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DC-AC Inverter Circuit

Description
This document describes inverter circuits used for motor control and other applications,
focusing on PWM control.

It also describes the differences between two-phase and three-phase modulation techniques as
well as circuits for drive power supply and power losses in semiconductor devices.
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1. Inverters

An inverter is a semiconductor-based power converter. An inverter that converts a direct current
into an alternating current is called a DC-AC inverter. However, the term “inverter” generally refers to
the equipment that combines an AC-DC converter (that changes an alternating current into a direct
current) and a DC-AC inverter so as to be able to generate arbitrary frequencies and voltages. Figure
1.1 shows the concept of an inverter.

Homes, office buildings, and factories are supplied with AC electricity at various frequencies and
voltages such as 50 Hz/100 V and 60 Hz/220 V. To drive electric motors efficiently, it is necessary to
convert the mains supply into the optimal frequency and voltage. Emergency power systems convert
mains AC power into DC power, store it in a battery, and, in the event of a power failure, convert it
back into AC power as needed. Inverters are used for such applications.

Fixed voltage and ! The voltage and frequency

frequency of DC electricity vary as needed.
4[ Inverter ]7

AC AC

::;i; - Inverter - Electric power load
(Motor)

AC is converted into AC is generated by turning on and off
DC. semiconductor switches.

1.1. Need for an inverter for motor control applications

Rotation speed control of AC motors using an inverter

The rotation speed, or RPM, of a three-phase AC induction motor is represented by the following
equation, which indicates that the RPM is inversely proportional to the humber of poles (P) and
proportional to frequency (f). Motors have a fixed number of poles, which is a multiple of 2 such as
2, 4, and 6. Since an inverter is capable of dynamically changing the DC frequency, it is most
suitable for variable-speed motor control applications.

60xfrequency f 120f .

(min.™)
Pole count P/2 P
(Revolutions per minute: The unit of measure for the rotation speed is min.™.)

Motor rotation speed, N (rpm) =
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Vf characteristics of motors
Theoretically, the rotation speed of a motor can be controlled by varying only the frequency.
However, unless both voltage and frequency are controlled,
1. an excessive current might flow into the motor at low RPM, causing mechanical damage; and
2. efficiency decreases.
Therefore, variable-voltage variable-frequency (VVVF) inverters are commonly used.
It is necessary for the output voltage (V) to increase linearly as the output frequency (f) increases.
Figure 1.2 shows the Vf characteristics of an inverter.
The voltage-to-frequency ratio is denoted as V/f.

[Vf properties example]
The frequency is proportional to the voltage.
200V fe-------- R e

4

100V

Output voltage

Output frequency
2. Control, commutation, and modulation methods for inverters

There are various types of inverter systems using different control, commutation, and modulation
methods. Inverters can be categorized in many ways. Table 2.1 provides an overview of inverter
categories. Voltage-type PWM inverters are most commonly used. These inverters are further divided
into two categories, depending on the commutation method used: 120° commutation primarily used
for small motor applications and 180° commutation used for many motor and power supply
applications. There are two PWM modulation methods for 180° commutation: two-phase and
three-phase modulation.

Control and modulation methods are selected according to the type of motor used, and its
application area and requirements.

Table 2.1 Types of inverters

System Modulation Commutation Application example
Voltage-Type PWM Sine-wave Two-phase Inverter airconditioner
inverter commutation PWM modulation | General-purpose inverter
(180°commutation)  Three-phase UPS
PWM modulation | Inverter household appliance
Compressor
Square-wave Small fan motor
commutation Pump for water heater
(120°commutation)
oEM p I PWM : Pulse Width Modulation
OwWer supply PFM : Pulse Frequency Modulation
- PAM : Pulse Amplitude Modulation
PAM Inverter household appliance UPS : Uninterruptible Power Supply
Pump
Current-Type Supersized inverter
inverter (DC power transmission)
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3. Voltage source type and current source type inverters

3.1. Voltage source type inverters

Voltage source type inverters control the output voltage. A large-value capacitor is placed on the
input DC line of the inverter in parallel. And the inverter acts as a voltage source. The inverter output
needs to have characteristics of a current source. In the case of low impedance load, series reactors
are needed for each phase. (See L; to Lz in Figure 3.1)

In motor applications, the leakage reactance of a motor fulfills the same function as this reactor.
Reverse-conducting semiconductor devices that are capable of dealing with the back-EMF are
commonly used as switches.

3.2. Current source type inverters

Current source type inverters control the output current. A large-value inductor is placed on the
input DC line of the inverter in series. And the inverter acts as a current source. The inverter output
needs to have characteristics of a voltage source. In motor applications, capacitors are required
between each phase-to-phase of motor input (See C; to Cs in Figure 3.2). (A large-value snubber is
sometimes necessary to suppress surge voltage caused by an inductive load. In such cases, a
snubber loss increases.)

This capacitor and motor inductance that work as a kind of filter reduce motor ripple current
compared with the case of voltage source type inverters

Reverse-blocking devices such as thyristors are required as switching devices. In the case of using
IGBTs and so on, series diodes are needed as shown in Figure 3.2.

4 _IK;gSJK _m{: _éz _Jg
L L

0,
AL AOK 3 J,:%Jéz TileaTes

Figure 3.1 Voltage source type inverter Figure 3.2 Current source type inverter

3.3. Applications of voltage source type and current source type inverters in the
market

Voltage source type inverters are commonly used for all home appliance and industrial
power applications. Voltage source type inverters are easier to control than current
source type inverters. It is easier to obtain a regulated voltage than a regulated current,
and voltage source type inverters can directly adjust the voltage applied to a load by
varying the conduction ratio (i.e., the pulse width of a PWM signal). In addition, since
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voltage source type inverters do not require any reverse-blocking diodes, they have less
voltage drop and therefore provide higher efficiency than current source type
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inverters. Furthermore, voltage source type inverters, which do not need a reactor on the DC side,
can be made more compact than current source type inverters.

However, current source type inverters are still in use for some applications. For example, in
high-voltage direct current (HVDC) transmission, a DC current travels a long distance before being
converted back into AC. This means a DC current is supplied via a large reactor. Since the DC side
must be treated as a current source, a current source type inverter is used for HVDC applications.
Thyristors also remain in use in ultra-large inverters. Because of the reverse-blocking characteristics
of thyristors, a current-mode configuration is sometimes used for such inverters.

4. Inverter modulation techniques

4.1. Modulation techniques

Three common techniques used to control (modulate) the power supplied to a load are pulse-width
modulation (PWM), pulse-frequency modulation (PFM), and pulse-amplitude modulation (PAM).
PWM is the most commonly used technique. PFM is hardly ever used for motor control applications.
1. Pulse-width modulation (PWM): A modulation scheme in which the pulse width (duty cycle)
is varied to control the output power

2. Pulse-frequency modulation (PFM): A modulation scheme in which the number of
pulses (i.e., frequency) is varied to control the output power. Also known as variable-frequency
modulation (VFM)

3. Pulse-amplitude modulation (PAM): A modulation scheme in which the amplitudes (i.e.,
voltages) of pulses are varied to control the output power.

PWM
- == Average output
u/ﬂ' ﬂ ﬂ‘fﬂ/mﬁ PWM/PFM control block

DC AC
The pulse width (duty cycle) is varied to control the output. Converter Inverter
AC Rectifi (PWM/PFM

PFM _ Average output (Rectifier) control)

H,’Hﬂ ﬂﬂ\ﬂ voltage

N
, .
\

Y J PAM control block

The number of pulses is varied to control the output.

The output Converter DC AC
Inverter

E/voltage is AC | Rectification & /’ (100% duty |
voltage boost cycle)

PAM

controlled.

Figure 4.1 Overview of inverter modulation techniques

4.2. Advantages and disadvantages of PWM, PFM, and PAM

Most of the inverter systems for motor control applications use PWM since a PWM generator can be
designed relatively easily due to the availability of diverse semiconductor devices. Although PFM
(VFM) is used for DC-DC converters, chargers, and other power supply applications, it is hardly ever
used for motor applications. Some air conditioners use PAM control.
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Table 4.1 summarizes the advantages and disadvantages of these three modulation techniques.
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Table 4.1 Advantages and disadvantages of PWM, PFM, and PAM

Modulation Advantages Disadvantages Application Examples
Techniques

Filter design is easy, Switching loss Many motors use PWM control.
PWM due to fixed generates even in The spread of brushless motors
switching frequency. lightload by fixed enlarges market of the PWM
frequency . control.
Efficiency Filter design is PFM is mainly used for power
improvement is difficult, due to supply rather than inverter
PEM possible because of frequency equipment.
decreasing switching modulation. PFM improves efficiency at no
frequency at light load to light load.
load.
Efficiency and a Parts count of In home appliances with widely
power factor are switching circuit such ranged load such as air
good at wide range as booster increases. conditioner and refrigerator,
PAM loads. there are some application

examples to improve the issue
of their power dissipation at low
load.

4.3. Examples of PWM and PAM control circuits

Figure 4.2 shows examples of circuit block diagrams of PWM- and PAM-controlled inverter air
conditioners. As described above, PWM varies the pulse width (i.e., duty cycle) to control the output
while PAM varies the amplitudes (i.e., voltages) of pulses to control the output.

In the PWM controller of Figure 4.2, the partial-switching power factor correction (PFC) block
increases a power factor and controls the harmonic current, and the voltage doubler rectifier converts
100 VAC into 240 VDC and passes it to the inverter. The inverter generates a waveform composed of
many narrow pulses in each cycle and converts 240 VDC into AC. The width of switching pulses (i.e.,
the duty cycle) is varied in order to vary the average output voltage supplied to a motor. (The voltage
doubler rectifier is provided to use the same inverter and compressor at 100 VAC and 200 VAC.)

The PAM controller shown in Figure 4.2 rectifies an AC voltage into a DC voltage. In order to control
the output voltage supplied to a motor, the DC voltage fed to the inverter is varied by a voltage
booster. To rotate a motor at low RPM, the DC voltage is set to a relatively low voltage (for example,
at 150 V). When the motor rotates at high RPM, the DC voltage is boosted. In practice, many
applications use PWM and PAM controllers in combination. PAM causes less switching loss than PWM.
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PWM-controlled inverter air conditioner

Voltage
doubler
Partial PFC ~_ rectifier " "

Inverter

! x & 0
. — Noise ‘—‘Jw“—
ACinput | g || E 5
& & g 0] L
iR : :
e

{Rs - :
PAM-controlled inverter air conditioner
PAM
Rectification (Boost) Inverter
[ SEIYy ) o W —
o wose [H | L |
AC input o r:ﬁc'sre :: i EEE - .
11| -5%

(Note: Rs: Shunt resistor for load current detection; voltage doubler rectifier used for a 100-VAC air
conditioner)

Figure 4.2 Examples of circuit block diagrams
of PWM- and PAM-controlled inverter air conditioners
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5. 120° square-wave commutation vs. 180° sine-wave commutation

To control three-phase brushless DC (BLDC) motors, 120° and 180° commutation techniques are
commonly used.

In comparison to 180° commutation, 120° commutation is easier to control as off-the-shelf
controller ICs are commercially available. However, 120° commutation causes a motor to produce
more acoustic noise and vibration and is less efficient than 180° commutation.

In other words, 180° commutation provides higher efficiency, quieter operation, and lower
vibration than 120° commutation although 180° commutation requires more complicated control.

120° commutation

The 120° commutation technique is commonly used by BLDC motors. In Figure 5.1, the high-side
device of one phase is on (120° period), the low-side device of the other phase is on (120° period),
and in the remaining phase both the high-side and low-side devices are off (120° period) at any time.

In this switching scheme, each phase is connected to the power source for 120 electrical degrees,
off for 60 electrical degrees, connected to GND for 120 electrical degrees and again off for 60
electrical degrees. It is thus called 120° commutation. Figure 5.2 illustrates the switching timing of
each device.

Figure 5.3 shows the theoretical Phase-U and U-V phase-to-phase voltage waveforms. In case of
the 120° commutation technique, since current flows through two resistive components (i.e.,
windings) at any one time, the phase voltage becomes E/2.

180° commutation
In 180° commutation, unlike 120° commutation, each phase is commutated at any time. It means
either the high-side or low-side device of the same phase is on at any one time (Figure 5.2).

Therefore, in 180° commutation, the “on” states of the high-side and low-side devices overlap for
a brief period while they are switching. This might create a potentially damaging condition called
cross conduction in which the high-side and low-side devices provide a direct short-circuit across
power supply and GND lines. To prevent cross conduction, an inverter driver provides a dead time of
a few microseconds between switching transitions during which neither the high-side nor low-side
device is on.

A high-side device of a given phase is on for 180 electrical degrees, and then the corresponding
low-side device is on for the next 180 electrical degrees. This switching scheme is therefore called
180° commutation. Figure 5.3 shows the theoretical Phase-U and U-V phase-to-phase voltages for
180° commutation. During 180° commutation, the phase voltage becomes either E/3 or 2E/3.

Although the above paragraphs state that a device remains on during its “on” period, a PWM control
signal is applied to the “on” device in most cases. There are various control methods for applying a
PWM signal. For 120° commutation, either the high-side or low-side device is PWM-controlled. There
are two options for the 180° commutation scheme. While either the high-side or low-side device is on
(with PWM control), one of the options keeps the other-side device continuously off in this period.
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The other option applies an inverse value of the PWM signal to the other-side device (with a
dead-time period).

N

Qv-H

J Z_le QW-'H—

=
— —
Phase- V
\'}
W Phase-W

Qv-L Qw-L J
a Z | ZE& Neutral point

— —

Figure 5.1 Three-phase PWM inverter

120°

mutation

#1

#2

#3 #4

180°

Commutation

#1'

#2'

#3'

#4' | #5'

#6'

Figure 5.2 Three-phase AC waveform and theoretical voltage
waveforms of 120° and 180° commutation

E‘S Phase- U MOtOI‘
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120° commutation

E/2 §
o #1 #2 | #3, #4 #5 #6 0.0 Fl.#2 | #3 ; #4. #5|#6.;
------- E-------:------: -----?----- :----\ :HIH : E :
<_—126° g 60° 60°

Phase-U voltage relative to a motor’s neutral point

Phase-to-phase voltage (U-V)

180° commutation E —
2E/3
0 #LUI#2' 1 #3' | #1471 45 e 0 |#1i#2| #37: #4%#5': #6'
------------- FusEEEmgummmnnm ------|------=------ ammmm ___:___ - ___:,__ [R—
"180° 180°

Phase-U voltage relative to a motor’s neutral point

Phase-to-phase voltage (U-V)

Figure 5.3 Theoretical phase-to-phase voltage waveforms for
120° and 180° commutation

6. Two-phase and three-phase PWM modulation

PWM varies the width of pulses required for the switching of transistors in an inverter in order to
generate an output waveform composed of many narrow pulses in each cycle. As a result, the
average voltage of the modulated output pulses becomes sinusoidal.

To generate a PWM signal, a signal (sine wave) is compared with a carrier waveform (triangle).
When the signal is greater than the triangle waveform, the PWM signal is high and switches on a
transistor.

As a result of this switching scheme, the average value of the output phase-to-phase voltages
becomes sinusoidal. This way, an inverter regulates voltage.

Three-phase modulation modulates all of the three phases of a three-phase inverter simultaneously

(to generate a sinusoidal PWM signal) whereas two-phase modulation modulates two of the three
phases at any one time while holding the other phase at High or Low level.
Compared to three-phase modulation, two-phase modulation suffers less loss because of fewer
switching actions, but provides less control flexibility. Another disadvantage of two-phase modulation
is that a zero-phase voltage (i.e., the voltage at the midpoint between the neutral point of a load and
the neutral point of a converter) fluctuates significantly at a low output amplitude. Generally, an
advantage of two-phase modulation is its ability to make the maximum output phase-to-phase
voltage equal to the input DC voltage.
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6.1. Three-phase PWM modulation

Figure 6.1 shows the circuit diagram of a three-phase inverter for typical three-phase modulation.

Let the PWM output voltages for Phase U, Phase V, and Phase W be Vy, Vv, and Vw respectively and

the phase-to-phase voltages be Vuy.v, Vv-w, and Vw-u.

1. Thethree-phase AC waveform is a reference sine-wave signal that synchronizes with the rotation
speed of a motor, and a triangle signal acts as a carrier that determines the switching frequency.
The sine-wave signal is compared with the triangle waveform. When the value of the signal is
greater than that of the triangle waveform, a high-side transistor turns on. The Vy, Vv, and Vw
voltages are in the High state when the corresponding high-side transistors are on (Figure 6.2).
The inverse values of the high-side signals are applied to the low-side transistors.

2. The motor supply voltages are equal to the differences among the phase input voltages (Vuy, Vv,
and Vw). Figure 6.3 shows the changes in motor supply voltages. The phase-to-phase voltages
(Mu-v, Vv-w, and Vw.u), which have the same frequency as the reference sine-wave signal, are
applied to a motor.

3. The motor supply voltages can be controlled by varying the voltages of the reference three-phase
AC waveform and the triangle waveform.

Qu-w Qv-n .
S N I i I Sl
— (— —
+ Ve U v Phase-V
D w
Qlli 3 Q"li 3 QTE ___ / Phase-W
:i Zl J :':: Zl J < Zh Meutral point
Vy Vy Vi
Figure 6.1 Phase voltages in a three-phase inverter
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Reference 3-phase AC sine wawveform

Carrier frequency

A

3-phase AC waveform
& triangle waveform

Wy voltage -

Figure 6.2 PWM signal generation (sine-triangle pulse-width
modulation)

The reference sine waveform determines
The triangle waveform determines the The frequency that synchronizes
carrier frequency. with the rotation speed of a motor.
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Figure 6.3 Example of PWM signal generation
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6.2. Two-phase PWM modulation

As described above, a signal is compared with a triangle carrier. The two-phase PWM modulation
scheme modulates two of the three phases at any one time while holding the other phase High or
Low.

The two-phase modulation scheme has two-thirds of the switching actions of the three-phase
modulation scheme and therefore suffers less switching loss. Other advantages of two-phase
modulation include a higher maximum phase-to-phase voltage (i.e., voltage utilization rate).
(However, there is a way to control the maximum phase-to-phase voltage for three-phase
modulation.)

The following subsections describe typical two-phase modulation methods.

6.2.1. Control using both the upper and lower arms
Figure 6.4 shows a configuration of the power section of a typical voltage-type PWM inverter. Figure
6.5 shows its input voltage signals to U, V, and W.

Let the ratio of the voltage setpoint to the DC supply voltage be a. Then, changes of the Phase-U
input signal v(8) in a cycle can be represented as shown in Table 6.1. The Phase-V and Phase-W input
waveforms lag behind Phase U by 120° and 240° respectively. The output of each phase keeps High
for 60 electrical degrees and Low for 60 electrical degrees without modulation. This means two
phases are modulated at any one time while the other one is held either High or Low.

As described above, this helps reduce switching loss and increases the maximum phase-to-phase
voltage (i.e., voltage utilization rate).

Inverter (DC=AC)

(Es/2) Power supply current iy
Q, Q- Qs AC Motor
— AN AN
EuIZT be— be— e —
S e N = =
IITIEIQI'HEI'YT_ =
ground __’___/‘—“";' e, . Phase current
0 E./2 NN
N SR L
Eg -1 —FC —
B N I == N
(-Ea/2)
Figure 6.4 Three-phase inverter
Lo Phase-U Phase-V Phase-W Table 6.1 Input voltage signals
' ] ' : | ' : 6 [deg] Input Signal v
A R 0° to 60° a sin(8+30°)
60° to 120° 1.0
120° to 180° a sin(6-30°)
; 180° to 240° 1.0+a sin(6+30°)
I | 240° to 300° 0
0 : 300°to 360° | 1.0+a sin(6-30°)
o 0 8 % 120 150 180 20 M0 3D ad R 360 390 4% 450 48D SIA wun

Figure 6.5 Input voltage waveforms for two-phase modulation
(Control using both the upper and lower arms)
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6.2.2. Control using only the lower arm

Of the three-phase waveforms, the lower-arm power device of the phase with the lowest voltage
setpoint is kept "on" for 120 electrical degrees by this technique while the other two phases are
modulated. Figure 6.6 shows the waveforms. As described above, this helps reduce switching loss
and increases the maximum phase-to-phase voltage (i.e., voltage utilization rate). The maximum
voltage at a motor’s neutral point during this modulation sequence is two-thirds that of a typical
three-phase modulation (sine-triangle PWM) and therefore improves the motor reliability. The
following describes the neutral-point voltage.

0 30 &0 90 120 150 180 210 240 270 300 330 360 390 420 450 430 510 540
| |

I 120° |

Figure 6.6 Two-phase modulation voltage waveforms
(Control using only the lower arm)

Neutral-point voltage

The switching of a voltage-type PWM inverter generates a neutral-point voltage, which is divided by
the capacitance distributed in a motor and appears as a motor shaft voltage. The shaft voltage
damages the surfaces of a motor’s metal bearings and adversely affects its quietness and service life.

Let a motor’s neutral-point voltage be eq. Then, the phase voltages of the motor (esy, esv, and esw)
shown in Figure 6.4 have the following relationships:

€su=€ey- €o, Esv =€y~ €0, Bsw=Ew- €0
Due to the intrinsic characteristics of the motor, esy +esv+esw=0. Therefore, the neutral-point voltage
(eo) of the motor windings is expressed as:
e = (eut+evtew)/3

The voltage at the neutral point of the motor windings is also represented by the following
equations:

1. When ey, ey, and ew are all High:  eo= (eut+ev+ew)/3=(1/2E4x3)/3= Ed/2

2. When two phases are High and one phase is Low: eo=(Ed4/2 X2+ (-Ed4/2 ))/3= Ed/6

3. When one phase is High and two phases are Low: eo=(Ed4/2 +(-Ed4/2 )x2)/3= - E4/6

4, When ey, ey, and ew are all Low: eo=(-Eq /2 x3)/3 = - Eq/2
Hence, the neutral-point voltage changes, taking two-level values between -Eq/2 or +Eq4/2.
Consequently, voltages different from the mains supply voltage are applied to the neutral point.
Figure 6.7 shows the neutral-point voltage during three-phase modulation.

©2018 18 2018-07-26

Toshiba Electronic Devices & Storage Corporation



TOS H | BA DC-AC Inverter Circuit

Application Note

In two-phase modulation (controlled lower arm type), one of the three phases is Low level at any
one time. Therefore, an inverter does not go into state #1 shown above.
As a result, a motor’s neutral-point voltage changes between -Eq4/2 and +E4/6, with two-thirds of the
voltage swing of three-phase modulation. Figure 6.8 shows the neutral-point voltage during
two-phase modulation.

] |

™
AN \

AN
/
AN

Edf2
l| )2
Ed/?
e,
- -Edf2
Ed/2
Ed/2 _ Sw I 0/ Ed/2
{ E)2
Ed/6 Ed/6 P —
0 A\ £d)2
-Ed/6 -Ed/6 E j
£d/? L L -Ed/2

-Edf2
Neutrl paint voltage

Neutral point voltage

Figure 6.7 Neutral-point voltage during Figure 6.8 Neutral-point voltage during
three-phase modulation two-phase modulation
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7. Miscellaneous information

7.1. Multilevel inverters
While the output voltage of a two-level PWM inverter takes either the zero or High level, three-level
and multilevel PWM inverters provide the output voltage at multiple levels by dividing the input DC

voltage.
7.1.1. Three-level PWM

Table 7.1 compares two- and three-level inverters.

Table 7.1 Comparisons of two- and three-level inverter circuits and their output
voltage waveforms

Two-Level Three-Level
Neutral-Point Clamped Bidirectional Switch
DC-AC DeA PCAC
O
O—
L
= Vool2 o] -
3z . . 0 L HTLC filt
o y "= LC filter | LC filter T I___I__F_T
Circuit ® | I PN IHP‘_ !
7 0 | L N
LT T i Vel2] T L] e
Hilommmm oo i S ! — ]
98 ol".:j-
o= 0
Output Voo
| Converter Von/2 $ Jm l Converter
phase-to-phase ) output lIH output
Voltage Vpo/2 JA“
Waveform . ' ,‘L .
fi # o601 18] SO0RU/HG0
Filter Filter ” 1’
output Voo ' output

The phase-to-phase output voltage of a two-level inverter has a PWM waveform with two values
(+Vop and -Vpp) symmetrical around zero. The PWM waveform from a three-level inverter is also
symmetrical around zero, but takes values of £Vpp and £Vpp/2.

An advantage of a three-level inverter is an output waveform closer to a sine wave. This helps
reduce the size of an LC filter used to smooth the output waveform into a sine wave. In addition, since
the output voltage swing of a three-level inverter is half that of a two-level inverter per switching
action, the three-level inverter has less switching loss and helps reduce the noise generated by a
motor system. Therefore, three-level inverters are suitable for reducing the size and improving the
efficiency of motor applications.
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7.1.2. More on three-level PWM
Figure 7.1 shows examples of typical three-level PWM inverters. There are two types of three-level
PWM inverters: neutral-point-clamped (NPC) inverters (@) and bidirectional-switch inverters (b).

(a) NPC inverters: Diodes™ are used to clamp the voltage at the midpoint of Voo on the input side.
Since the high side and the low side each consist of two transistors per phase, transistors with half
breakdown voltage can be used in NPC inverters. In addition, due to a lower switching voltage, NPC
inverters have less switching loss. A downside is that NPC inverters tend to have larger conduction
loss due to the presence of two transistors in the current path.

(b) Bidirectional-switch inverters: The midpoint of Vpp is connected with bidirectional switches.
Bidirectional switches can be configured by connecting power MOS pairs in anti-series as shown in (b)
or two reverse-blocking IGBTs in parallel. Since transistors in the three-phase bridge need to have a
breakdown voltage higher than Vpp, using power MOS transistors might not provide a significant

benefit. *1 Power MOSFETSs are used in some cases.
o o
Voo/2 of o ol Voo/2 1 “% “g} "’é} )
T g W |
oH9F | oS o b
| Load 1T T Load
-y
Voo/2 1 o oJP TE} Voo/2 1 if_éi Egzl
ol N QJEI} . °_'t|} wﬂl} “E&
o
(@) NPC inverter (b) Bidirectional-switch inverter

Figure 7.1 Three-level inverter control

Figure 7.2 shows the voltage waveforms for three-level inverter control.

l

Compared wwith two
triangle wawveforms

— | PWM signal at Vo, to 0 referenced

o to the midpoint voltage of Woo /2
| "/
w0 = >
W
Woymr -~ - _
Mo Y =L 5k g ede— B0 TR
W -___-_"‘-__‘_ _'__,_.-_‘_" --------- =1~= .0
- S esb-amoass . o
Figure 7.2 Signals generated by a three-level inverter
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7.2. Gate-drive power supplies (for three-phase inverters)

Generally, a three-phase inverter needs four independent (isolated) power supplies for transistor
gate drive: three for the high side and one for the low side.

Many inverters are designed to use four independent external power supplies. There are also many
inverters that incorporate an auxiliary circuit for generating high-side supply voltages and use an
external power supply only for the low side.

High-side power supplies can be divided into two types: 1) a bootstrap power supply that uses the
switching of the main inverter and 2) a charge pump that uses the switching of a driver or a control
circuit independent of the main inverter. In either case, the main inverter needs to raise the high-side
supply voltage sufficiently prior to operation. The power supply capacitor in the high side must have
a value much higher than the input capacitance of switching devices.

O
1 3 Qs
L Tomver i &L =E JE?S
o

—

Driver Driver Driver
Vcea T I T I T I
VCC3 Vcc4
ﬁzz —0O O
CC1 QZ

Qa 1 Qs |
Driver L7 2 | Driver HI<S
1

— \ Low side (L/S)
High side (H/S) Since the lower-voltage terminals of the
Each of the three phases requires an independent three low-side MOSFETs have an equal
power supply because the lower-voltage (source) voltage, they can operate from a single
terminals of the high-side MOSFETs do not have an power supply.
equal voltage.

Figure 7.3 Gate driver power supplies for a three-phase inverter
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7.2.1. Charge pump
In Figure 7.4, the NMOS and PMOS transistors operate with mutually exclusive logic signals. #1)

While the NMOS transistor is on, C; is charged through the Vcc-D1-C1-NMOS loop. #2) This turns on
the PMOS transistor, causing Vccn to be formed through the Ci-D2-Veen-PMOS-Cy loop.

Vcen is placed in such a manner as to be superimposed on the main power supply (Vop). Gate driver
circuits are configured via a freewheeling diode (FWD) of the main switching transistors.
Since the drain of the high-side MOSFET acts as a reference (on the lower-voltage side) for Vcch, the
high side of a charge pump can also operate from a single power supply. In practice, however, charge
pumps are not used for high-voltage applications since many of the devices including the PMOS and
NMOS transistors need a breakdown voltage higher than Vpp+Vcch.

D, Ll ]
N ne Veen ]
PMOS
Gate Gat
e % 42 L=k e =
- Cl I I
__VDD U \V
# [N D, T < -© —O
1 ——
1 N [ ]
. = o Gat —
Oscillator 1} %3 g ) Vea i th“:‘} Drive an"(:}
= - l _— I
NMOS
Figure 7.4 Charge pump circuit
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7.2.2. Bootstrap circuit

In Figure 7.5, the power supplies for the high-side gate drivers are primarily formed by the loops
Ve = (resistor) = D — Cy (or Cz or C3) = Q2 (or Q4 or Qs) — Vce. The midpoint voltage of each phase
needs to be equal to the lower-side voltage of Vcc in order for C; to Cs to be charged. This means C;,
Cz, and Cs are charged while Qz, Q4, and Qs are on or while currents are flowing back through the
FWDs. The charge voltages might decrease significantly, depending on the high-side and low-side
on-off timings and the ratios of C; to Cs to the input capacitances of the corresponding MOSFETSs.

Resistor] '\l D

+ 1
U \Y w
<> Vbb —O i —O i_o
- Il 1
' %, % v
Gat < Gat Gat
<> Vec Draiv?a J — —} D::VZ J ﬁ} ngi J S}S
- 1 1
* | | 1 | 1
| €m—mm = [ 1
Figure 7.5 Bootstrap circuit
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7.3. Power losses (Three-phase moduation)

Figure 7.6 shows a basic three-phase inverter. The power losses of an inverter consist of IGBT
conduction loss Pcond, FWD conduction loss Pr, IGBT turn-on switching loss Pon, IGBT turn-off
switching loss Pot, FWD reverse recovery loss Py, and so on. (The IGBT drive loss Pgrive and the IGBT
output capacitance loss Poss are negligibly small.) Figure 7.7 shows typical current and voltage
waveforms of a three-phase inverter and its operating locus.

The total loss Pt of each device is calculated as follows (in watts):

Ptti = Pcond + PF + Pon + Post + Pir
Pcond: IGBT conduction loss

Pr: FWD freewheeling conduction loss

Pon: IGBT turn-on switching loss
Posr: IGBT turn-off switching loss
P.: FWD reverse recovery loss

)

Q1
J

Q2
K

J

I S

Figure 7.6 Three-phase inverter circuit

: Eof : '
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! ! | #3 | ! I
Vee i i i Freewheeling \J}/ | Vce
N ' : period ! 3
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#1 H/S on-state #2 H/S turn-off state

Note:

loss of an FWD per pulse.

#4 H/S turn-on state

Figure 7.7 IGBT switching waveforms and inverter operation

Eon is a turn-on loss per pulse, Eof is a turn-off loss per pulse, and Er is a reverse recovery
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7.3.1. Calculating the IGBT conduction 10SS Pong

The duty cycle D of a pulse of a PWM signal is calculated as follows (D=1 when D>1):
D= (1+axsin (6-¢))/2

a: Modulation index, which is typically equal to or less than 1, but is equal to or greater than 1 for two-phase
modulation

@: Phase delay. Generally, a power factor is represented as cos®.

0: Electrical angle (sine-wave phase)

Sine-wave signals flow through each phase of an inverter. The IGBT collector current I¢c is calculated
as: Ic = Icpx sinB. The collector-emitter saturation voltage, Vceisat), represents a collector-emitter
voltage at the peak collector current Icp. When the collector-emitter saturation voltage is linearly
approximated in proportion to the collector current Ic, it is expressed as Vceeat) X SinG.

Therefore, the MOSFET conduction loss is calculated by 1) multiplying a phase current by Vcesat)

X sin® at high temperature, 2) integrating the result of 1) over a phase period of 0~180° (n), and
then 3) dividing the result of 2) by a cycle:

Peond = 5= Jy Ucp X SiN® X Vgg(sary X 5in6 X D)dO

= %fon(lcp X Sin0 X Vig(sqr) X SinO x %(1 + a x sin(06 — @)) )do

1 a
= Icp X Vp(sar) (5 + 3. X €Os@)

7.3.2. Calculating the FWD conduction loss Pe
The duty cycle D of a pulse of a PWM signal is calculated as follows (D=0 when D<0):
D=(1-axsin(6-¢))/2

The phase freewheeling current Ir is calculated as: Ir = Irp x sinB. Vr represents a voltage at the
peak freewheeling current Irp. When the FWD forward voltage is linearly approximated in proportion
to the forward current I, it is expressed as VF x sinB. (More accurate approximation is preferable.)
Therefore, the FWD conduction loss is calculated by 1) multiplying a phase freewheeling current by Ve
X sinB, 2) integrating the result of 1) over a phase period of 0 to 180° (n), and then 3) dividing the
result of 2) by a cycle:

Pp = — [7(Igp X 5in X V- X sin® x D)do
= — [ Urp X sin® X Vi X 5in X > (1 —a X sin(6 — @)) )do

1
=IFPXVF(§—%XCOS([))

©2018 26 2018-07-26

Toshiba Electronic Devices & Storage Corporation



TOS H | BA DC-AC Inverter Circuit

Application Note

When an FWD is in a freewheel mode (i.e., a current is flowing back through the FWD), no current
flows through the associated parallel IGBT even if an “on” signal is applied to the IGBT. However,
when a MOSFET is used as a switching device instead of an IGBT, a current flows in the reverse
(negative) direction through the MOSFET when it turns on while the associated FWD is in a freewheel
mode. It is therefore necessary to take the loss of MOSFET into consideration when calculating the
loss in freewheel mode.

7.3.3. Calculating the turn-on and turn-off losses (P,, and Py;) of an IGBT

This subsection describes how to calculate the turn-on and turn-off losses (Pon and Pofr) of an IGBT
caused by PWM switching operation.
Switching energy loss can be approximated in various ways. The following shows two examples.

(1) Using average current

Let the RMS value of the phase output current of an inverter be Io. Then, the peak current is 42«
Io. At this time, the average current Iav of a sine wave is calculated as follows. (The average of a sine
wave is peakx2/n.)

Iav=2/nx J2-Io

Let the turn-on and turn-off losses of a pulse be Eonav and Eosrav respectively at Iav and the carrier
frequency be f.. Then, since each of the high-side and low-side devices conducts current during a
half-wave period, the turn-on and turn-off losses (P on and Pofr) are calculated as follows, where Eqnav
and Eoav must be measured.

Pon = EonavXfc/2
Pott = EotfavXfc/2

(2) Using peak current

Again, it is assumed that each of the high-side and low-side devices conducts current during a
half-wave period. Let the turn-on and turn-off losses of a pulse be Eonv and Eoffm respectively at the
peak value of a sine-wave current Ip and assume that the losses increase in proportion to a current.
Also, let the carrier frequency be f.. Then,

Py, = if: Eyny X sinBd0 X f,
1

T
= - Eonm X [—cosO] 0 X fe

1

1
EonM Xfc

T

Likewise, Porr can be calculated as:

1
Posr = —Eorsm X fc

Since the average value of Eonm is Eonav=Eonm X2/ 1, the results of the equations shown in (1) and (2)
are equal.
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7.3.4. Calculating the FWD reverse recovery loss Py

When considered in the same manner as for IGBT switching losses, the reverse recovery loss Py of
an FWD can be expressed as:
Pur = ErrAvac/Z or Pur = Ererch 1/I'I
where Eqav is the average reverse recovery loss per pulse, and Eqwm is the maximum reverse
recovery loss per pulse.

Pur can also be calculated from the FWD current t., reverse recovery time
reverse recovery waveform shown in \ <>
Figure 7.8 FWD voltage ===ssssssnnanfuas> tir2) \
It is more practical to measure twr2) and . -t
use it in calculation instead of t. I,., reverse recovery current E

a Vce

As shown in Figure 7.8, the reverse "
recovery loss Pur of an FWD occurs when E [ .
its reverse recovery current and voltage =
waveforms overlap. Considering the Figure 7.8 FWD reverse recovery waveform

average values of Irr and trr (Irav and trav), Etrav
can be calculated as follows since an FWD is in reverse recovery during the latter half of the output
current cycle.
Etrrav = (IreavXVceXtirav)/4
where Eqav is the average reverse recovery loss per pulse.
Pirr = (IrravXVeeXtrav)/4xfcx1/2
1/8XIravXVceXtiravXfe or  1/4XIrravXVeeXtr2)av X fe (trr2)av= trrav/2)
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PRODUCT, AND TO THE MAXIMUM EXTENT ALLOWABLE BY LAW, TOSHIBA (1) ASSUMES NO LIABILITY WHATSOEVER, INCLUDING
WITHOUT LIMITATION, INDIRECT, CONSEQUENTIAL, SPECIAL, OR INCIDENTAL DAMAGES OR LOSS, INCLUDING WITHOUT
LIMITATION, LOSS OF PROFITS, LOSS OF OPPORTUNITIES, BUSINESS INTERRUPTION AND LOSS OF DATA, AND (2) DISCLAIMS ANY
AND ALL EXPRESS OR IMPLIED WARRANTIES AND CONDITIONS RELATED TO SALE, USE OF PRODUCT, OR INFORMATION,
INCLUDING WARRANTIES OR CONDITIONS OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, ACCURACY OF
INFORMATION, OR NONINFRINGEMENT.

Do not use or otherwise make available Product or related software or technology for any military purposes, including without limitation, for
the design, development, use, stockpiling or manufacturing of nuclear, chemical, or biological weapons or missile technology products (mass
destruction weapons). Product and related software and technology may be controlled under the applicable export laws and regulations
including, without limitation, the Japanese Foreign Exchange and Foreign Trade Law and the U.S. Export Administration Regulations. Export and
re-export of Product or related software or technology are strictly prohibited except in compliance with all applicable export laws and
regulations.

Please contact your TOSHIBA sales representative for details as to environmental matters such as the RoHS compatibility of Product. Please use
Product in compliance with all applicable laws and regulations that regulate the inclusion or use of controlled substances, including without
limitation, the EU RoHS Directive. TOSHIBA ASSUMES NO LIABILITY FOR DAMAGES OR LOSSES OCCURRING AS A RESULT OF
NONCOMPLIANCE WITH APPLICABLE LAWS AND REGULATIONS.
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