
 
 

 
 

Joona Lappalainen 

HIGH-SPEED AC DRIVES 
Literature review 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bachelor’s thesis 
Faculty of Information Technology and Communication Sciences 

Supervisor: Tomi Roinila, assistant professor 
May 2020 



ABSTRACT 

Joona Lappalainen: High-speed AC drives 
Bachelor’s thesis 
Tampere University 
Computing and Electrical Engineering, BSc 
May 2020 
 

AC drives are electric devices that are used to control motors’ rotational speed and torque by 
converting alternating current of a fixed frequency to any variable frequency. AC drives compose 
of four main parts: rectifier unit, intermediate circuit, inverter unit, and control unit. The change of 
frequency happens in the inverter unit by using different modulation methods. There are many 
reasons to use drives in speed control. They save energy, improve system’s efficiency, reduce 
mechanical stress and maintenance needs of motors, and increase the life span of motors. 

The simplicity of an induction motor is one of the main reasons for the development of high-
speed AC drives in the late 20th century. AC drives can be considered as “high-speed” when they 
reach fundamental output frequencies of over 1 000 Hz, which leads to the controlled motor to 
operate at speeds of over 10 000 RPM. High-speed AC drives are smaller and lighter than regular 
AC drives and they are used for example in turbines, compressors, pumps, and cars. 

When designing high-speed AC drives, suitable converter topologies and control methods 
must be considered. Different modulation methods are used to control the inverter’s switching 
devices to make the frequency to meet the required value. This modulation is called as pulse 
width modulation (PWM). Along with the conventional carrier-based PWM, there are other meth-
ods like space-vector (SV) PWM and selective harmonic elimination (SHE) PWM. 

High-speed AC drives have challenges that must be considered in the design. When operating 
at high-speed, system heats easily and mechanical stress increases. In addition, a drive must be 
compact in size but also to be able to handle high powers without any negative impact on the 
controlled motor. High-speed in AC drives requires attention also on the component losses. For 
example, if a switching device can not handle the required switching frequency, a crucial amount 
of harmonics is generated to the output. 

In this thesis, an AC drive’s parts and their operating principles are presented. Next, the mean-
ing of high-speed in AC drives is explained. Also, some applications for high-speed AC drives are 
looked at. The last topics for the thesis are the requirements and challenges that occur when 
designing high-speed AC drives. 

 
Key words: AC drive, VFD, electric drive, high-speed, SV-PWM, SHE-PWM 
 

The originality of this thesis has been checked using the Turnitin OriginalityCheck service. 



TIIVISTELMÄ 

Joona Lappalainen: Korkeanopeuksiset taajuusmuuttajat 
Kandidaatintyö 
Tampereen yliopisto 
Tieto- ja sähkötekniikka, TkK 
Toukokuu 2020 
 

Taajuusmuuttajat ovat elektronisia laitteita, joita käytetään moottorin pyörimisnopeuden ja 
vääntömomentin ohjaamiseen muuttamalla syöttövirran taajuutta. Taajuusmuuttajat koostuvat 
neljästä osasta: tasasuuntaajasta, välipiiristä, vaihtosuuntaajasta ja ohjausyksiköstä. Taajuuden 
muuttaminen tapahtuu vaihtosuuntaajassa käyttämällä erilaisia modulointikeinoja vaihtosuuntaa-
jan kytkinten ohjaamiseen. Taajuusmuuttajien käyttämiseen on monia syitä. Ne säästävät ener-
giaa, mahdollistavat portaattoman nopeuden säädön, parantavat systeemin tehokkuutta, vähen-
tävät moottorin mekaanista rasitusta ja huoltotarvetta sekä pidentävät moottorin elinkaarta. 

Induktiomoottorin yksinkertainen rakenne mahdollisti korkeanopeuksisten taajuusmuuttajien 
kehittymisen 1900-luvun lopulla. Korkeista nopeuksista puhutaan yleensä, kun moottorin pyöri-
misnopeus ylittää 10 000 kierrosta minuutissa. Tämä pyörimisnopeus vaatii taajuusmuuttajan 
ulostulolta vähintään 1 000 Hz:n taajuuden. Korkeanopeuksiset taajuusmuuttajat ovat pienempiä 
ja kevyempiä kuin tavalliset taajuusmuuttajat ja niitä käytetään esimerkiksi turbiineissa, kompres-
soreissa, pumpuissa ja autoissa. 

Korkeanopeuksisia taajuusmuuttajia suunniteltaessa tulee miettiä suuntaajille sopivia kytken-
täkaavioita sekä niissä olevien kytkinten ohjaamiseen soveltuvia modulointikeinoja. Erilaisia mo-
dulointikeinoja käytetään vaihtosuuntaajan kytkinten ohjaamiseen, jotta taajuusmuuttajasta tu-
leva virta olisi vaatimusten mukainen. Kytkimet aiheuttavat pulsseja, joiden leveyttä säätämällä 
vaihtovirran taajuus muuttuu. Tätä modulointikeinoa kutsutaan pulssinleveysmodulaatioksi. Puls-
sinleveysmodulaatiosta on perinteisen ”carrier-based”-keinon lisäksi muita variaatioita, kuten 
”space-vector” (SV) ja ”selective harmonic elimination” (SHE). 

Korkeanopeuksisissa taajuusmuuttajissa on haasteita, jotka tulee ottaa huomioon suunnitte-
luvaiheessa. Korkeilla nopeuksilla operoitaessa, systeemi lämpenee herkästi ja mekaaninen ra-
situs lisääntyy. Lisäksi taajuusmuuttajan tulee olla kooltaan kompakti mutta silti pystyä käsittele-
mään korkeatehoisiakin moottoreita niin, ettei taajuusmuuttajalla olisi negatiivisia vaikutuksia 
moottorin toiminnalle. Korkea nopeus taajuusmuuttajassa vaatii tarkastelua myös komponenttien 
rajoitusten kannalta. Esimerkiksi, jos kytkin ei pysty kytkeytymään vaaditulla nopeudella, syntyy 
harmonista häiriötä taajuusmuuttajan ulostuloon. 

Työssä käydään läpi taajuusmuuttajan osat sekä niiden toiminnallisuus. Sen jälkeen työssä 
selvitetään mitä korkeanopeuksisuus taajuusmuuttajissa tarkoittaa. Lisäksi työssä esitellään 
muutamia käyttökohteita korkeanopeuksisille taajuusmuuttajille. Viimeisinä aiheina esitellään 
vaatimukset ja haasteet, jotka tulevat vastaan korkeanopeuksisia taajuusmuuttajia suunnitelta-
essa. 
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1. INTRODUCTION 

AC drives are electric devices that are used to control motors’ rotational speed and 

torque by converting alternating current of a fixed frequency to any variable frequency. 

AC drives compose of four main parts: rectifier unit, intermediate circuit, inverter unit, 

and control unit. The basic operating principle is to convert AC to pulsating DC in the 

rectifier unit, which is then stabilized in the intermediate circuit and converted back to AC 

in the inverter unit. The change of frequency happens in the inverter unit by using differ-

ent modulation methods. There are many reasons to use drives in speed control. They 

save energy, improve system’s efficiency, reduce mechanical stress on motors and lower 

the noise levels for example on fans and pumps. [1] Currently, AC drives are the most 

accurate devices for motor control [2]. 

Intense research on AC drives and their possibilities has been done during the last few 

decades and therefore the interest in high-speed AC drives has been growing. Global 

values like energy efficiency, compactness, and light-weightiness in electric devices are 

one of the main reasons for the increasing demand for high-speed AC drives and motors. 

High-speed typically means motor’s rotational speeds of over 10000 revolutions per mi-

nute (RPM) but high-power motors can also be referred to as high-speed [3, 4]. High-

speed AC drives are used more and more in controlling machines like turbines, com-

pressors, and pumps. Also, automotive industry has started to use electric machines 

operating at a higher speed. For example, 2004 Toyota Prius’ motor has a speed of 6 

000 RPM when 2010 Toyota Prius’ motor has a speed of 13 500 RPM [3]. 

Along with the good potential of high-speed AC drives, there are challenges that need to 

be considered in the design. AC drives operating at high-speed require a fast switching 

frequency in the inverter unit leading to plenty of stress on the switching devices. Switch-

ing devices are not linear and therefore produce harmonic content that affects the output. 

If the switching devices are operated too quickly, they will drift beyond their operational 

limitations, and start to produce crucial amounts of harmonics. [3] The other components 

in drives also have losses and limitations that need to be considered. 

The purpose of this thesis is to provide the reader an entry-level information on AC 

drives, requirements for AC drives to operate at high-speed and applications for them. 

The reader is assumed to know the fundamentals of passive and active components 
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used in AC drives, and therefore, those are not considered in detail. Also, knowing the 

fundamentals of electric motors will be helpful because the main aspect will be on drives. 

The rest of the thesis is organized as follows. Chapter 2 presents the units of an AC drive 

and their operating principle. In the third chapter, the definition of high-speed in AC 

drives, along with different applications and controllable motor types are brought up. Re-

quirements for an AC drive to operate at high-speed can be found in the fourth chapter. 

In the fifth chapter, control related issues and possible solutions for them are presented. 

The final chapter will have conclusions and gather the thesis’ most important information. 
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2. AC DRIVES 

AC drives are nowadays the most accurate motor control [2]. AC drives are located be-

tween the main supply and a motor. AC drives convert an AC signal of a fixed frequency 

to any variable frequency and are used to control the speed and torque of a motor. AC 

drives have many advantages. They offer clean and quiet power conversion, improved 

process control, and small life cycle costs [2]. 

There are two types of AC drives: direct converters and AC drives with an intermediate 

circuit. Drives with intermediate circuit are used in most cases and direct converters are 

used in some high-power applications. This chapter will present the four parts of an AC 

drive. The parts are a rectifier, an intermediate circuit, an inverter, and a control circuit. 

These parts are presented in figure 1. 

 

 

Figure 1: Block diagram of an AC drive [1] 

 

2.1 Rectifier unit 

A rectifier unit is used to convert the input alternating current to a pulsating direct current. 

Rectifiers can be either single-phase or three-phase. In industrial applications, if three-

phase AC voltages are available, three-phase rectifiers should be used instead of single-

phase rectifiers. This is because three-phase rectifiers have lower ripple content and 

they can handle higher power rates [5]. 

Rectifier’s consist of diodes or thyristors, a combination of both or insulated-gate bipolar 

transistors (IGBTs). Diodes are used for uncontrolled rectifiers and thyristors are used 

for controlled rectifiers. Diodes and thyristors conduct current to one direction only, from 
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anode to cathode. Thyristors differ from diodes in a way that they have a separate gate-

terminal where a gate signal is applied for the thyristor to start conducting. The phase 

angle of the AC voltage, when the gate pulse is applied, and thyristor starts conducting 

is referred to as a firing angle α. Lastly, IGBT is a fully controlled switching device, of 

which start and end phase angles can be controlled. 

There are four basic types of rectifiers: uncontrolled, semi-controlled, fully controlled, and 

active front-end [1]. These rectifiers share the same topology with each other while hav-

ing different components doing the switching of current conducting. In figure 2, a three-

phase rectifier called 6-pulse rectifier is shown with the mentioned four rectifier varia-

tions. 

 

 

Figure 2: Rectifier basic topologies [1] 

 

In the uncontrolled rectifier, the upper diodes conduct positive phase voltage and the 

lower diodes conduct negative phase voltage. This way the sinusoidal input voltage is 

converted to an uncontrolled pulsating DC voltage which is then smoothened to a con-

stant DC voltage by a large capacitor in the intermediate circuit. Every diode conducts 

for one-sixth of the period T (60°) which can be seen in the figure below.  
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Figure 3: Pulsating DC voltage 𝑣𝑜 in a 6-pulse rectifier, edited from [6] 

 

The second type of rectifier is semi-controlled. It has thyristors in place of either the upper 

or the lower group of diodes. In this type of rectifier, the firing angle of the thyristors is 

controlled to limit the inrush current and to achieve soft charging of the capacitors in the 

intermediate circuit. The firing angle is set between 0° and 90° when thyristors are used 

in a rectifier. Thyristors can also be used in an inverter by changing the firing angle to 

values between 90° and 300°. [1] 

As the third rectifier type, fully controlled rectifiers have thyristors in place of all the di-

odes. In this type of rectifier, the rectifier’s output DC voltage can be controlled with the 

thyristor’s firing angle α using the formula 

 

𝑈DC = 1.35 ∙ 𝑈input ∙ cosα (1) 

 

where cosα is the power factor and gets values between zero to one [1]. The functionality 

of a fully controlled rectifier is visualized in the following figure. 
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Figure 4: Fully controlled rectifier’s output voltage with the firing angle 𝛼 = 45° [6] 

 

An active front-end rectifier is the fourth type of a rectifier, where the rectifier unit is op-

erating as an inverter. In these applications, the intermediate circuit’s voltage is higher 

than the grid voltage. In an active front-end rectifier, IGBTs are used to convert the inter-

mediate circuit’s voltage to an AC voltage that is then fed back to the supply grid. [1] 

2.2 Intermediate circuit 

An intermediate circuit is used to buffer the energy and to accommodate intermittent load 

surges. It can also be used to decouple the rectifier from the inverter and to reduce volt-

age interference. Intermediate circuits have four different topologies that are variable, 

constant, capacitorless, and common DC bus. [1] 

The first intermediate circuit type is a variable intermediate circuit that is used with fully 

controlled rectifiers. A variable intermediate circuit consists of a chopper, an inductor, a 

capacitor, and a diode. The chopper also known as a transistor is placed in front of the 

inductor to control the flow of the current by turning on and off. This way the chopper can 

change the amplitude of the DC voltage coming from the rectifier. The capacitor is used 

to smoothen the pulsating DC voltage by charging electricity in its electric field. When 

the chopper cuts the current, the inductor tries to produce an infinitely high voltage over 

the chopper. The chopper is protected from this by a diode shown in figure 5. [1] 
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Figure 5: A variable intermediate circuit [1] 

 

The second type is a constant intermediate circuit. It is much like the variable intermedi-

ate circuit, but it does not have a chopper or a diode. This type of circuit can be used 

with many types of rectifiers. While this circuit consists of only an inductor and a capac-

itor, their importance increases. Just like in the variable intermediate circuit, the inductor 

is used to reduce the current ripple and the harmonics while the capacitor smoothens 

the DC voltage and acts as an energy reserve for voltage drops. [1] 

As the third type, capacitorless or slim intermediate circuit means that in the circuit there 

are no capacitors and inductors. This type of circuits can be used when the rectifier is 

controlled to make lower inrush currents and the voltage interference gets values under 

40%. The benefits of this type of circuits are lower building costs, compactness, and 

light-weightiness. [1] 

The last intermediate circuit type is a common DC bus. It is used in applications with 

many parallel motors so that each motor does not need its own AC drive. This type of 

system has one or more rectifiers and may include a brake chopper unit that is dissipat-

ing the braking energy. A common DC bus acts as a path for the braking energy to be 

fed to the other drives when one is braking. [1] 
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2.3 Inverter unit 

An inverter unit is the part of the AC drive, where AC voltage with a variable frequency 

is generated from the intermediate circuit’s DC voltage. The basic design for the inverters 

is always the same but their working functionalities depend on the input from the inter-

mediate circuit and the used modulation method. With a constant DC voltage, the inverter 

generates both the frequency and the amplitude of the drive’s output AC voltage. With a 

variable DC voltage or current, the inverter generates only the frequency of the output 

AC voltage. [1] 

An inverter consists of three pairs of semiconductors. Especially transistors are used in 

today’s inverters for their large current, high voltage, and high switching frequency han-

dling capability. In addition, they are not affected by the current zero-crossing like diodes 

and thyristors are. [1] 

For high-frequency switching, there are three main types of transistors: bipolar (LTR), 

unipolar (MOSFET), and insulated gate bipolar (IGBT). IGBTs are a good choice for AC 

drives because they are suitable for AC drives’ power levels, they have good conductiv-

ity, high switching frequency and they are easy to control. [1] 

Transistors in an inverter unit are controlled to either conduct or block the voltage ac-

cording to the gate signal generated by the control circuit. For generating a gate signal, 

different modulation methods are used. Two basic modulation methods are pulse ampli-

tude modulation (PAM) and pulse width modulation (PWM), which are presented in the 

following figure. 

 

 

Figure 6: Visualization of the two basic modulation methods [1] 

 

PAM is used when the intermediate circuit is feeding the inverter a variable DC voltage 

or current. If the rectifier in the AC drive is fully controlled, the amplitude is generated 

directly in the intermediate circuit. If the rectifier is uncontrolled or half-controlled, the 

amplitude is generated by the chopper in the intermediate circuit. PAM can result to lower 

motor noise levels and minor efficiency advantages, but it requires high-cost hardware 

and software. [1] 
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PWM is used in cases, where an inverter is being supplied by a constant DC voltage 

from the intermediate circuit. This modulation method is the most developed and used 

method for controlling transistors in an inverter. In PWM, the width of the voltage pulses 

is adjusted and this way the AC drive’s output AC voltage changes. [1] A three-phase 

AC voltage generated with PWM is presented in figure 7. 

 

 

Figure 7: PWM output voltage [1] 

 

2.4 Control circuit 

A control circuit is the final part of an AC drive. It is used to control the semiconductors 

in a drive and by this, to control the current, voltage, and torque [7]. It also exchanges 

data between the drive and some peripherals. A control circuit detects if any faults or 

warnings come up and displays them. In addition, it performs protective functions for the 

AC drive and motor. [1] 

Basic functions for AC drives are rotating and positioning the rotor, open or closed-loop 

speed and torque control, and monitoring and signaling operating states. There are many 

types of control methods used in AC drives: scalar without compensation, scalar with 

compensation, space vector, open-loop flux, closed-loop flux, and servo-controlled. [1] 
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These methods are presented in reaction time to speed and reaction time to torque fig-

ures. 

 

 

Figure 8: Speed control performance control classification [1] 

 

The reaction time means the time for the AC drive to calculate a corresponding signal 

change to its output after a signal change in the input happens. Precision means the time 

between the input signal going to the AC drive and the motor shaft to respond to it. 

 

 

Figure 9: Torque performance control classification [1] 
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3. HIGH-SPEED IN AC DRIVES 

The simplicity of an induction motor is one of the main reasons for the development of 

high-speed AC drives [2]. AC drives can be considered as “high-speed” when they reach 

fundamental output frequencies of over 1 000 Hz, which leads to the controlled motor to 

operate at speeds of over 10 000 RPM [8]. 

The advantages that high-speed brings to the AC drives are lower system weights for 

given power conversion and enhanced reliability because there is no need for interme-

diate gearing, like high-speed direct drives [8]. High-speed AC drives are also typically 

very compact in size and they reduce the electrical equipment’s footprint while having a 

good efficiency [9]. 

High-speed has also some disadvantages. For the inverter to convert the voltage to a 

high frequency, the switching devices need to operate very quickly, causing plenty of 

switching losses. High switching frequency is also increasing electromagnetic interfer-

ence which disturbs the electrical circuit. [8] 

3.1 Applications 

The number of applications for high-speed AC drives and motors is continuously grow-

ing. They are used for example in electrical spindles for milling cutters and grinding, 

electrical turbo-compounding systems, micro-gas or air turbines, turbochargers, tooling 

machines, centrifuges, and recently automotive applications [8, 9]. Among these appli-

cations, high-speed AC drives with long step-out systems have been used for pump ap-

plications. One example is Lufeng, with a power rating of 400 kW and a step-out distance 

of less than 1 km. In addition, a more recent application is Tyrihans with two 2.5 MW 

pumps and a step-out distance of 31 km. [10] Lufeng was operating from 1997 to 2009 

while Tyrihans started production in 2011 and is expected to continue its production until 

2029 [11]. 

High-speed AC drives are being used to control compressors. In [12], a compressor 

speed rate of 14 000 RPM is presented with a motor power of 5 MW. This speed rate is 

told to be achieved by magnetic bearings. In this system, the motor and compressor 

shafts are connected directly to each other and no gearbox is used. One other example 

of applications is Tamturbo’s turbo compressors directly driven by high-speed AC drives 

[13]. These turbo compressors do not use oil to compress the air, they are environment 

friendly, and they have low ownership costs while achieving high efficiency. 
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3.2 Controllable motor types 

Induction motors are the first type of motors that have been used in high-speed applica-

tions. They have a less complex structure compared to other motor types, which makes 

them more cost-efficient. Induction motors designed for high-speed applications have 

rotors that are cylindrical, and that are forged as a one-piece or made with a more tradi-

tional laminated rotor design. [12] The rotor is also preferred to be short to achieve robust 

mechanical performance [9]. 

A popular option for high-speed applications is a surface-mounted permanent magnet 

(SMPM) motor. It has a high power density, robustness, and relatively simple rotor con-

struction. [9] Instead of windings, permanent magnet (PM) motors use magnets to pro-

duce the magnetic field between rotor and stator. PM motors are much like synchronous 

motors and are more efficient than the traditional induction motors. The magnets used in 

PM motors cause higher costs compared to induction motors, but because of their high 

efficiency, their running costs are lower. [7] 
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4. REQUIREMENTS FOR HIGH-SPEED AC 
DRIVES 

High-speed systems require extra caution with the thermal aspect and mechanical con-

straints. Especially in automotive and aerospace applications, systems must be carefully 

designed due to the challenging environment. [9] Typical requirements for high-speed 

systems include criteria like allowed speed, desired power, maximum load, and maxi-

mum spindle [8]. 

High-speed AC drives need a very high switching frequency in its inverter unit and a high 

bandwidth current control loop [9]. The fundamental output frequency of the drive must 

be at least 1 000 Hz for the motor to operate above 10 000 RPM. High power and com-

pact design for the drive along with low negative impacts in the motor are also necessary 

design requirements. [8] 

In order to remove the gearbox of the motor, direct-drive control should be considered. 

An electric motor needs to reach the desired speed very quickly, which leads to electrical 

quantities with a high fundamental frequency. This turns out to be one of the main chal-

lenges for designing converter topologies and modulation methods for a high-speed AC 

drive. [9] 

4.1 Converter topologies 

For high-speed purposes, some considerable converter topologies are a voltage source 

inverter (VSI), a VSI with block commutation, and a current source inverter (CSI) with 

block commutation. [9] These topologies are presented in figures 10, 11, and 12. 

In VSI, the input is a DC voltage. VSI controls the output AC voltage. Figure 10 presents 

a three-phase VSI. In this topology, phase leg’s switching devices can’t be turned on or 

off simultaneously because it would lead to a short circuit across the DC supply or to an 

undefined AC output voltage. 
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Figure 10: VSI [9] 

 

In the next converter topology, the inverter is controlled by block commutation. In block 

commutation, every switching device conducts for 120 electrical degrees. This converter 

topology has reduced switching frequency and more simple control. On the other hand, 

the structure is more complex by having more switching devices. [9] VSI with block com-

mutation is presented in figure 11. 

 

 

Figure 11: VSI with block commutation [9] 

 

In CSI, the input is a current. CSI controls directly the AC output current. The block com-

mutation in CSI leads to similarities between the VSI with block commutation. In addition, 

a full-bridge converter is needed because of the unidirectional current flow. [9] CSI with 

block commutation is presented in figure 12. 
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Figure 12: CSI with block commutation [9] 

 

In high-speed systems, motor phase inductance is low. This accumulates current and 

torque ripple which is reduced by high switching frequency in the inverter unit. In addition, 

high switching frequency combines currents with a high fundamental frequency. Some-

times, phase inductors are added to the converter’s output, as shown in figures 10 and 

11, to limit the current ripple. These inductors increase the cost and power losses of the 

AC drive. [9] 

With a bidirectional DC/DC converter, shown in figures 11 and 12, inverter’s input DC 

voltage is adjusted, and this way the motor is controlled. In this type of control, the com-

bined currents are trapezoidal instead of sinusoidal, which leads to the increase of motor 

power losses in a form of heat. For the controller, the sampling frequency needs to be 

much higher than the motor’s fundamental supply frequency to ensure efficient vector 

control, also known as field-oriented control (FOC) of the motor. [9] 

VSI is the most used converter topology for an AC drive. For high-speed applications 

though, a VSI with block commutation is a better solution. This is because a VSI needs 

a high switching frequency in order to properly drive the motor and the traditional Si 

IGBTs used in them are not capable of reaching this high of frequencies. However, this 

speed limit can be overcome by using new wide-bandgap devices based on Silicon Car-

bide (SiC) MOSFET technology. These power devices have better performance in 

means of fast commutations and high efficiency at high ambient temperatures. [9] The 

presented converter topologies are compared in the following table. 
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Table 1: Comparison of converter topologies, edited from source [9] 

 VSI VSI block CSI block 

Switching frequency    

Number of power devices 6 8 10+6 diodes 

Conduction losses    

Switching losses    

Additional DC/DC converter -   

Control complexity    

Current quality    

 

Among these three converter topologies, there are many other topologies one being a 

three-level active neutral point clamped (3L-ANPC) converter. This topology aims to dis-

tribute the losses evenly between the switching devices [14]. A 3L-ANPC converter can 

handle high switching frequencies, it causes low amounts of harmonics, and it produces 

high-quality voltage as an output [15]. For these reasons, a 3L-ANPC converter has been 

under research during recent years. 3L-ANPC topology is presented in the figure below. 

 

 

Figure 13: 3L-ANPC Converter [14] 
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High power AC drives can also be seen under the category of high-speed. With high 

power AC drives, multiphase induction motor drives have been researched and espe-

cially six-phase drives have aroused interest. Six-phase induction motor drives can have 

two different topologies, either a split-phase or a dual three-phase. Six-phase induction 

motor drives have low switching frequency which is suitable for high power AC drives. 

Compared to typical three-phase drives, dual three-phase motor drives have advantages 

like: reduction of torque pulsations, less rotor harmonic losses, and smaller currents in 

power switches. Also, in this type of drive, more than one motor can be supplied by a 

single inverter. [16] 

4.2 Modulation methods 

While high-switching frequency is one of the main challenges for high-speed AC drives 

[9], different modulation methods are being used to control the inverter. Carrier-based 

PWM, space-vector (SV) PWM, and selective harmonic elimination (SHE) PWM are pre-

sented in this chapter. 

PWM can be either asynchronous or synchronous. Asynchronous PWM is used in con-

ventional inverters with carrier-based PWM or SV PWM. Asynchronous PWM is an easy 

way to control the output voltage but it generates an undesirable sub-harmonic called as 

a beat current when the carrier frequency of the PWM is lower than the output frequency. 

This beat current causes a large current ripple, heating, and noise. In synchronous PWM, 

the output frequency is higher than the input frequency leading to the PWM pulse being 

synchronized with the output frequency. In synchronous PWM, no beat current occurs 

because the output waveform becomes synchronized with the output frequency. Also, 

synchronous PWM needs lower switching frequency while providing higher efficiency. 

[17] For high-speed AC drives, it is necessary to use synchronous PWM in order to get 

rid of the previously mentioned undesirable sub-harmonics [16]. 

4.2.1 Carrier-based PWM 
 

Carrier-based PWM is a very simple modulation method, where a reference voltage is 

compared to a carrier signal. Every time the reference voltage crosses the carrier signal, 

the state of a switching device in an inverter changes. The switching device is on when-

ever the reference signal has a higher value than the carrier signal. The carrier signal 

can have either a sawtooth or a triangular form. [18] 

One example of carrier-based PWM is sinusoidal modulation [18]. In this type of modu-

lation, a sinusoidal reference voltage, either a single-phase or a three-phase, is used. 
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Every time a single phase of a sinusoidal reference voltage crosses the carrier signal, 

the corresponding switching device is either turned on or off. This operation is presented 

in the following figure. 

 

 

Figure 14: Sinusoidal modulation with a triangular carrier, edited from [19] 

 

4.2.2 Space-vector PWM 
 

In SV-PWM, a three-phase sinusoidal signal is presented in a two-dimensional complex 

plane. In this plane, the signal has an amplitude and an instantaneous phase angle, both 

of which are being controlled in this modulation method. The signal is presented as a 

space vector that has two components, imaginary and real. SV-PWM can be used for a 

current source inverter (CSI) or a voltage source inverter (VSI). 

This modulation method is based on the different space vectors that are generated by 

the different switching state compilations of the inverter’s switching devices. The idea 

behind SV-PWM is to generate AC voltage by adjusting the switching state combinations 

and their on-times. A closed switching device can be indicated with 1 and an open switch-

ing device with 0. There are eight switching states each having their own space vector. 

Nevertheless, only in six out of eight switching states, voltage is being applied to the load 

of the AC drive. These six states are referred to as “active states”. [7] Active state vectors 

are visualized in the following figure. 
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Figure 15: Space vector of a three-phase inverter [7] 

 

In figure 15, the space vector is indicated with V* and its instantaneous phase angle with 

𝛼. According to [7], if the controlled motor has an isolated neutral “n”, the space vector 

can be calculated with the formula 

 

𝑉∗(𝑡) =
2

3
(𝑉an(𝑡) + 𝑉bn(𝑡)𝑒𝑗

2𝜋

3 + 𝑉cn(𝑡)𝑒−𝑗
2𝜋

3 )   (2) 

 

where a, b, and c indicate the three phases of the sinusoidal signal while 
2𝜋

3
= 120° being 

their phase difference. 



20 
 

4.2.3 Selective harmonic elimination PWM 
 

Compared to other modulation methods, SHE-PWM offers the best quality waveforms. 

With SHE-PWM, the harmonic spectrum is well controlled, harmonic filter needs are re-

duced and large expensive reactive components are not needed. [14] Some other ad-

vantages with SHE-PWM are the reduced required switching frequency and reduced 

DC-side current ripple [15]. In this modulation method, low-order harmonics are being 

eliminated starting from the largest harmonic component. This elimination happens by 

adjusting AC drive’s inverter switching in each phase leg. [20] 

With SHE-PWM, output waveform can be expressed as 

 

𝑉𝑜𝑢𝑡 =  ∑ 𝑏𝑛sin (𝑛𝜃)∞
𝑛=1,3,…      (3) 

 

where 𝑏𝑛 is the Fourier coefficient. Depending on the selection of angles N, the expres-

sion for 𝑏𝑛 is 

 

𝑏𝑛 =  
4

𝑛𝜋
(∑ (−1)𝑁

𝑖=1
𝑖+1

cos (𝑛𝛼𝑖))    (4) 

 

where 𝑛 = 1, 5, 7, … 3 ∙ (𝑁 − 2), for a three-phase system and N is odd. SHE-theory sug-

gests selecting seven angles (𝑁 = 7). This allows controlling the fundamental compo-

nent to the required level and eliminates the low-order harmonics starting from the larg-

est. [14] 
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5. CONTROL RELATED ISSUES 

AC drives operated at high-speed have some challenges that are being addressed as 

issues while designing the control unit of the drive. One of these challenges is component 

losses, that happen wherever current is conducted. In high-speed AC drives, especially 

switching devices turning on and off very quickly is causing losses in the form of heat 

and switching losses. A good way to reduce these switching losses is to use converters 

with low pulse number. Among low pulse number, issues like common-mode voltages, 

the high time derivative of AC drive’s output voltage, and harmonics are presented in this 

chapter. 

5.1 Low pulse number 

In high-speed AC drives, the ratio of switching frequency to fundamental frequency is 

low. This ratio is also referred to as a pulse number. Low pulse number leads to low-

order harmonics in motor currents and air-gap fluxes. [21] These low-order harmonics 

are causing low-order torque harmonics that might cause oscillations and damage the 

motor shaft [22]. Some high-performance PWM techniques are being presented in [21] 

to reduce these harmonics. 

For drives operating with a low pulse number, asynchronous PWM or synchronous PWM 

can be used. In asynchronous PWM, the carrier signal must be locked to the worst-case 

angle to get the value for its power capability. The power capability can be greatly im-

proved using synchronous PWM. If synchronous PWM is used, the carrier signal’s angle 

needs to be locked to the best-case angle. [23] 

SHE-PWM is another great option for low pulse number drives. SHE-PWM is a great 

modulation method for both power capability and power quality. However, if only one of 

these criteria is wanted, SHE-PWM is not the preferred option. [23] 

5.2 Common-mode voltages 

AC drive’s inverter unit generates common-mode voltages in the motor windings be-

cause of the unbalanced inverter output and motor impedances. This common-mode 

voltage might cause shaft voltage which causes damaging currents to the motor bear-

ings. [8] The common-mode voltages also cause electromagnetic interference, activate 

ground fault detection circuits, and heat the conduits [24]. Some methods can be used 
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to prevent bearing failures: mitigating common-mode voltages, short-circuiting, and 

blocking of the bearing currents [8]. 

In chapter 4.1, a six-phase induction motor drive was presented. This type of drive is 

good for eliminating the effects of the common-mode voltages. Also, some methods are 

proposed to prevent common-mode voltages, such as utilization of filters and active can-

cellation schemes on inverter topologies. One inverter topology that has been re-

searched for eliminating common-mode voltages is a dual-bridge inverter feeding a dou-

ble-winding three-phase induction motor. [24] 

5.3 High time derivative of AC drive’s output voltage 

One problem causer is the high time derivative of the inverter’s output voltage. It causes 

issues like voltage doubling and ground currents. Voltage doubling can lead to insulation 

failure and ground currents can lead to electromagnetic interference. In high-speed AC 

drives power losses are reduced by reducing the off- and on-times. This, on the other 

hand, leads to a higher time derivative of the voltage, which makes this problem very 

important in high-speed AC drives. [8] 

The high time derivative of the inverter’s output voltage can be countered either on the 

inverter side or the motor side. For motors, some proposed solutions are insulated bear-

ing and electrostatic shields between a stator and a rotor, insulation grade increase, and 

termination to match the impedance of the motor and the cables. For inverters, some 

proposed solutions are output filters, a resonant switching inverter, and common-mode 

voltage reduction using PWM. [25] 

Some mentionable output filters used for reducing the time derivative of inverter’s output 

voltage are a 𝑑𝑣/𝑑𝑡-filter, a sinusoidal filter, and a common mode choke. If the output 

filter is used only for the time derivative of voltage, the resonant frequency can be above 

the switching frequency. Otherwise, the resonant frequency in the resonant switching 

inverter should be less than the switching frequency. For control of resonant switching, 

some PWMs are used but they require additional switching devices, which increases the 

costs significantly. [25] 

5.4 Harmonics 

Whenever power electronics are discussed, harmonics are a relevant topic. Harmonic 

content is the product of non-linear loads such as the inverter’s switching devices. Har-

monics have a negative effect on the quality of an AC drive’s output voltage, they in-

crease the heating, and they cause power losses. Harmonics have a frequency that is a 
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multiplication of the fundamental frequency. The number of harmonics appearing in the 

voltage or current waveform is measured by a factor called total harmonic distortion 

(THD). One of the biggest challenges in power electronics design is to minimize this 

factor. 

Harmonics are wanted to be kept under control. One way to achieve this control is to use 

at least 12 pulse rectifier sections. Some drive topologies producing only low amounts of 

harmonics, lead to the ease of power factor control. Another good way to achieve control 

of harmonics is to use filters. However, it must be kept in mind that conflicts between the 

existing or future filters might occur. To ensure harmonious operation, motor and con-

troller designs must be done considering both parts because they always influence each 

other. [2] 
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6. CONCLUSIONS 

This thesis presented AC drive’s operating principle and its different units. Also, high-

speed in general and the possible applications for high-speed AC drives were discussed. 

Then some controllable motor types were brought up. After that, basic converter topolo-

gies were presented along with a recently invented 3L-ANPC converter and multiphase 

converters. Then, different modulation methods suitable for high-speed AC drives were 

discussed. Lastly, a brief overview at the control related issues in high-speed drive op-

eration took place. 

Even though many converter topologies were presented, it is important to keep in mind, 

that there are plenty of other converter topologies that can be used in high-speed AC 

drives. Modulation methods were presented only on a very basic level because a deep 

understanding of their features would require a thesis of their own. Also, modulation in 

AC drives needs plenty of research and there is a lot of information being held un-

published to the public. 

High-switching frequency turned out to be the most significant challenge for the power 

electronic parts and the control unit in an AC drive. For high-power applications, that are 

also seen under the category of high-speed, low-pulse number is used to reduce the 

switching losses. Another power-electronics related topic, harmonics, turned out to be a 

very crucial challenge in high-speed AC drive design.  

The future for high-speed AC drives is looking good due to the large application range 

and the continuously evolving technical knowledge on high-speed solutions. I think that 

there will be plenty of good converter topologies invented soon along with a few modu-

lation methods to suit the high-speed requirements in AC drives. 
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