US 20230246539A1

a2y Patent Application Publication o) Pub. No.: US 2023/0246539 A1

a9y United States

Takagi et al.

43) Pub. Date: Aug. 3, 2023

(54) POWER CONVERSION APPARATUS

(71)  Applicants: Kabushiki Kaisha Toshiba, Tokyo
(IP); Toshiba Infrastructure Systems

& Solutions Corporation, Kanagawa
(P)

(72) Inventors: Takashi Takagi, Kawasaki Kanagawa

(IP); Makoto Takeda, Kiyose Tokyo
(IP)

(21) Appl. No.: 18/063,935

Publication Classification

(51) Int. CL
HO2M 1/088 (2006.01)
HO2M 1/08 (2006.01)
HO2M 3/158 (2006.01)
(52) US.CL
CPC ... HO2M 1/088 (2013.01); HO2M 1/081

(2013.01); HO2M 3/1584 (2013.01)
(57) ABSTRACT

According to one embodiment, a power conversion appara-
tus includes: semiconductor elements mutually coupled in
parallel; gate drivers which corresponds to the respective
semiconductor elements and which supplies a drive voltage
to the corresponding semiconductor elements; and a con-

22) Filed: Dec. 9, 2022 troller configured to su to the respective gate drivers a
(22) ) ller configured to supply to the respective gate dri
gate command corresponding to the drive voltage in accor-
(30) Foreign Application Priority Data dance with a carrier wave, wherein the semiconductor
elements are set to a conductive state at different timings in
Feb. 3,2022 (JP) cooeieiciceee 2022-015732 an operation period of the semiconductor elements.
5 Power conversion apparatus
W o
100
3~i Brake
resistor
I~ | ND2
De ? 300
power \/ 1}& 'ﬁb 1,0
supply V) ST S Loeemy i {
i | i J i
1140 11 ! i
j \ i ( e
SO A o A
8 ! ! t {
/ ND3 T | L]
L
T )
\ Gate | 22 Gate | 2b Gate | 2C
? driver driver driver
st | | ' 4 P :
- -~ External
- Controller apparatus




Aug. 3,2023 Sheet 1 of 6 US 2023/0246539 Al

Patent Application Publication

l O14

snjeedde T
[euilxg v\/YL HOBUOD) 18
7 dd -
ce0p b
002 y 00D y 999 Y A 16
JONIp JaAUp JBALp b
07~ ﬁ.mw gz~ ﬁ.mw s 3%0 by
................ : e S e . :
| T S i i €AN V\ M
i [ _ i M h 9 m
} ” ] 2 & ;
| U_me _ Ul B Al W:‘ i M
Acqoul { i i i M T M M :
| :
2093 | L b | oL M »
SO — - SR - - s A ns
ow. ”. M \O ._aoaog
1 qi e
00¢€ G od
¢UN %/‘S
1081584
oyeug €
001~

smededde UCISIAUOD 19MOd

@\/\.




Aug. 3,2023 Sheet 2 of 6 US 2023/0246539 Al

Patent Application Publication

oull} P

zl

Lt

¢IM

20D
PUBLLILIOD

ajen

cEM

"

<_ Ele

q09
pUBLILIOD

ajen

0D
pUBLILOD

ajen

MO

anem
Ja1LL1eD

WMd

{

BAD



d9 = 4—(6)16
smededde
el

US 2023/0246539 Al

-, < 1SS <,

06¢ JRE 21 . 48jjouog| ___|#elonued i |
o < ¥ N ey . '

000y i 00y i BOD-y i

IEYYVNN asnap | 19ALp

o7~ 3%0 4z mu.ma BZ myww

s s N — s " E————S S -
) Y Y IS Y Y IS Ay B

Aug. 3,2023 Sheet 3 of 6

Patent Application Publication

Jojow
214398[7

00¢€

J03sisad
oqpig €
_

00}

snjesedde LOISIBAUOD JBMO

LAN | f/@%




Patent Application Publication  Aug. 3,2023 Sheet 4 of 6 US 2023/0246539 A1

CYa CYb CYec

~ g ? 2
PWM
carrier
wave
CWa
Power | Synchronization
conversion signal
unit SS1 -l H
Ta
Gate
command = [_]
GCa V\{
& a
PWM
Power carrier
conversion wave
unit < CWb
7b Gate
command Z ‘———I
GCb Whb1
-
PWM
Power carrier
conversion wave
unit B CWe
Tc Gate
command e f—‘—
GCc Wel
i c
: : i
ta th Time

FIG. 4



Aug. 3,2023 Sheet S of 6 US 2023/0246539 Al

Patent Application Publication

¢oOld

X1SS

= %616

smesedde

[BUI9)X3

(

00¢

00¢

001~

do

<< 1S

o

i 4

seyonuon €

209"y

ON\./\

JoALIp

ajen

Y Y s

qy

Jejonuon X

40Dy

Qe

1BAUp

ajen

4

P

ey

Jajjouog

200~y

NN\J./\

JaAUp

8jen

5

Joysisau

eyeig

£

I

smeJedde UOISIBALOD JeMOy

LON




Patent Application Publication  Aug. 3,2023 Sheet 6 of 6 US 2023/0246539 A1

CYa CYb GCYc
{ { [

2 AN

CwW

Gate
command {

GCa
Wa3

Gate

command
GCb

T ———

Whb3

Gate -
command

GCc




US 2023/0246539 Al

POWER CONVERSION APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the
benefit of priority from Japanese Patent Application No.
2022-015732, filed Feb. 3, 2022, the entire contents of
which are incorporated herein by reference.

FIELD

[0002] Embodiments described herein relate generally to a
power conversion apparatus.

BACKGROUND

[0003] A power conversion apparatus is incorporated in
devices and systems of various types for the realization of
various usages. The conversion capacity of the power con-
version apparatus has been increasing in accordance with
market needs. In order to increase the conversion capacity,
the current capacity in the semiconductor element of the
apparatus, which plays a key role in power conversion,
should be increased. This may be dealt with simply by
adopting a semiconductor element with a high current rating
in a semiconductor element of the power conversion appa-
ratus. If the use of such a semiconductor element, however,
is not sufficient to attain the targeted conversion capacity, the
total current rating of the power conversion apparatus may
need to be increased by adopting a plurality of semiconduc-
tor elements coupled in parallel, or a plurality of power
conversion units coupled in parallel.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 is a circuit diagram showing an exemplary
configuration of a power conversion apparatus according to
the first embodiment.

[0005] FIG. 2 is a waveform chart showing exemplary
operations of the power conversion apparatus according to
the first embodiment.

[0006] FIG. 3 is a circuit diagram showing an exemplary
configuration of a power conversion apparatus according to
the second embodiment.

[0007] FIG. 4 is a waveform chart showing exemplary
operations of the power conversion apparatus according to
the second embodiment.

[0008] FIG. 5 is a circuit diagram showing a modification
example of the power conversion apparatus according to the
embodiments.

[0009] FIG. 6 is a waveform chart showing the modifica-
tion example of the power conversion apparatus according
to the embodiments.

DETAILED DESCRIPTION

[0010] The power conversion apparatus according to the
embodiments will be described with reference to FIGS. 1 to
6.

[0011] Hereinafter, the embodiments will be described in
detail with reference to the drawings. In the description
below, the same reference symbols will be assigned to
elements having the same functions and structures.

[0012] If structural elements with reference symbols
accompanied by numbers or letters (for circuits, wirings,
voltages, signals, etc.) for differentiation do not need to be
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distinguished from one another, only the reference symbols
may be referred to by omitting the accompanying numbers
or letters.

[0013] In general, according to one embodiment, a power
conversion apparatus includes: semiconductor elements
mutually coupled in parallel; gate drivers which corresponds
to the respective semiconductor elements and which sup-
plies a drive voltage to the corresponding semiconductor
elements; and a controller configured to supply to the
respective gate drivers a gate command corresponding to the
drive voltage in accordance with a carrier wave, wherein the
semiconductor elements are set to a conductive state at
different timings in an operation period of the semiconductor
elements.

EMBODIMENTS

[0014] The power conversion apparatus according to the
embodiments will be described with reference to FIGS. 1 to
6.

(1) First Embodiment

[0015] The configuration and operations of the power
conversion apparatus according to the first embodiment will
be explained with reference to FIGS. 1 and 2.

(a) Exemplary Configuration

[0016] FIG. 1 is a circuit diagram showing an exemplary
configuration of the power conversion apparatus 100 accord-
ing to the present embodiment.

[0017] As illustrated in FIG. 1, the power conversion
apparatus 100 according to the present embodiment includes
a plurality of semiconductor elements 1 (1a, 15, and 1¢), a
plurality of gate drivers 2 (2a, 2b, and 2c¢), a brake resistor
3, a controller 4, a voltage detector 5, a current detector 6,
and a direct-current (DC) power supply 9.

[0018] The semiconductor elements 1 and brake resistor 3
are coupled between a high potential-side wiring (which is
also referred to as a “DC link™) and low potential-side wiring
of the DC power supply 9. The high potential-side wiring is
electrically coupled to a positive terminal 90 of the DC
power supply 9 via a connection node (which is also referred
to as a “connection point”, “connection terminal”, or simply
“node”) ND1. The low potential-side wiring is electrically
coupled to a negative terminal (ground or earth) 91 of the
DC power supply 9 via a connection node ND3.

[0019] The three semiconductor elements 1 (1a, 15, and
1¢) are provided in the power conversion apparatus 100.
Each of the semiconductor elements 1 includes a switching
element 10 such as an insulated gate bipolar transistor
(IGBT), a rectitying element 11 such as a diode, and the like.
The semiconductor element 1 may also include a field effect
transistor (not shown) such as a metal-oxide-semiconductor
(MOS) transistor.

[0020] One of the two terminals of each semiconductor
element 1 is coupled to the connection node ND2. While the
other terminal of the two terminals of each semiconductor
element 1 is coupled to the connection node ND3. The
connection node ND3 is coupled to the ground 91.

[0021] The three semiconductor elements 1a, 16, and 1c¢
are coupled in parallel with each other between the connec-
tion node ND2 and connection node ND3, as a result of
which three current-carrying paths are formed in parallel in
the power conversion apparatus 100. The parallel-coupled
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semiconductor elements 1 have the same inter-terminal
potentials between the connection nodes ND2 and ND3.
[0022] Each of the semiconductor elements 1, while in a
conductive state, allows a certain amount of current corre-
sponding to the characteristics of the semiconductor ele-
ments 1.

[0023] The gate drivers 2 (2a, 2b, and 2¢) are coupled to
the semiconductor elements 1, establishing a one-to-one
relationship. That is, a gate driver 2 is coupled to one of the
semiconductor elements 1. According to the present embodi-
ment, three gate drivers 2 are provided in the power con-
version apparatus 100. Each of the gate drivers 2 supplies a
gate drive voltage (gate signal) to the corresponding semi-
conductor element 1 in response to a gate command GC,
which will be described later.

[0024] The brake resistor 3 is coupled to the semiconduc-
tor elements 1 via the connection node ND2 between the
connection node ND1 and connection node ND3. One of the
two terminals of the brake resistor 3 is coupled to the
positive terminal 90 of the DC power supply 9 via the
connection node ND1. The other terminal of the two termi-
nals of the brake resistor 3 is coupled to one terminal of each
semiconductor element 1 via the connection node ND2. The
brake resistor 3 includes a plurality of resistor elements (not
shown). In addition to the resistor elements, the brake
resistor 3 may also include capacitive elements (not shown)
and inductive elements (not shown). The portion constituted
by the brake resistor 3 and semiconductor elements 1 may be
referred to as a power conversion circuit.

[0025] The brake resistor 3 serves as a load of the power
conversion apparatus 100. The brake resistor 3 outputs a
current [1. The amount of current 11 (conduction amount)
may be controlled in accordance with the conductive state of
the semiconductor elements 1. The current I1 that flows
through the brake resistor 3 generates Joule heat at the brake
resistor 3. For instance, the power conversion apparatus 100
consumes the supplied power due to the heat generated at the
brake resistor 3. In this manner, the power conversion
apparatus 100 performs thermoelectric conversion. The
amount of the current I1 may be regulated in accordance
with the rated values (e.g., rated currents) of the power
conversion apparatus 100 or the like.

[0026] The controller 4 controls the operations of the
semiconductor elements 1 through the gate drivers 2.
[0027] For instance, the controller 4 generates a pulse
width modulation (PWM) carrier to control the current-
carrying period (which may also be referred to as a “con-
duction period”) of the semiconductor elements 1. The
PWM carrier wave is a signal that includes multiple trian-
gular waves (triangular pulses) that are periodically output.
The current-carrying period of a semiconductor element 1
corresponds to the period in which the semiconductor ele-
ment 1 is in the ON state.

[0028] The controller 4 generates gate commands GC
(GCa, GCb, and GCc) to control the conductive state (ON
state) and non-conductive state (OFF state) of each semi-
conductor element 1. The controller 4 outputs the generated
gate command GC to the corresponding gate driver 2. For
instance, in order to bring a semiconductor element 1 to a
conductive state (ON state or current carrying state), the
controller 4 sets the signal level of the corresponding gate
command GC to the first level (e.g., H level). In order to
bring a semiconductor element 1 to a non-conductive state
(OFF state or no-current carrying state), the controller 4 sets
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the signal level of the corresponding gate command GC to
the second level (e.g., L level), which differs from the first
level.

[0029] In response to the supplied command power CP,
the controller 4 controls, based on the comparison of the
PWM carrier wave with the duty factor of the semiconductor
element 1, the form of the pulse (e.g., pulse width) of a
to-be-generated gate command GC. The duty factor is
determined based on the controls, including PI control, upon
the voltages and currents in the power conversion apparatus
100. The duty factor represents a ratio of a current-carrying
period of the semiconductor element 1 to a cycle of the
PWM carrier wave.

[0030] The controller 4 may include a control processor
(not shown), a memory (not shown), a counter (not shown),
and the like. The controller 4 may also include a calculation
circuit configured to realize various functions by software
programs or by combinations of software and hardware.

[0031] The controller 4 is configured to control the opera-
tion timings of the semiconductor elements 1 based on a
sequence set up by software.

[0032] The voltage detector 5 is configured to detect a
voltage equivalent to a potential difference between the
connection node ND1 and connection node (ground) ND3.
The voltage detector 5 is configured to measure and acquire
the voltage value of the detected voltage. The voltage
detector 5 sends a signal S1 indicating the voltage value of
the detected voltage to the controller 4. The voltage detector
5 is coupled in parallel with the semiconductor elements 1
and brake resistor 3 between the connection node ND1 and
connection node ND3.

[0033] The current detector 6 is configured to detect the
current 11 output from the brake resistor 3. The current 11
may be supplied, for example, via the semiconductor ele-
ments 1 to the current detector 6. The current detector 6 is
configured to measure and acquire the current value of the
detected current I1. The current detector 6 sends a signal S2
indicating the current value of the detected current I1 to the
controller 4.

[0034] The power conversion apparatus 100 may be elec-
trically coupled to an external apparatus 200 such as a
processor. The power conversion apparatus 100 according to
the present embodiment is configured to communicate with
the external apparatus 200. The power conversion apparatus
100 receives a signal relating to the command power CP
from the external apparatus 200. The command power CP is
a signal that indicates the power (e.g., consumption power)
that is to be converted by the brake resistor 3.

[0035] For instance, the power conversion apparatus 100
is coupled to the electric motor 300. The electric motor 300
is connected to wheels (not shown). The electric motor 300
receives a power supply voltage (power) subjected to AC-
DC conversion by a power conversion apparatus (not
shown) such as a three-phase inverter circuit. In accordance
with the supplied power supply voltage, the electric motor
300 generates a torque. The electric motor 300 applies the
energy corresponding to this torque to the wheels. When the
supply of the power supply voltage to the electric motor 300
is interrupted (e.g., at the time of deceleration or halting of
the wheels), the electric motor 300 generates regenerative
power in accordance with the rotations of the electric motor
300.
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[0036] The power conversion apparatus 100 adjusts the
DC voltage of the DC power supply 9, and supplies it to the
brake resistor 3.

[0037] The power conversion apparatus 100 is configured
to receive regenerative power from the electric motor 300.
This regenerative power is supplied to the brake resistor 3.
The power conversion apparatus 100 consumes the regen-
erative power generated by the electric motor 300, through
the thermoelectric conversion performed by the brake resis-
tor 3.

[0038] That is, the power conversion apparatus 100 illus-
trated in FIG. 1 corresponds to a dynamic braking circuit
(braking chopper circuit) for controlling the power con-
sumption of the brake resistor 3. In the power conversion
apparatus 100, which serves as a dynamic braking circuit, a
semiconductor element 1 may also be referred to as a
braking chopper element.

[0039] The internal structure of the power conversion
apparatus 100 is not limited to the above. Other structural
components may be provided in the apparatus 100, or some
of the above-mentioned structural components may be omit-
ted from the apparatus 100. For instance, one or more of the
voltage detector 5, current detector 6 and DC power supply
9 may be components of a structure external to the power
conversion apparatus 100. Various signals including the gate
command GC, gate signal, and command power CP may be
electrical signals supplied through wiring, or optical signals
supplied through a photocoupler.

[0040] In the power conversion apparatus 100 according
to the present embodiment, the semiconductor elements 1
coupled in parallel with each other between the two con-
nection nodes ND2 and ND3 are brought into a conductive
state at different timings in a certain operation period. In
other words, the current-carrying periods of the semicon-
ductor elements 1 do not overlap each other in the power
conversion apparatus 100 according to the present embodi-
ment.

(b) Exemplary Operations

[0041] FIG. 2 is a waveform chart showing exemplary
operations of the power conversion apparatus 100 according
to the first embodiment.

[0042] The waveform chart of FIG. 2 shows switching
timings of different semiconductor elements 1 of the power
conversion apparatus 100.

[0043] The switching timing chart of the semiconductor
element 1 in FIG. 2 depicts temporal shifts of a PWM carrier
wave generated by the controller 4 of FIG. 1, and gate
commands GC (GCa, GCb, and GCc) output from the
controller 4 to the three parallel semiconductor elements 1a,
15, and 1c.

[0044] The operation of the power conversion apparatus
according to the present embodiment will be explained with
reference to FIG. 2.

[0045] In the power conversion apparatus 100 of FIG. 1,
the voltage between the connection nodes ND1 and ND3 is
detected by the voltage detector 5, while the current (passing
current) I1 output from the brake resistor 3 is detected by the
current detector 6. The signal S1 relating to the voltage value
of the detected voltage and the signal S2 relating to the
current value of the current 11 are supplied to the controller
4.

[0046] The controller 4 multiplies the voltage value of this
voltage (the value indicated by the signal S1) by the current
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value of the passing current I1 (the value indicated by the
signal S2), to obtain the value of the power to be consumed
by the power conversion apparatus (dynamic braking cir-
cuit) 100.

[0047] The controller 4 receives a command power CP
from the external apparatus 200. For instance, the received
command power CP indicates a value corresponding to a
requested drive state (e.g., decelerating or stopped) of the
electric motor 300.

[0048] As illustrated in FIG. 2, the controller 4 generates
a PWM carrier wave CW to generate and control the gate
command GC for each semiconductor element 1. For
instance, the period Tz between time to and time tb repre-
sents one cycle (sequence) of the operation period Tz in
which the conductive/non-conductive states of the parallel-
coupled semiconductor elements 1 are sequentially con-
trolled. The power conversion apparatus 100 repeatedly
executes the operation periods Tz.

[0049] According to the present embodiment, the opera-
tion period Tz is divided into multiple portions (segments)
in accordance with the number of semiconductor elements 1.
If the number of semiconductor elements 1 coupled in
parallel between the connection node ND2 and connection
node ND3 is N, the period Tz is divided into N segments,
where N is a natural number larger than or equal to 2. The
lengths (Tz/N) of N segments obtained by dividing the
operation period Tz are equal to each other. Each operation
period Tz includes cycles CY corresponding to the triangular
waves of the PWM carrier wave CW in accordance with the
number of parallel-coupled current paths (for example, the
number of parallel-coupled semiconductor elements 1).

[0050] According to the present embodiment, if there are
three semiconductor elements 1 that are coupled in parallel,
one operation period Tz includes three cycles of triangular
waves. That is, the operation period Tz includes three
segments corresponding to the periods, where one of the
three semiconductor elements 1 becomes a target of control
in one of the segments. The number of parallel-coupled
semiconductor elements 1 may be 2, 4 or more.

[0051] The controller 4 determines the duty factor DF
(DF1, DF2) of one or more semiconductor elements 1
through various controls (e.g., PI control) in such a manner
as to bring the calculated power consumption to match the
command power CP supplied to the controller 4. In accor-
dance with the duty factor DF, the ratio of the current-
carrying period (the period of the conductive state) of the
semiconductor element 1 to a certain cycle CY of the PWM
carrier wave CW is set. The period of time assigned to each
semiconductor element 1, which corresponds to a cycle CY,
may also be referred to as a control target period.

[0052] The controller 4 compares the PWM carrier wave
CW with the duty factor DF1 in an operation period Tz. The
controller 4 thereby generates a gate command GC having a
desired pulse width (the length of the H level). The control-
ler 4 supplies the generated gate command GC to the
corresponding gate driver 2. The gate driver 2 supplies a gate
drive voltage to the corresponding semiconductor element 1
in response to the signal at the H level of the supplied gate
command GC. In the gate commands GCa, GCb, and GCc
corresponding to the duty factor DF1, the signals at the H
level respectively have pulse widths Wal, Wb1, and Wcl.

[0053] As a result, a conduction in the corresponding one
of the semiconductor elements 1 is allowed.
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[0054] As illustrated in FIG. 2, the controller 4 switches,
for each cycle CY of the generated PWM carrier wave CW
having triangular waves, the semiconductor elements 1 so
that one of the semiconductor elements 1 serves as a target
for duty factor comparison.

[0055] For instance, within the operation period Tz includ-
ing three cycles CYa, CYb, CYc of the PWM carrier wave
CW, the semiconductor element 1la is a conductive state
control target in the first cycle CYa, the semiconductor
element 15 is a conductive state control target in the second
cycle CYb, and the semiconductor element 1c¢ is a conduc-
tive state control target in the third cycle CYec.

[0056] In the cycle CYa, the current I1 depends solely on
the semiconductor element 1a in the conductive state, and
therefore will not be substantially affected by the semicon-
ductor element 15 or 1c¢ in the non-conductive state. In the
cycle CYb subsequent to the cycle CYa, the current I1
depends solely on the semiconductor element 15 in the
conductive state, and will not be substantially affected by the
semiconductor elements 1a or 1c in the non-conductive
state. In the cycle CYc subsequent to the cycle CYb, the
current I1 depends solely on the semiconductor element 1¢
in the conductive state, and will not be substantially affected
by the semiconductor elements 1a or 15 in the non-conduc-
tive state.

[0057] As described above, according to the present
embodiment, with three cycles of the PWM carrier wave
CW regarded as one operation period Tz, the controller 4
repeats the switching of the conductive and non-conductive
states for the three semiconductor elements 1.

[0058] In the power conversion apparatus 100 according
to the present embodiment, in a cycle CY in which one of the
semiconductor elements 1 is in the conductive state, none of
the other semiconductor elements 1 will fall into the con-
ductive state. Thus, in the power conversion apparatus 100
according to the present embodiment, only a single semi-
conductor element 1 is in the conductive state in a certain
cycle CY.

[0059] If the semiconductor elements 1 have the same
duty factor, the current-carrying periods (pulse widths of the
gate command GC) Wal, Wb1, and Wcl of the parallel-
coupled semiconductor elements 1 can be designed to have
substantially the same length. In this manner, according to
the present embodiment, the same amount of losses will be
generated in the parallel-coupled semiconductor elements 1,
and the required load will be evenly divided.

[0060] The duty factor of a semiconductor element 1
varies in accordance with the size of the command power
CP. The pulse width of the gate command GC can be
controlled in accordance with the variance of the duty factor.
For instance, if the duty factor takes a small value in
accordance with the command power CP, the pulse width of
the gate command GC is reduced.

[0061] On the other hand, as in the duty factor DF2 of FIG.
2, if the duty factor takes a large value in accordance with
the command power CP, the pulse widths Wa2, Wb2, and
We2 of the gate commands GCa, GCb, and GCc are
increased. In this case, the falling edge of a gate command
(e.g., gate command GCa) may be substantially at the same
timing as the leading edge of an adjacent gate command
(e.g., gate command GCb).

[0062] In response to the leading edge and falling edge of
a gate command GC, the semiconductor element 1 operates
at a response speed that includes a certain amount of delay
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time. In other words, the semiconductor element 1 effec-
tively operates after a certain delay time in response to the
leading edge of a gate command GC. The semiconductor
element 1 also terminates the operation after a certain delay
time in response to the falling edge of the gate command
GC.

[0063] Thus, even if the falling edge of a gate command
GC appears at the same timing as the leading edge of the
next gate command GC in accordance with the set duty
factor DF2, the effective current-carrying periods of the two
semiconductor elements 1 will not overlap each other. The
semiconductor elements 1 therefore operate independently
from each other in different cycles CY of each operation
period Tz.

[0064] As described above, the segment in which each
semiconductor element 1 is subjected to a load is one-third
of the operation period Tz according to the present embodi-
ment. Thus, when the current 11 flows through one semi-
conductor element 1 in a cycle CY, the load applied to this
semiconductor element 1 will remain within the breakdown
voltage range of the semiconductor element 1 based on the
rated value of the power conversion apparatus 100.

(¢) Summary

[0065] When increasing the current rating by connecting
multiple semiconductor devices in parallel to increase the
conversion capacity of the power conversion apparatus, it is
preferable that agreement should be established in the
dynamic characteristics between the semiconductor ele-
ments, in the characteristics between the gate drivers, and in
the circuit impedances between the circuits. If such an
agreement cannot be established, the passing current will not
be evenly divided among the semiconductor elements oper-
ating simultaneously, which may adversely cause heat gen-
eration concentrating on a specific semiconductor element.
This will increase the risk of breakdown in the power
conversion apparatus.

[0066] In designing a power conversion apparatus as a
product, it is necessary to leave leeway for the current
capacity of the of semiconductor elements and/or for the
number of parallel-coupled semiconductor elements in con-
sideration of uneven division of a load on the semiconductor
elements, and also from the aspect of derating. Alternatively,
in order to match circuit impedances, the structural arrange-
ment of the semiconductor elements and/or design of inter-
connecting conductors need to be optimized. Such needs
often run counter to downsizing of an apparatus and foot-
print. This may deteriorate the product competitiveness of
the power conversion apparatus.

[0067] Inthe circuit structure of the parallel-coupled semi-
conductor elements 1 according to the present embodiment,
constraints to the hardware designing of the dynamic char-
acteristics of the semiconductor elements 1, characteristics
of'the gate drivers 2, matching of circuit impedances, and the
like, can be circumvented.

[0068] The power conversion apparatus 100 according to
the present embodiment includes a parallel connection cir-
cuit, in which the current 11 is divided by a plurality of
semiconductor elements 1 that are independently set to a
conductive state. The power conversion apparatus 100
according to the present embodiment thereby evenly
imposes a load on each semiconductor element 1 even under
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situations such as when it is difficult to arrange the semi-
conductor elements 1 close to each other in the hardware
design.

[0069] As described above, the power conversion appara-
tus 100 according to the present embodiment evenly divides
the period targeted for the control of the controller 4 (e.g.,
the current-carrying period) for the semiconductor elements
la, 15, and 1c coupled in parallel with each other in one
current-carrying path. The power conversion apparatus 100
according to the present embodiment thereby sends a con-
duction command independently to each of the semiconduc-
tor elements 1a, 15, and 1c.

[0070] According to the present embodiment, conduction
occurs in only one semiconductor element 1 in each cycle
CY of'the period Tz, and therefore the passing current I1 can
be uniquely determined without the need to consider differ-
ences in characteristics of the parallel-coupled semiconduc-
tor elements 1. In the power conversion apparatus 100
according to the present embodiment, all of the parallel-
coupled semiconductor elements 1 have the same current-
carrying periods and the same amounts of passing current 11,
which results in the same amount of loss. Thus, the power
conversion apparatus 100 according to the present embodi-
ment can divide the load produced during the operation
period Tz evenly for the semiconductor elements 1.

[0071] According to the present embodiment, constraints
to the hardware design can be circumvented, realizing a
simple software control of parallel-coupled semiconductor
elements 1.

[0072] As a result, the power conversion apparatus
according to the present embodiment can reduce constraints
to the hardware design of the power conversion apparatus.

(2) Second Embodiment

[0073] A power conversion apparatus according to the
second embodiment will be described with reference to
FIGS. 3 and 4.

(a) Exemplary Configuration

[0074] FIG. 3 is a circuit diagram showing an exemplary
configuration of the power conversion apparatus 100 accord-
ing to the present embodiment.

[0075] The power conversion apparatus 100 illustrated in
FIG. 3 includes a plurality of power conversion units 7 (7a,
7b, and 7c).

[0076] For instance, three power conversion units 7a, 7b,
and 7c¢ are provided in the power conversion apparatus 100.
[0077] The power conversion unit 7a includes a semicon-
ductor element 1a, a gate driver 2a, a controller 4a, a voltage
detector 5a, and a current detector 6a. The power conversion
unit 75 includes a semiconductor element 15, a gate driver
2b, a controller 4b, a voltage detector 55, and a current
detector 6b. The power conversion unit 7¢ includes a semi-
conductor element 1¢, a gate driver 2¢, a controller 4c, a
voltage detector 5S¢, and a current detector 6c.

[0078] In each of the power conversion units 7, the current
detector 6 is provided between the connection node ND2
and the semiconductor element 1. In the example of FIG. 3,
the voltage detector 5 is coupled to the connection node ND3
without a current detector 6 interposed.

[0079] The three power conversion units 7a, 7b, and 7¢ are
commonly coupled to the brake resistor 3.
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[0080] Inthe same manner as in the previous embodiment,
the power conversion apparatus 100 according to the present
embodiment corresponds to a dynamic braking circuit for
controlling the power consumption at the brake resistor 3.
[0081] In the power conversion apparatus 100 according
to the present embodiment, the semiconductor elements 1
are provided independently in the respective power conver-
sion units 7, and a controller 4 is provided for each of the
semiconductor elements 1. Each of the power conversion
units 7 may include a plurality of semiconductor elements 1
connected in parallel with each other.

[0082] In each power conversion unit 7, the controller 4
(4a, 4b, or 4¢) controls the operation of the corresponding
semiconductor element 1 (1a, 15, or 1¢) based on various
kinds of information, including the detection results of the
voltage detector 5 (5a, 5b, or 5¢), the detection results of the
current detector 6 (6a, 65, or 6¢), and the command power
CP, and the like.

[0083] Each of the controllers 4 generates a PWM carrier
wave CW (CWa, CWb, or CWc). The PWM carrier waves
CWa, CWb, and CWec include triangular waves of a certain
periodicity.

[0084] One of the controllers 4 generates a synchroniza-
tion signal SS1, and sends the generated synchronization
signal SS1 to other controllers 4. For instance, according to
the present embodiment, the controller 4a generates the
synchronization signal SS1. The controller 4a sends the
generated synchronization signal SS1 to the controllers 45
and 4¢. The controllers 45 and 4c¢ receive the synchroniza-
tion signal SS1.

[0085] The synchronization signal SS1 is a signal for
controlling the operation timings across the power conver-
sion units 7. The synchronization signal SS1 may be a
quadrangular pulse signal with a leading edge and a falling
edge. The carrier waves of the power conversion units 7
have their phases synchronized with the timing of the
leading edge or falling edge of the synchronization signal
SS1, and the phases of the carrier waves are thereby matched
with one another.

(b) Operation

[0086] FIG. 4 is a waveform chart showing exemplary
operations of the power conversion apparatus 100 according
to the present embodiment.

[0087] The waveform chart of FIG. 4 indicates the switch-
ing timings of the semiconductor elements 1 in the power
conversion units 7 of the power conversion apparatus 100.
[0088] In the chart of FIG. 4 showing the switching
timings of the semiconductor elements 1, temporal shifts of
the PWM carrier waves CWa, CWb, and CWc generated by
the controllers 4a, 45, and 4c, respectively, of FIG. 3, the
gate commands GCa, GCb, and GCc output from the
controllers 4a, 4b, and 4c¢ to the semiconductor elements 1a,
15, and 1c¢, respectively, and the synchronization signal SS1
are depicted.

[0089] In the power conversion apparatus 100 of FIG. 3,
the power conversion unit 7a acquires the voltage value of
the voltage between the nodes ND1 and ND3 with the
voltage detector Sa, and the current value of the passing
current I1 of the brake resistor 3 with the current detector 6a.
[0090] The controller 4a multiplies the acquired voltage
value (value indicated by the signal S1) by the acquired
current value (value indicated by the signal S2) to obtain the
value of the power consumption of the power conversion
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apparatus 100. The controller 4a determines the duty factor
DFa for the semiconductor element 1a using PI control or
the like in such a manner that this power consumption value
matches the command power CP supplied by the external
apparatus 200 to the controller 4a. The controller 4a com-
pares the PWM carrier wave CWa with the duty factor DFa
to generate a gate command GCa for the semiconductor
element 1a.

[0091] In a similar manner, in the power conversion unit
7b, the controller 45 calculates the power consumption value
based on the voltage value obtained by the voltage detector
5b and the current value obtained by the current detector 64.
The controller 45 determines the duty factor DFb for the
semiconductor element 15 based on the calculated power
consumption value and the command power CP. The con-
troller 45 compares the PWM carrier wave CWb with the
duty factor DFb to generate a gate command GCb for the
semiconductor element 15.

[0092] Furthermore, in the power conversion unit 7¢, the
controller 4¢ calculates the power consumption value based
on the voltage value obtained by the voltage detector 5¢ and
the current value obtained by the current detector 6¢. The
controller 4¢ determines the duty factor DFc for the semi-
conductor element 1c¢ based on the calculated power con-
sumption value and the command power CP. The controller
4¢ compares the PWM carrier wave CWc with the duty
factor DFc to generate a gate command GCc for the semi-
conductor element 1c.

[0093] In FIG. 4, with respect to the PWM carrier wave
CWa generated by the controller 4a, the controller 4a presets
the period targeted for conduction control (control target
period) of the semiconductor element 1a, only in the cycle
CYa within the operation period Tz. In other cycles CYb and
CYc¢ within the period Tz, the controller 4a does not regard
the semiconductor element la as a control target, and
therefore does not allow the semiconductor element 1a to
become conductive.

[0094] In a similar manner, the controller 45 controls the
conductive state of the semiconductor element 15 by deter-
mining only the cycle CYb of the PWM carrier wave CWb
as the control target period of the semiconductor element 15.
The controller 4¢ controls the conductive state of the semi-
conductor element 1¢ by determining only the cycle CYc of
the PWM carrier wave CWc as the control target period of
the semiconductor element 1c.

[0095] According to the present embodiment, the control-
lers 4a, 4b, and 4c¢, which belong to different power con-
version units 7a, 7b, and 7c¢, may have different control
processors. In this case, the PWM carrier waves CWa, CWb,
and CWc generated by the controllers 4a, 45, and 4c,
respectively, may not always be in phase.

[0096] According to the present embodiment, the control-
ler 4a is assigned to a master device, while the controllers 45
and 4c are assigned to subordinate devices. The controller 4a
of the power conversion unit 7a generates a pulse synchro-
nization signal SS1, for example at the start of the cycle CYa
of the PWM carrier wave CW. The controller 4a sends the
generated synchronization signal SS1 to the controllers 45
and 4¢ of other power conversion units 76 and 7c¢. In
accordance with the received synchronization signal SS1,
the controllers 45 and 4c¢ correct the phases of the corre-
sponding PWM carrier waves CWb and CWc such that the
first cycle CYa starts at the timing of the synchronization
signal SS1. For instance, the PWM carrier waves CWa,
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CWhb, and CWc may be controlled by the controllers 4a, 45,
and 4¢ so as to have their phases matched at the timing of
the leading edge of the synchronization signal SS1.

[0097] The power conversion apparatus 100 according to
the present embodiment can thereby match the phases of the
PWM carrier waves CWa, CWb, and CWc at the timings
synchronous with the synchronization signal SS1.

[0098] The phases of the PWM carrier waves CWa, CWb,
and CWc may be matched at the timings of the falling edges
of the synchronization signal SS1.

[0099] In the same manner as the first embodiment, the
semiconductor elements 1 of the power conversion units 7
according to the present embodiment are set to a conductive
state at different timings (different cycles CY). That is,
within the cycle CYa of the operation period Tz, only the
semiconductor element 1a is set to the conductive state in a
period corresponding to the gate command GCa at the H
level supplied from the controller 4a. Within the cycle CYb
subsequent to the cycle CYa, only the semiconductor ele-
ment 15 is set to the conductive state in a period corre-
sponding to the gate command GCb at the H level supplied
from the controller 45. Furthermore, within the cycle CYc
subsequent to the cycle CYb, only the semiconductor ele-
ment 1c is set to the conductive state in a period correspond-
ing to the gate command GCc at the H level supplied from
the controller 4c.

[0100] As described above, in the power conversion appa-
ratus 100 according to the present embodiment, if the
controllers 4a, 4b, and 4c¢ provided corresponding to the
semiconductor elements la, 15, and 1¢, which are coupled
in parallel in a current-carrying path (the path between the
connection node ND1 and ground 91), are processors pro-
vided independently from each other, a common synchro-
nization signal SS1 is supplied to the controllers 4a, 4b, and
4c so as to have the phases of the PWM carrier waves CW
matched with one another. In this manner, the power con-
version apparatus 100 according to the present embodiment
can bring the switching timings of the semiconductor ele-
ments 1 controlled by different PWM carrier waves CW, in
conjunction with one another.

[0101] As aresult, in a similar manner to the first embodi-
ment, all the parallel-coupled semiconductor elements 1
according to the present embodiment have the same length
of the current-carrying period and the same passing current
11, and thereby produce the same amount of loss. The
semiconductor elements 1 therefore can evenly divide the
load produced in the power conversion apparatus 100.

[0102] The power conversion apparatus 100 according to
the present embodiment realizes a simple software control of
the parallel-coupled semiconductor elements 1 while cir-
cumventing the constraints to the hardware design such as
the dynamic characteristics of the parallel-coupled semicon-
ductor elements 1, characteristics of the gate drivers 2, and
matching of the circuit impedances.

[0103] The power conversion apparatus 100 according to

the present embodiment therefore can reduce the constraints
to the hardware design of the power conversion apparatus.

(3) Modification Examples

[0104] The power conversion apparatus according to the
modification examples of the present embodiment will be
described with reference to FIGS. 5 and 6.



US 2023/0246539 Al

[0105] FIG. 5 is a circuit diagram showing a modification
example of the power conversion apparatus according to the
second embodiment.

[0106] As illustrated in FIG. 5, a synchronization signal
SS1x is supplied from the external apparatus 200 to the
power conversion apparatus 100. In the power conversion
apparatus 100, a plurality of controllers 4 receive the syn-
chronization signal SS1x from the external apparatus 200.
[0107] The controllers 4 correct the phases of the PWM
carrier waves based on the synchronization signal SS1x in a
similar manner to the example of FIGS. 3 and 4.

[0108] In this case also, the power conversion apparatus
100 according to the modification example in FIG. 5 realizes
substantially the same operation as the one in the second
embodiment.

[0109] FIG. 6 is a waveform chart showing the modifica-
tion example of the operation of the power conversion
apparatus 100.

[0110] As shown in FIG. 6, the value of the duty factor
DF3 may vary in an operation period Tz. Here, the value of
the comparison target duty factor DF3 varies in accordance
with the different semiconductor elements 1. As a result, the
pulse widths Wa3, Wb3, and Wc3 of the gate commands
GCa, GCb, and GCc differ in accordance with the corre-
sponding semiconductor elements 1a, 15, and 1c.

[0111] For instance, the value of the duty factor DF3 in the
cycle CYa is greater than the value of the duty factors DF3
in the cycles CYb and CYc. The value of the duty factor DF3
in the cycle CYb is smaller than the value of the duty factor
DF3 in the cycle CYa and greater than the value of the duty
factor DF3 in the cycle CYc. Here, the pulse width Wa3 in
the cycle CYa is greater than the pulse widths Wb3 and Wc3
in the cycles CYb and CYc. The pulse width Wb3 in the
cycle CYD is smaller than the pulse width Wa3 in the cycle
CYa and greater than the pulse width We3 in the cycle CYe.
[0112] InFIG. 6, even with the gate commands GCa, GCb,
and GCc having different pulse widths Wa3, Wb3, and Wc3
in the operation period Tz, the ON/OFF switching of the
semiconductor elements 1 are controlled so that the semi-
conductor elements 1 are brought into a conductive state at
different timings. According to this modification example,
the current-carrying periods of the semiconductor elements
1 do not overlap each other in the operation period Tz.
[0113] Thus, the power conversion apparatus 100 accord-
ing to the modification example of FIG. 6 can achieve
substantially the same effects as in the power conversion
apparatus 100 according to the previous embodiments.

(4) Others

[0114] The power conversion apparatus 100 according to
the embodiments may be adopted, for example, in a train car,
an automobile, a vessel, an aircraft, and a power generator.
The power conversion apparatus 100 according to the
embodiments may be provided in a system having other
power conversion apparatuses such as an alternating-current
inverter circuit.

[0115] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inven-
tions. Indeed, the novel embodiments described herein may
be embodied in a variety of other forms; furthermore,
various omissions, substitutions and changes in the form of
the embodiments described herein may be made without
departing from the spirit of the inventions. The accompa-

Aug. 3, 2023

nying claims and their equivalents are intended to cover
such forms or modifications as would fall within the scope
and spirit of the inventions.
What is claimed is:
1. A power conversion apparatus comprising:
semiconductor elements mutually coupled in parallel;
gate drivers configured to correspond to the respective
semiconductor elements and supply a drive voltage to
the corresponding semiconductor elements; and
a controller configured to supply to the respective gate
drivers a gate command corresponding to the drive
voltage in accordance with a carrier wave,
wherein the semiconductor elements are set to a conduc-
tive state at different timings in an operation period of
the semiconductor elements.
2. The power conversion apparatus according to claim 1,
wherein
the operation period is divided into N segments, and each
of the N divided segments of the operation period has
a length expressed as T/N, where N (N is a natural
number larger than or equal to 2) represents the number
of semiconductor elements and T represents the opera-
tion period.
3. The power conversion apparatus according to claim 1,
further comprising:
a brake resistor serially coupled to the semiconductor
elements.
4. The power conversion apparatus according to claim 1,
wherein
the semiconductor elements include a first semiconductor
element, a second semiconductor element, and a third
semiconductor element,
the carrier wave includes a first cycle, a second cycle, and
a third cycle in the operation period,
in the first cycle, the first semiconductor element is set to
the conductive state, while the second and third semi-
conductor elements are set to a non-conductive state,
in the second cycle, the second semiconductor element is
set to the conductive state, while the first and third
semiconductor elements are set to the non-conductive
state, and
in the third cycle, the third semiconductor element is set
to the conductive state, while the first and second
semiconductor elements are set to the non-conductive
state.
5. A power conversion apparatus comprising:
power conversion units mutually coupled in parallel,
wherein each of the power conversion units includes:
a semiconductor element;
a gate driver configured to supply a drive voltage to the
semiconductor element; and
a controller configured to supply to the gate driver a
gate command corresponding to the drive voltage in
accordance with a carrier wave, and
the semiconductor elements of the power conversion units
are set to a conductive state at different timings in an
operation period of the semiconductor elements.
6. The power conversion apparatus according to claim 5,
wherein
the operation period is divided into N segments, and each
of the divided segments of the operation period has a
length expressed as T/N, where N (N is a natural
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number larger than or equal to 2) represents the number
of power conversion units and T represents the opera-
tion period.
7. The power conversion apparatus according to claim 5,
wherein
the controller of one power conversion unit of the power
conversion units generates a synchronization signal,
the synchronization signal is supplied to the controllers of
other power conversion units of the power conversion
units, and
the controller of each of the other power conversion units
aligns a phase of a carrier wave of each of the other
power conversion units with a phase of a carrier wave
of the controller of the one power conversion unit in
accordance with the synchronization signal.
8. The power conversion apparatus according to claim 7,
wherein
the synchronization signal is a pulse wave having a
leading edge and a falling edge, and
the phase of the carrier wave of each of the power
conversion units is synchronized with either one of the
leading edge or the falling edge.
9. The power conversion apparatus according to claim 5,
further comprising:
a brake resistor coupled to the power conversion units.
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10. The power conversion apparatus according to claim 5,
wherein

the power conversion units include a first power conver-
sion unit, a second power conversion unit, and a third
power conversion unit,

in a first segment of the operation period, the semicon-
ductor element of the first power conversion unit is set
to the conductive state, while the semiconductor ele-
ment of the second power conversion unit and the
semiconductor element of the third power conversion
unit are set to a non-conductive state,

in a second segment of the operation period, the semi-
conductor element of the second power conversion unit
is set to the conductive state, while the semiconductor
element of the first power conversion unit and the
semiconductor element of the third power conversion
unit are set to the non-conductive state, and

in a third segment of the operation period, the semicon-
ductor element of the third power conversion unit is set
to the conductive state, while the semiconductor ele-
ment of the first power conversion unit and the semi-
conductor element of the second power conversion unit
are set to the non-conductive state.
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