and inputs 1t to a limiter 493.

In the limiter 49, the upper limit and the lower limit
are restricted to any values as occasion demands, and then

output as a damping operation amount DAMPCN to the vector

controller 30 (Fig. 6(e)). 1In the limiter 49, the setting 1s

carried out, for example, when it is required to restrict a

transit variation amount of the torque Tm of the
alternating-current electric motor 6 in connection with the
damping control.

Finally, in the vector controller 30, the damping

operation amount DAMPCN is multiplied by the torque basic
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'c.ommand Tm0*, and the vector control is executed by the torque
command Tm* as a multiplication result. By executing the
vector control on the basis of the thus-generated torque
command Tm*, the inverter 4 is operated so as to have the
positive resistance characteristic with respect to the
variation of the capacitor voltage Efc to suppress the
oscillation of the capacitor voltage Efc, so that the
alternating-current electric mdto,;r 6 can be stably operated.
[0033]

Fig. 7 is a diagram showing an operation simulation
result of the vector control device of the alternating-current
electric motor according to the first embodiment of the present
invention.

Fig. 7 shows waveforms when the torque basic command Tm0*

is set to about 500N-m and the voltage Es of the DC power source

1 is stepwise varied at a period of 500ms between 800V and 1000V
during operation of the alternating-current electric motor 6
in the construction shown in Fig. 1.

As shown in Fig. 7, when the damping control of the present
invention is not executed (the waveform at the right side of

Fig. 7), large oscillation occurs in the capacitor voltage Efc

every step variation of the voltage Es of the DC power source

1. However, when the damping control of the present invention

is executed (the waveform at the left side of Fig. 7),

|

oscillation hardly occurs 1in the capacitor voltage EIc
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'}

f the

R3
0N
O

irrespéctive of the step variation of the voltage !
DC current 1.

It can be confirmed from Fig. 7 that the damping control
of the present invention can effectively suppress the
oscillation of the capacitor voltage Efc.

[0034]

As described above, according to the first embodiment
of the present invention, the optimum dafnpi_ng operation amount
DAMPCN is automatically calculated, and the damping controller
in which the setting of the gain itself i1s unnecessary can be
constructed. Furthermore, the constant of the
alternating-current electric motor 6 1is not used for the
calculation of the damping operation amount DAMPCN, and thus
the adjustment of the control system is not required even when
the type of the alternating-current electric motor 6 1S
changed.

The foregoing description is made by using the case where

the inductionelectricmotor is used as the alternating-current

electric motor 6. However, the construction of the damping
controller and the calculation method of the damping operation
amount described above may be applied to the vector controller
when the same electric motor or another alternating-current
electric motor 1s used.

[(0035]

In the construction shown 1n the first embodiment, the
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damping operation amount DAMPCN is integrated by the torque

—
promr

command Tm0*, however, the same effect can be obtained if it

is multiplied by the g-axis current command Ig*.
[0036]

In this embodiment, the damping operation amount DAMPCN
is calculated on the basis of the variation rate n of the
capacitor voltage according to DANPCN = n‘ under the power
running operation according to DAMPCN = (2—-1)_:2 under the

-
v

regenerative operation. The rate of the variation component

of the capacitor voltage to the DC component may be set to An

(=n-1), and the damping operation amount may be calculated
according to DAMPCN= (14+K*An)° under the power running
operation and according to DAMPCN=1 under the regenerative

operation when K represents a gain larger than 0.5. When the

secondary or higher terms of An are neglected, the . variation

component AIdc=DAMPCN/n of the current flowing 1in the power

conversion equipment to the variation of the capacitor voltage
is as follows. Under the power running operation,
AIdc=(1+K-An)?/ (1+An)=1+(2:K-1)- An. Accordingly, if K > 0.5,
under the power running operation, when the capacitor voltage
increases, the current flowing in the inverter increases, and
when the capacitor voltage decreases, the current flowing 1n
the inverter decreases. That is, the 1inverter can be
controlled so that the current flowing in the inverter varies

so as to suppress the variation with respect to the variation
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thereof of the capacitor voltage, and thus the electrac

oscillation of the LC filter circuit 1s prevented from being

unstable. As K increases, the effect of the damping effect
is more remarkable. However, when the capacitor voltage
rapidly varies, the variation of the torque 1s more intense.
[0037]

Under the regenerative operation, the direction of the
current flowing in the inverter is opposite to that under the
power running operation, and thus the inverter has no negative
resistance characteristic even when carrying out a
constant-power operation. Therefore, even when the damping

operation 1s not carried out (DAMPCN=1), the electric

oscillation of the LC filter circuit 1is not unstable. By

setting DAMPCN=(1-K-An) “ or the like, the electric oscillation

of the LC filter circuit can be more quickly attenuated. The
gain K under the regenerative galn may be set to a value
different from that under the power running operation.

The calculating formula of the damping operation amount

DAMPCN 1s not required to be a quadratic expression of An, and

1t may be a linear expression, a cubic or higher polynomial

expression, a fractional expression having polynomial

expressions of An as the numerator and the denominator or the

like. With respect to the linear approximate expression to

minute variation, any calculating formula may be used insofar

as the coefficient of An is larger than 1 in the calculating
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formula under the power running operation and the coefficient

of An 1s smaller than 0 in the calculating formula under the

regenerative operation.

[0038]

Furthermore, the construction of the first embodiment
described above 1s an example of the present invention, and
it may be combined with another well-known technique.
Furthermore, i1t i1s needless to say that it may be modified 50
that a part thereof is omitted or the like without departihg
from the subject matter of the preseht invention.

[0039]

Sti1ll furthermore, it is needless to say that the present
invention is not limited to the vector control device of the
alternating-current electric motor for electric railroad, and
1t may be applied to various relevant fields such as vehicles,

elevators, power systems, etc.
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CLAIMS -
(1] A vector control device for an alternating-current
electric motor which has an LC filter circuit comprising a
reactor and a capacitor at a direct-current power supply side

and an 1nverter converting a voltage across the capacitor

(capacitor voltage) to an AC voltage having any freqguency,
comprising:

a vector controller for executing vector control on the
alternating-current electric motor 1in accordance with a
current command or a torque command; and

a damping controller for calculating a damping operation

amount for suppressing variation of the capacitor voltage,
wherein the damping controller calculates a variation rate of
the capacitor voltage, operates the current command or the
torque command of the vector controller on the basis of the
damping operation amount corresponding to the variation rate

and controls the inverter so that current flowing in the

inverter varies so as to suppress the variation of the capacitor
voltage.

[2] The vector control device for the alternating-current
electric motor according to claim 1, wherein the damping

controller divides the input capacitor voltage by a DC

component contained in the capacitor voltage to calculate the
variation rate of the capacitor voltage.

| 3] The vector control device for the alternating-current
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electric motor according to claim 1, wherein the damping

controller adds a DC component contained in the capacitor

voltage to a signal from which unnecessary high fregquency
components contained 1n the capacitor voltage are cut, and
divides the addition signal by the DC component contained in
the capacitor voltage, thereby calculating the variation rate
of the capacitor voltage.

4] The vector control device for the alternating-current

electric motor according to claim 1, wherein the damping

controller squares the variation rate of the capacitor voltage
to calculate the damping operation amount.

[ 5] The vector control device for the alternating—cur:ent
electric motor according to claim 1, wherein the damping

controller sets as the damping operation amount the value of

a signal obtained by squaring the variation rate of the

H

capacitor voltage under power running operation of the

alternating-current electric motor, and sets as the damping
operation amount the value of a signal obtained by inverting
the phase of a signal which is obtained by squaring the
variation rate of the capacitor voltage under regenerative
operation of the alternating-current electric motor.

[ 6] The vector control device for the alternating-current
electric motor according to claim 1, wherein the damping

P

controller limits upper and lower limits of the damping

operation amount by a limiter.
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[ 7] The vector control device for the alternating-current
electric motor according to claim 1, wherein  the
alternating—-current electric motor 1s an alternating-current

electric motor for driving an electric vehicle.
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