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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. 

 

 

 

 

 

 

 

 

 

 

 

 

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 number 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. 

 

Motor rotation speed, N (rpm)＝
60×𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑓

𝑃𝑜𝑙𝑒 𝑐𝑜𝑢𝑛𝑡 𝑃/2
＝

𝟏𝟐𝟎𝒇

𝑷
 (min.-1) 

 (Revolutions per minute: The unit of measure for the rotation speed is min.-1.)  

  

Figure 1.1 Inverter concept 

Electric power load 

(Motor) 
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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.  

 

 

 

 

 

 

 

 

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 

Figure 1.2 Inverter Vf characteristics 
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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 L1 to L3 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 C1 to C3 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.  

 

 

 

 

 

 

 

 

 

 

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 

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

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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. 

Figure 4.1 Overview of inverter modulation techniques 

PAM The output 

voltage is 

controlled. 

PFM 

The number of pulses is varied to control the output. 

Converter 

(Rectifier) 
AC 

Inverter 
(PWM/PFM 
control) 
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Converter 

Rectification & 

voltage boost 

control 

AC 
Inverter 

(100% duty 
cycle) 

AC DC 

PWM/PFM control block 

PWM 
Average output 

voltage 

The pulse width (duty cycle) is varied to control the output. 

Average output 

voltage 

PAM control block 
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Table 4.1 summarizes the advantages and disadvantages of these three modulation techniques.  
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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. 

 
 
 
 
 
 
 
 
 
 
 
 

  

Table 4.1 Advantages and disadvantages of PWM, PFM, and PAM 
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PAM-controlled inverter air conditioner 

PWM-controlled inverter air conditioner 

(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). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

- 

+ 

- 

Motor 
Phase- U 

Phase- V 

Phase-W 

U 
V 

Ｗ 
ＱW-L 

ＱW-H 

ＱV-L 

ＱV-H 

ＱU-L 

ＱU-H 

VE 

Neutral point 

Figure 5.1 Three-phase PWM inverter 

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

 

#1’ #2’ #3’ #4’ #5’ #6’ #1’ #2’ #3’ #4’ #5’ #6’ 

E/2 

0 

120°  60°  

#3 #1 #2 #4 #5 #6 #1 #2 #3 #4 #5 #6 

120° commutation 

180° commutation 

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

Phase-to-phase voltage (U-V) 

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

Phase-to-phase voltage (U-V) 

E 

0 

60°  60°  

2E/3 

0 

180°  

E 

0 

180°  

Figure 5.3 Theoretical phase-to-phase voltage waveforms for 
120° and 180° commutation 
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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 VU, VV, and VW respectively and 

the phase-to-phase voltages be VU-V, VV-W, and VW-U. 

1. The three-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 VU, 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 (VU, VV, 

and VW). Figure 6.3 shows the changes in motor supply voltages. The phase-to-phase voltages 

(VU-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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6.1 Phase voltages in a three-phase inverter 
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Figure 6.2 PWM signal generation (sine–triangle pulse-width 
modulation) 

Figure 6.3 Example of PWM signal generation 

The triangle waveform determines the 
carrier frequency. 

The reference sine waveform determines  
The frequency that synchronizes  
with the rotation speed of a motor. 

U V W 
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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(θ) 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). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.1 Input voltage signals 

Figure 6.4 Three-phase inverter 

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.  

 

 

 

 

 

 

 

 

 

 

 

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 e0. Then, the phase voltages of the motor (esu, esv, and esw) 

shown in Figure 6.4 have the following relationships: 

esu＝eu- e0, esv＝ev- e0, esw＝ew- e0 

Due to the intrinsic characteristics of the motor, esu＋esv＋esw＝0. Therefore, the neutral-point voltage 

(e0) of the motor windings is expressed as: 

e0 ＝ (eu＋ev＋ew)/3  

 

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

equations: 

 1. When eU, eV, and eW are all High:   e0= (eU+eV+eW)/3=(1/2Ed×3)/3= Ed/2  

 2. When two phases are High and one phase is Low:   e0=(Ed/2 ×2＋(-Ed/2 ))/3= Ed/6  

 3. When one phase is High and two phases are Low:   e0=(Ed/2 ＋(-Ed/2 )×2)/3= - Ed/6 

 4. When eU, eV, and eW are all Low:   e0=(-Ed /2 ×3)/3 = - Ed/2  

Hence, the neutral-point voltage changes, taking two-level values between -Ed/2 or +Ed/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. 

  

Figure 6.6 Two-phase modulation voltage waveforms 

 (Control using only the lower arm) 
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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 -Ed/2 and +Ed/6, with two-thirds of the 

voltage swing of three-phase modulation. Figure 6.8 shows the neutral-point voltage during 

two-phase modulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6.7 Neutral-point voltage during 
three-phase modulation 

Figure 6.8 Neutral-point voltage during 
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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The phase-to-phase output voltage of a two-level inverter has a PWM waveform with two values 

(+VDD and -VDD) symmetrical around zero. The PWM waveform from a three-level inverter is also 

symmetrical around zero, but takes values of ±VDD and ±VDD/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. 

  

Table 7.1 Comparisons of two- and three-level inverter circuits and their output 
voltage waveforms 
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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 (a) and bidirectional-switch inverters (b). 

 

(a) NPC inverters: Diodes*1 are used to clamp the voltage at the midpoint of VDD 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 VDD 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 VDD, using power MOS transistors might not provide a significant 

benefit. 

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

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

*1 Power MOSFETs are used in some cases.   

 (a) NPC inverter 

Figure 7.2 Signals generated by a three-level inverter 

(b) Bidirectional-switch inverter                                  

r Figure 7.1 Three-level inverter control 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Q1 

Q2 

Q3 

Q4 

Q5 

Q6 

Driver Driver Driver 

Driver Driver Driver 

VCC1 

VCC2 
VCC3 VCC4 

High side (H/S) 
Each of the three phases requires an independent 

power supply because the lower-voltage (source) 
terminals of the high-side MOSFETs do not have an 
equal voltage. 

Low side (L/S) 
Since the lower-voltage terminals of the 

three low-side MOSFETs have an equal 
voltage, they can operate from a single 
power supply. 

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, C1 is charged through the VCCL-D1-C1-NMOS loop. #2) This turns on 

the PMOS transistor, causing VCCH to be formed through the C1-D2-VCCH-PMOS-C1 loop. 

VCCH is placed in such a manner as to be superimposed on the main power supply (VDD). 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 VDD+VCCH. 
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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 

VCC → (resistor) → D → C1 (or C2 or C3) → Q2 (or Q4 or Q6) → VCC. The midpoint voltage of each phase 

needs to be equal to the lower-side voltage of VCC in order for C1 to C3 to be charged. This means C1, 

C2, and C3 are charged while Q2, Q4, and Q6 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 C1 to C3 to the input capacitances of the corresponding MOSFETs. 
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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 PF, IGBT turn-on switching loss Pon, IGBT turn-off 

switching loss Poff, FWD reverse recovery loss Prr, and so on. (The IGBT drive loss Pdrive 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 Pttl of each device is calculated as follows (in watts): 

Pttl = Pcond + PF + Pon + Poff + Prr 

Pcond: IGBT conduction loss 

PF: FWD freewheeling conduction loss 

Pon: IGBT turn-on switching loss 

Poff: IGBT turn-off switching loss 

Prr: FWD reverse recovery loss 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Eon is a turn-on loss per pulse, Eoff is a turn-off loss per pulse, and Err is a reverse recovery 

loss of an FWD per pulse. 
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+
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U V Ｗ
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Figure 7.6 Three-phase inverter circuit 

Figure 7.7 IGBT switching waveforms and inverter operation 
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7.3.1. Calculating the IGBT conduction loss Pcond 

The duty cycle D of a pulse of a PWM signal is calculated as follows (D=1 when D≥1): 

 D= (1+a×sin (θ-φ))/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 

φ: Phase delay. Generally, a power factor is represented as cosφ. 

θ: Electrical angle (sine-wave phase)  

 

Sine-wave signals flow through each phase of an inverter. The IGBT collector current IC is calculated 

as: IC = ICPｘ sinθ. The collector-emitter saturation voltage, VCE(sat), 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 VCE(sat)ｘ sinθ. 

Therefore, the MOSFET conduction loss is calculated by 1) multiplying a phase current by VCE(sat)

ｘ sinθ at high temperature, 2) integrating the result of 1) over a phase period of 0~180° (π), and 

then 3) dividing the result of 2) by a cycle: 

 

𝑷𝒄𝒐𝒏𝒅  =  
1

2𝜋
∫ (𝐼𝐶𝑃 × sinθ × 𝑉𝐶𝐸(𝑠𝑎𝑡) × sinθ × D)dθ

𝜋

0
  

    =  
1

2𝜋
∫ (𝐼𝐶𝑃 × sinθ × 𝑉𝐶𝐸(𝑠𝑎𝑡) × sinθ ×

1

2
(1 + a × sin(θ − φ)) )dθ

𝜋

0
  

                   = 𝑰𝑪𝑷 × 𝑽𝑪𝑬(𝒔𝒂𝒕) ( 
𝟏

𝟖
+

𝐚

𝟑𝛑
× 𝐜𝐨𝐬𝛗 )        

 

7.3.2. Calculating the FWD conduction loss PF 

The duty cycle D of a pulse of a PWM signal is calculated as follows (D=0 when D≤0): 

D=(1-a×sin(θ-φ))/2 

 

The phase freewheeling current IF is calculated as: IF = IFP ｘ sinθ. VF represents a voltage at the 

peak freewheeling current IFP. When the FWD forward voltage is linearly approximated in proportion 

to the forward current IF, it is expressed as VF ｘ sinθ. (More accurate approximation is preferable.) 

Therefore, the FWD conduction loss is calculated by 1) multiplying a phase freewheeling current by VF

ｘ sinθ, 2) integrating the result of 1) over a phase period of 0 to 180° (π), and then 3) dividing the 

result of 2) by a cycle: 

 

       𝑷𝑭  =  
1

2𝜋
∫ (𝐼𝐹𝑃 × sinθ × 𝑉𝐹 × sinθ × D)dθ

𝜋

0
  

     =
1

2𝜋
∫ (𝐼𝐹𝑃 × sinθ × 𝑉𝐹 × sinθ ×

1

2
(1 − a × sin(θ − φ)) )dθ

𝜋

0
  

           = 𝑰𝑭𝑷 × 𝑽𝑭 ( 
𝟏

𝟖
−

𝐚

𝟑𝛑
× 𝐜𝐨𝐬𝛗 )                     
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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 (Pon and Poff) of an IGBT 

This subsection describes how to calculate the turn-on and turn-off losses (Pon and Poff) 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 √2・

IO. At this time, the average current IAV of a sine wave is calculated as follows. (The average of a sine 

wave is peak×2/π.) 

IAV=2/π× √2・IO 

Let the turn-on and turn-off losses of a pulse be EonAV and EoffAV respectively at IAV and the carrier 

frequency be fc. 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 Poff) are calculated as follows, where EonAV 

and EoffAV must be measured. 

Pon = EonAV×fc/2 

Poff = EoffAV×fc/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 EonＭ 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 fc. Then, 

 𝑷𝒐𝒏 =
1

2𝜋
∫ 𝐸𝑜𝑛𝑀 × sinθdθ × 𝑓𝑐

𝝅

𝟎
     

      =
1

2𝜋
𝐸𝑜𝑛𝑀 × [−cosθ] 

𝜋
0

× 𝑓𝑐  

      =
1

2𝜋
𝐸𝑜𝑛𝑀 × 2 × 𝑓𝑐  

                   =
𝟏

𝝅
𝑬𝒐𝒏𝑴 × 𝒇𝒄  

Likewise, Poff can be calculated as: 

         𝑷𝒐𝒇𝒇 =
𝟏

𝝅
𝑬𝒐𝒇𝒇𝑴 × 𝒇𝒄  

 

Since the average value of EonＭ is EonAV=EonＭ×2/π, the results of the equations shown in (1) and (2) 

are equal. 
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t 

trr, reverse recovery time  

VCE   

Irr, reverse recovery current  

FWD current 

FWD voltage 

7.3.4. Calculating the FWD reverse recovery loss Ptrr 

When considered in the same manner as for IGBT switching losses, the reverse recovery loss Ptrr of 

an FWD can be expressed as: 

 Ptrr = ErrAV×fc/2 or Ptrr = ErrM×fc×1/π 

 where ErrAV is the average reverse recovery loss per pulse, and ErrM is the maximum reverse 

recovery loss per pulse. 

 Ptrr can also be calculated from the 

reverse recovery waveform shown in 

Figure 7.8 

It is more practical to measure trr(2) and 

use it in calculation instead of trr. 

 

As shown in Figure 7.8, the reverse 

recovery loss Ptrr of an FWD occurs when 

its reverse recovery current and voltage 

waveforms overlap. Considering the 

average values of Irr and trr (IrrAV and trrAV), EtrrAV  

can be calculated as follows since an FWD is in reverse recovery during the latter half of the output 

current cycle. 

EtrrAV = (IrrAV×VCE×trrAV)/4  

where ErrAV is the average reverse recovery loss per pulse. 

Ptrr = (IrrAV×VCE×trrAV)/4×fc×1/2 

 = 1/8×IrrAV×VCE×trrAV×fc  or  1/4×IrrAV×VCE×trr(2)AV×fc        (trr(2)AV= trrAV/2)  

  

trr(2)  

Figure 7.8 FWD reverse recovery waveform 
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